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RATIONAL DESIGN OF HIGH-PERFORMANCE ELECTROCATALYSTS 

FOR ELECTROCHEMICAL ENERGY TECHNOLOGIES: FROM 

STRUCTURAL ENGINEERING OF NANOCOMPOSITE CATALYSTS TO 

MECHANISTIC UNDERSTANDING OF ELECTROCATALYTIC ACTIVITY 

 

 

Bingzhang Lu 
 

ABSTRACT 

Developing sustainable, high efficiency and clean energy technologies is one of the 

urgent missions for modern chemistry. Fuel cells with their high energy conversion 

efficiency, high reliability, low CO2 emission and extensive applications, show 

promising outlook among all new energy devices. However, the expensive 

electrocatalyst and their sluggish electrode reaction kinetics greatly hamper the 

commercialization of fuel cells. Thus, the advanced electrocatalyst should be 

designed and synthesized, meanwhile, the reaction mechanism should be better 

understood for material structural modification and activity enhancement. My thesis 

focused on design, synthesis of nano materials for advanced electrocatalysts and 

understanding and exploring the catalytic mechanism. Based on series of research 

projects, a systemic strategy framework for electrocatalyst preparation and 

understanding is established by combination of experimental and theory method. This 

framework contains a wide range of aspect of electrocatalyst studies.  

Specifically, Chapter 1 introduces the background of fuel cell, water electrolyzer and 

their related critical electrochemistry reactions. A systematic overview of 

electrocatalyst design, modification and reaction mechanism understanding is 



 xxiv 

illustrated. Based on the current and previous results, the strategy loop and the central 

dogma of electrocatalyst design is proposed. Each of the work introduced in other 

chapters was carried out based on one or several aspects of the strategy loop, which 

including material synthesis, activity measurement, active site revealing, electronic 

structure understanding, modification of electronic structure. Chapter 2, chapter 3, 

chapter 4 introduces series work of carbon nanowires for electrocatalyst. These 

works include the aspects of material synthesis, activity understanding, active site 

identifying or understanding the source of activity. Specifically, chapter 2 introduces 

the design and synthesis of a novel nitrogen and iron-doped carbon nanowires 

material for great activity for alkaline oxygen reduction reaction, with the 

performance even surpass the commercial platinum carbon. Moreover, the active site 

was identified, and their activity was compared as the order of Stone-Wales FeN4 

sites> Normal FeN4 sites> neighboring carbon atom of nitrogen atom in the carbon 

matrix. In addition, the source of activity of each important activity site were also 

revealed. The great activity of FeN4 comes from the d-orbital of Fe atom provide 

great chance for oxygenous intermediate species to absorb and detach. While, the 

neighboring carbon to nitrogen atom have much better ability for adsorption than 

normal carbon, due to the charge transfer from themselves to the nearby nitrogen 

atoms. Chapter 3 introduces the design and synthesis of novel ruthenium and 

nitrogen doped carbon nanowires for excellent activity for hydrogen evolution 

reaction in alkaline electrolyte, with the performance better than commercial platinum 

carbon and other noble metal-based material as reported previously. Moreover, it was 
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identified that the activity is coming from a novel single atom ruthenium site, RuC2N2 

structure embedded in the carbon, other than ruthenium nanoparticle or normal RuN4 

sites as assumed previously. The ruthenium and its neighboring carbon atoms of 

RuC2N2 can provide efficient water dissociation process which is critical for overall 

reaction. Chapter 4 introduces a typical work for adopting theoretical calculation to 

reveal active sties and for guiding experimental electrocatalyst synthesis. In this work, 

a high throughput first principle calculation was first carried out and find that the 

platinum needs a minimum domain size (about 0.9 nm of diameter) to maintain 

activity for catalyzing oxygen reduction reaction. Any platinum species smaller than 

that limit will suffer great difficulty of adsorbing oxygen molecules due to the lack of 

states and electron near Fermi level. Moreover, it was further revealed cobalt atom 

doping can greatly assist in oxygen adsorption when the domain size of platinum is 

too small. The following experimental work confirmed the theoretical finding and 

successfully synthesized PtCo few atom clusters as high efficiency electrocatalyst for 

oxygen reduction reaction, which can have an ultrahigh mass activity as much as 48 

times better than commercial platinum carbon. 

Chapter 5 and chapter 6 mainly focus on several individual works about interfacial 

charge transfer of nanomaterial and its induced electrocatalytic activity enhancement. 

For instance, Chapter 5 introduce several works about charge transfer induced 

electrochemical activity enhancement. In one work, it was observed oxygen vacancy 

doped TiO2 can transfer electrons to the palladium nanoparticles loaded on them. 

This charge transfer can significantly enhance the activity of ethanol oxidation 



 xxvi 

reaction catalyzed by palladium nanoparticles. In another work, it was found that 

black phosphorus can donate significant number of electrons to the platinum, gold 

and silver nanoparticle load on it. This charge transfer can induce the activity 

decrease for platinum nanoparticles and increase for gold and silver nanoparticles 

towards oxygen reduction reaction. Chapter 6 introduces developing new methods 

for charge transfer. Specifically, TiO2 nanoparticles functionalizing with alkyne 

ligand can induce significant one-way charge transfer from ligand to surface of metal 

oxide through M-O-C≡C- core-ligand linkages. This linkage can also induce novel 

states inside of band gap. Moreover, this unique charge transfer can be universally 

observed on other metal oxide, exhibiting a powerful ability for increasing the charge 

density of metal oxide catalyst. 

Finally, all of finding are systemically summarized in chapter 7. In addition, a 

perspective of future works was put forward based on the previous works. 
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Chapter 1 Introduction 

 

1.1. Background and overview 

The rapid increase of energy consumption and the increasing impacts on the environment 

are emerging challenges for the development of human society.1-3 It has been recognized 

that traditional fossil fuels, a non-sustainable energy source, will be depleted in the 

foreseeable future.4 Moreover, significant greenhouse gas emission arising from the 

exploitation, transportation and consumption has caused great environmental problems.5 

For example, the leakages of oil have caused long-time ecological disaster in many areas, 

and the high consumption of fossil fuels leads to significant air pollution and increasing 

CO2 concentration to the highest level of history.6, 7 To resolve these issues, developing 

sustainable, high efficiency and clean energy technologies is one of the urgent missions 

for modern chemistry. Towards this end, extensive studies have been carried out focusing 

on the development of new energy conversion and storage technologies, such as lithium 

ion/air batteries,8, 9 photovoltaic,10, 11 solar cell,12-14 etc.  

Among these, proton exchange membrane fuel cells (PEMFC) have shown unique 

advantages, owing to their high energy conversion efficiency, high power density, low or 

zero CO2 emission and ease of operation.15-17 The main component of a fuel cell includes 

three parts: anode, cathode and electrolyte (Figure 1). The anode and cathode are the 

places where reactions happen, while the membrane separates the electrolyte into the 
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anode and cathode compartments. The performance of the fuel cell is largely dependent 

upon the electrocatalysts loaded on the two electrodes. Thus this dissertation is focused 

on the rational design of effective nanocomposites as high-performance electrocatalysts 

for fuel cell technologies. 

 

Figure 1. Schematic design of the PEM fuel cell, copyright from reference18 

1.2. Electrochemistry reactions of fuel cells and water electrolyzers  

1.2.1 Oxygen reduction reaction 

Oxygen reduction reaction (ORR) occurs at the cathodes of fuel cells, water electrolyzers, 

and metal-air batteries, via either the four-electron pathway, 

O2+ 4H++ 4e-= 2H2O   (acidic electrolyte)    (1) 

O2+ 2H2O+ 4e-= 4OH- (alkaline electrolyte)  (2) 
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or the two-electron pathway, 

O2 +2H+ + 2e- = H2O2 (acidic electrolyte)       (3) 

or             O2 + 2e-+ 2H2O = H2O2 + 2OH- (alkaline electrolyte) (4) 

For ORR in fuel cell, the 4e pathway is favored, with a minimal production of H2O2.
19 

Due to its complicated pathway and sluggish electron-transfer kinetics, ORR has been 

recognized as a major bottleneck that limits the fuel cell performance. Therefore, 

development of high-efficiency, high-durability, and low-cost catalysts represents a most 

important task for fuel cell technology. In an experimental test, the on-set potential 

(Eonset), half-wave potential (E1/2), diffusion-limited current and H2O2 yield are the 

commonly used parameters in the evaluation of the electrocatalytic activity. In general, 

commercial Pt/C is used as the benchmark which can reach an Eonset of arounc +0.98 V vs 

reversible hydrogen electrode (RHE), E1/2 of +0.83 to +0.85 V, a limited current density 

of 5-6 mA/cm2, and a charge transfer number of ca. 4. 

At shown, platinum loaded on carbon (Pt/C) is considered as the best catalyst. However, 

platinum-based catalysts have great limitation that hampers the industrialization of fuel 

cells: firstly, despite apparent activity, the performance remains unsatisfactory and cannot 

meet the requirement for the commercial setting. The electron-transfer kinetics of the 

cathode is ca. 10,000 times more sluggish than that of the anode and has been recognized 

as a bottleneck of the overall reaction. Secondly, the scarcity of Pt leads to an 

unfavorable cost for fuel cells. In fact, the cost of Pt accounts for about 50% of the 

overall cost of the fuel cell stack.20 Moreover, platinum-based materials suffer from a 
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relatively poor durability, easy deactivation by CO poisoning, and strong fuel crossover 

effect.21   

To mitigate these issues, a variety of ORR catalyst have been developed in recent years, 

which mainly focus on the following three groups of materials: noble metals, non-noble 

metals, and metal-free composites. For a noble metal catalyst, the most successful 

catalyst is Pt alloy, which shows great ORR activity, low Pt loading and high stability, 

such as Pt3Ni,22-24 Pt3Co,25, 26 Pt3Fe,27, 28 etc. In the development of single atom catalysis, 

even isolated atoms of noble metals have been attempted for ORR electrocatalysus; yet 

the activity is not satisfying in acidic media,29-31 with a very few exceptions.32-34 For the 

non-noble metal catalysts, the most representative one is based on Fe/N/C composites, 

which show great electrochemical activity due to the Fe-Nx sites.35-37 Nitrogen-doped 

carbon is another class of important ORR catalysts.38, 39 Some of these catalyst shows 

great activity in alkaline media, great CO resistance and high stability; however, the 

activity in acid remains a major challenge. 

1.2.2 anode reaction: fuel oxidation 

The anode reaction is the fuel oxidation reaction. The most common fuel is hydrogen gas, 

which can be adopted in PEMFC, alkaline fuel cell (AFC), solid oxide fuel cell (SOFC), 

etc. Other regular fuels include formic acid, methanol and ethanol, correspond to direct 

formic acid fuel cell (DFAFC), direct methanol fuel cell (DMFC), and direct ethanol fuel 

cell (DEFC). The respective anodic reaction is hydrogen oxidation reaction (HOR), 
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formic acid oxidation reaction (FAOR), methanol oxidation reaction (MOR), and ethanol 

oxidation reaction (EOR). 

Specifically, for a hydrogen fuel cell, HOR at the anode can be shown as follows: 

H2 = 2H+ + 2e- (acidic electrolyte)                  (5) 

Or        H2 + 2OH- = 2H2O + 2e- (alkaline electrolyte)  (6) 

H2 gas, having a very high power density of 140 MJ/Kg, 3 times as much as that of 

gasolines, is considered as the best fuel.40 In PEMFC, HOR is generally considered as a 

facile reaction, with relatively fast kinetics even with a very low loading of platinum 

catalysts.41 The major problem for HOR is the sluggish kinetics in an alkaline electrolyte, 

which is two orders of magnitude slower than that in an acidic electrolyte, even with a 

much higher Pt loading. To solve this problem, much cheaper and more stable Fe/N/C 

ORR catalysts are needed as the electrode catalyst. Indeed, substantial efforts have been 

devoted to enhancing the activity of noble metals-based material or developing non-noble 

metal-based catalysts.42, 43  

Formic acid is another commonly used fuel, due to ease of transportation, 

nonflammability, and low crossover effect.44, 45 The disadvantage of formic acid fuel is 

that the power output is relatively lower than that of H2 and methanol, and DFAFC can 

produce only a limited energy. The FAOR can be expressed as 

HCOOH = CO2 + 2H+ + 2e- (acidic electrolyte)            (7) 

or             HCOOH + OH- = CO2 + H2O + 2e- (alkaline electrolyte) (8)  
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Most research focuses on the improvement of the electron-transfer kinetics of Pt and Pd 

based nanocatalysts as the leading catalysts for this reaction.46 Despite substantial 

progress so far, the toxicity and serious CO poisoning effect for Pt catalyst remains a 

major challenge.  

With a high energy conversion efficiency, low pollution and convenience of storage,47 

DMFC is widely recognized as an important power source for portable electronics and 

electrical vehicles.48 The power can be 15 times greater than that of lithium-ion battery in 

the same volume.49 The disadvantage is that methanol can easily penetrate the membrane, 

short-circuit the electrodes and reduce the power output, the so-called crossover effect.50 

Another disadvantage is that CO may be generated during the reaction and poison the Pt 

catalyst.51 The MOR can be expressed as 

CH3OH + H2O = CO2 + 6H+ + 6e- (acidic electrolyte) (9) 

Or   CH3OH + 6 OH- = CO2 + 5H2O + 6e- (alkaline electrolyte)     (10) 

Compare to other fuels, ethanol has unique advantages, although DEFC is not studied as 

much as other fuel cells. The major advantage of DEFL is the easy harvesting of ethanol 

from biomass and the mature supply chains.52 Moreover, ethanol has a high boiling point, 

safe transportation, low toxicity, and minimal crossover effect.53 Also, ethanol contains a 

higher energy density (24 MJ/L) than methanol (15.6 MJ/L). EOR is shown as 

C2H5OH + 3H2O = 2CO2 + 12H+ + 12e- (acidic electrolyte)   (11) 

Or     C2H5OH + 12OH- = 2CO2 + 9H2O + 12e- (alkaline electrolyte) (12) 
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Yet electrochemical oxidation of ethanol involves a significant energy barrier, due to the 

strong C-C bond. Up to now, there is no known efficient EOR catalyst to complete the 

12-electron electrooxidation to form CO2 at ambient temperature.54 Even for most active 

systems, the incomplete 2 or 4 electron transfer can slow the EOR and renders the DEFCs 

economically unviable.55 

For the fuel oxidation reaction, the most common indicator is the current density and 

position of the forward peak and the ratio of the forward/backward peak heights in a 

cyclic voltammetry (CV) scan. A good catalyst should have a negative peak potential, a 

large peak height (high current density), and a high forward/backward peak ratio for a 

complete oxidation process. As shown above, most of the fuel oxidation reactions highly 

rely on noble metal catalysts, whose high costs greatly hamper the commercialization of 

fuel cell technologies. Except for HOR in acid, other reaction needs substantial 

improvement of the reaction kinetics, even if Pt is adopted as the catalyst.  

1.2.3 water electrolyzer 

As a reverse device of hydrogen fuel cell, water electrolyzer plays an important role in H2 

and O2 generation. H2 is essential as a sustainable and clean energy; however, so far, 

95% of H2 is produced by the water gas shift reaction based on fossil fuels.56, 57 For 

instance, the 2015 hydrogen levelized cost from water electrolysis is 4 USD/kg, which is 

2 times higher than that from water gas shift or natural gas steam reforming, according to 

the report from the US Department of Energy (DOE Technical Targets for Hydrogen 

Production from Electrolysis). The main problem is the high price and sluggish kinetics 
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of catalysts, especially for OER in an acid electrolyte. Therefore, research of hydrogen 

evolution reaction (HER) and oxygen evolution reaction (OER) electrocatalysis has 

drawn a great deal of attention lately. 

HER takes place at the negative electrode,  

2H++2e-=H2 (acidic electrolyte)                     (13) 

Or    2H2O + 2e-= H2 + 2OH- (alkaline electrolyte) (14) 

The most common factor for evaluating the HER activity is the overpotential (10) at 10 

mA/cm2. As the benchmark, commercial Pt/C can reach an 10 of -10 to -30 mV in 0.5 M 

H2SO4 and -50 mV in 1 M KOH.58 Other important factors include Tafel slope, charge 

transfer resistance, faradaic efficiency and turnover frequency.59 Platinum-based 

materials have long been considered as the most efficient HER catalyst, and reducing the 

Pt loading and finding low-cost substitutes for HER has become an important mission in 

the field. Many materials have shown remarkable activity in acid electrolytes, such as 

oxides, chalcogenides, phosphides and nitrides of nickel,60, 61 cobalt62, 63 and 

molybdenum64, and heteroatom-doped carbon.65-67 Another major problem of HER is the 

sluggish kinetics in alkaline electrolytes. This is because the water dissociation process is 

required which includes a sluggish H-O bond breaking process.68 In fact, the electron-

transfer kinetics in alkaline media on Pt is two orders of magnitude slower than that in 

acid.69 Developing alkaline HER catalysts is therefore important, due to the extremely 

difficult counter reaction (OER) in an acid electrolyte. We developed ruthenium-based 

materials which exhibited a much better activity than Pt, with a much lower price. This 
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will be detailed in Chapter 3. Yet, many studies need to be carried out for non-noble 

materials. 

The positive electrode is the place where oxygen evolution happens, as shown below, 

2H2O = O2 + 4H+ + 4e-(acid electrolyte)         (15) 

4OH- =O2 + 2H2O + 4e- (alkaline electrolyte) (16) 

This is a 4-electron transfer reaction with very sluggish kinetics. The reaction kinetics 

and catalyst stability have been studied extensively in recent years. The best catalysts are 

RuO2 and IrO2, but neither reaction kinetics nor the stability is satisfying. RuO2 and IrO2 

can be easily oxidized into RuO4 and IrO3 and dissolved in the solution and lose activity 

during the reaction.70 At present, many kinds of metal (hydro)oxides has been applied to 

catalyze OER in alkaline media, such as perovskite (ABO3) spinel (AB2O4), double layer 

hydroxide (e.g., FexNi1-xOOH).70, 71 Moreover, a variety of metal sulfides, selenides, 

nitrides and carbon materials have shown obvious activity in alkaline electrolyte.70 The 

most challenge task is to develop OER catalyst in acid electrolyte. Except for RuO2 and 

IrO2, very few catalysts can reach an 10 under -750 mV (activity normalized by surface 

area of oxide).72 Except for water splitting, OER also plays an important part in 

rechargeable metal-air batteries and artificial photosynthesis. 

1.3. Nanomaterial design and synthesis for electrocatalysis 

As mentioned, nanomaterial have served as the best class of catalysts. Nanoparticles, 

clusters and even single atom loaded on different support materials are effective catalysts 
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for ORR, OER, HER and other electrochemical reactions. The most commonly used 

materials are carbon-based nanocomposites, noble metal alloys, metal oxides, metal 

phosphides, metal sulfides and ligand functionalized materials.  

1.3.1 Noble metal electrocatalysts 

For most electrochemical reactions, noble metal-based materials are the catalysts of 

choice. Yet some of the catalytic activity and/or stability remains unsatisfying. For 

example, as mentioned above, Pt catalysts cannot achieve a satisfying ORR activity; 

RuO2 and IrO2 are generally considered as best OER catalysts; however, the activity and 

stability remains subpar for practical applications. There are two major goals for 

developing noble metal-based electrocatalyst: enhanced activity and reduced loading. 

The enhancement of the electrocatalytic activity towards ORR, HER and fuel oxidation 

reactions by Pt, Pd, Ru or other noble metals has been widely reported, involving several 

strategies, such as alloying with a secondary metal to enhance the intrinsic activity, 

engineering surface to increase accessibility of active sites, and selective morphology for 

maximal exposure of active sites.  Among these, noble metal alloy nanoparticles are 

widely used as leading ORR, HER and fuel oxidation electrocatalysts. For example, 

Stamenkovic et al.73 discovered that Pt3Ni alloy nanoparticles with dominant exposure of 

the (111) surfaces can reach a half-wave potential (E1/2) 100 mV more positive than that 

of commercial Pt/C, with a 90-fold specific activity enhancement. Chen et al.74 showed 

that Pt3Ni 3-D nanoframe achieved a great activity enhancement of ORR and HER 

(Figure 2). Luo et al.75 synthesized PdMo alloy nanosheets (width 100 nm and height 0.8 
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nm) “PdMo bimetallene”, where an enormous amount of Pd active sites were exposed 

and a ultrahigh mass activity of ORR was achieved that was 107 times higher than that of 

commercial Pd/C. PtCu,76 PtNi,77, 78 RuCo,79 RuCu80 and IrCo81 nanoparticles have also 

been prepared and exhibited a much greater activity of HER than commercial Pt/C. As 

for the fuel oxidation reaction, PdCu, PtRu and PtSn nanostructures serve as leading 

catalysts for FAOR,82, 83 MOR,84, 85 EOR,86, 87 respectively. 

 

Figure 2 Schematic illustrations and corresponding TEM images of the samples obtained 

at four representative stages during the evolution process from polyhedra to nanoframes. 

Copyright from ref74. 

For OER, structural modification of IrO2 or RuO2 is a typical strategy to enhance the 

activity and stability. For instance, SrIrO3 shows an ultrahigh specific activity and 

durability as the leading catalyst.72 Moreover, the 6H phase of SrIrO3 is found to be more 

active than 3C phase, can reach a low 10,OER of only 248 mV in an acid electrolyte.88 
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Ruthenium oxide-based OER catalysts also show great activity. For example, 

Cr0.4Ru0.6O2 shows an 10,OER 178 mV in an acid electrolyte.89 In another study, a Cu-

doped RuO2 polyhedral catalyst exhibits an 10,OER of 188 mV in an acid electrolyte.90 

To reduce noble metal loading, the size of the noble metal nanoparticles needs to be 

reduced as much as possible. For example, Chong et al.91 synthesized 2 nm Pt3Co 

nanoparticles on a Co-N doped carbon substrate by a pyrolysis method. The sample 

showed an ultralow Pt loading at a mass ratio at 2.7 wt% and a record high ORR mass 

activity at 1.77 A/mg in a fuel cell. In addition, noble metal single atoms have also been 

widely studied and shown great activity in HER, ORR and OER. Among them, Pt and Ru 

single atoms has been the most successful HER catalysts and water splitting catalysts, 

respectively. For example, coordinated by nitrogen, oxygen or sulfur atoms, Pt single 

atoms show great HER activity when supported on a substrate of carbon,92 metal oxide,93 

metal sulfide,94 metal phosphide,95 selenide,96 MXene,97 etc. In other examples, Ru single 

atoms show great HER activity when they are loaded on nitrogen-doped carbon,98 nitride 

imide nanotubes,99 MXene100 and MoS2;
100 as well as great OER activity when loaded on 

FeCo hydroxide to form a Ru-O-Fe(Co) bond.101  

1.3.2 non-noble materials 

Non-noble materials are another class of important electrocatalysts, due to their low 

costs, high stability and poison resistance. Some of these even surpass noble materials in 

certain reactions. For example, Fe/N/C catalysts usually show a better ORR activity than 

commercial Pt/C in an alkaline electrolyte.37 It has been found that pyrolysis of a mixture 
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of an iron precursor and a nitrogen-containing carbon precursor can produce Fe/N/C 

catalysts with great ORR activity;102 yet their active sites and mechanism have been 

under active debates.103 Until recently, it is verified that Fe-Nx single atom sites play a 

dominant role.35, 37 In recent studies, it has been found that the activity also varies with 

the coordination configuration of Fe-Nx.
31, 104 Similarly, Co-Nx also has significant ORR 

activity.105 Yet, a non-noble ORR catalyst that can suppress Pt/C in acid has been rare. 

As discussed earlier, leading non-noble material catalysts for HER include metal oxides, 

phosphides, sulfides and selenides. Many of the catalyst are prepared by hydrothermal 

methods and can reach a very low 10,HER under -100 mV in an acidic or alkaline 

electrolyte.106 For example, Chen et al.107 synthesized Mo-Ni oxide nanorod arrays by a 

solvothermal process, and treated the samples with H2 at a high temperature to form 

oxygen vacancies. This material showed an ultrahigh HER activity, with an 10,HER of 

only -17 mV. In another study, Tian et al.108 prepared CoP nanowire arrays by a 

hydrothermal method, and observed a high HER activity in a wide range of pH. MoS2 

has also been studied extensively towards HER. Liu et al109 doped P into MoS2 

nanosheets by a hydrothermal process, and the resulting catalyst showed an 10,HER  of 

only -43 mV in 0.5 M H2SO4.  

FeNi hydroxide is generally considered as the best OER catalyst in alkaline electrolytes. 

This is usually prepared by a hydrothermal process, can reach a current density of 1 

A/cm2 at 1.6 V vs RHE,110 and show great stability, a performance greatly suppressing 

that of Ir or Ru oxides. In addition, a variety of metal oxides (perovskite, spinel, etc) have 
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also been extensively studied. These are usually prepared by high temperature 

calcination, solid-phase combustion, pulsed laser deposition, precipitation, etc.111 For 

example, Schafer et al.112 prepared a Co3O4-based metal-ceramic composite and observed 

a great OER activity, with an 10,OER of only 220 mV. Yet, due to the instability in acid, 

none of these oxides can be used in acid electrolytes. 

1.3.3 Carbon based materials 

Carbon-based materials have found extensive applications in electrocatalysis. Carbon 

materials provide a wide potential window and good electrical conductivity, due to 

structural diversity and flexibility for the manipulation of the catalytic performance, such 

as morphology (0-D quantum dots, 1-D nanowires/nanotubes, 2-D graphene and 3-D 

network, nano/meso/microporous nanostructures, etc), phase (graphene, amorphous, 

graphdiyne, etc), and heteroatom dopants (nitrogen, sulfur, oxygen, metal single atom, 

etc). Moreover, the carbon materials provide great support for the loading of a variety of 

nanostructures with strong metal-support interactions.31, 104, 113 The design, synthesis and 

activity adjustment of carbon-based materials have shown a great outlook for 

electrocatalysis. 

Indeed, a number of catalysts towards a variety of electrochemical reactions have been 

prepared. Of these, N-doped carbon has shown significant activity as metal-free catalysts 

for ORR;38, 114 Fe single atoms embedded in carbon materials also show apparent ORR 

activity which may suppress that of Pt/C in alkaline electrolytes.115 PtCo nanoparticles 

derived from ZIF-67 have been used as ORR catalysts in PEMFC.91 In addition, HER can 
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be catalyzed by C3N4,
116 N,S-codoped graphene,117 and a variety of nanostructures 

derived from pyrolyzed carbon.58, 118, 119 Figure 3 shows the main procedures for 

preparation of carbon-based single atom catalysts. 
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Figure 3 Representative examples of metal SACs supported on a carbon matrix through a 

pyrolysis route with various precursors. a) Preparation of M‐NG (M = Fe, Co, Ni) with 

MN4C4 moieties in which the precursors are metal ions adsorbed on a 3D graphene 

hydrogel. b) Preparation of Co‐NG from a Zn1Co1‐BMOF precursor. c) Synthesis of Pt‐

PCM starting with polydopamine. d) Ag‐C3N4 derived from silver tricynomethanide and 

cyanamide. e) Synthesis of Fe‐NC with the assistance of various templates. Copyright to 

ref 104 

1.4. Catalytic active sites 

1.4.1 Material characterization 

In typical characterization, the elemental composition of the nanomaterials is a critical 

parameter. For example, the morphology, lattice and elemental distribution can be 

analyzed by various microscopic techniques, such as transmission electron microscopy 

(TEM), scanning electron microscopy (SEM), high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM), atomic force microscopy (AFM), 

etc. The lattice structure of a material can be identified by X-ray diffraction (XRD). The 

contents of elements can be quantitatively identified by inductively coupled plasma 

optical emission spectrometry (ICP-OES) measurements. The valence state and charge 

transfer properties can be characterized by X-ray photoelectron spectroscopy (XPS) 

measurements. Optical properties can be measured by UV-vis spectroscopy and 

fluorescence spectroscopy. The organic material, carbon material and organic ligand can 

be characterized by Raman spectra, nuclear magnetic resonance (NMR), infrared 
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spectroscopy (IR) and thermogravimetric analysis (TGA), etc. The porosity and surface 

area of carbon materials can be measured by gas adsorption technique, such as the 

Brunauer–Emmett–Teller method (BET). 

The detailed structure can be identified more clearly by some specific and advanced 

characterization methods. For instance, high-resolution TEM (HRTEM) can be used to 

identify the lattice distortion, phase segregation and edge structure of a nanoparticle. 

Moreover, aberration-corrected STEM (AC-STEM) with a sub-angstrom resolution can 

be used to identify the single atom distribution. In addition, high-resolution electron 

energy loss spectroscopy (EELS) can be used to identify the element of a single atom or a 

cluster in the material. To understand the electronic structure and atomic level geometric 

structure of a material, X-ray absorption spectroscopy (XAS) plays a very important role. 

XAS includes two parts, X-ray adsorption near edge structure (XANES) and extended X-

ray absorption fine structure (EXAFS). The XANES data includes accurate information 

about the detailed electronic structure of an element, such as oxidation states, ligand field, 

etc. The EXAFS data contains information about the coordination structure, such as bond 

length, coordination numbers, etc. Electron paramagnetic resonance (EPR) is a sensitive 

technique to identify unpaired electrons, transitional metal d-electrons, oxygen vacancies 

and free radical reaction intermediates. Mossbauer spectroscopy is usually carried out to 

identify the coordination structure of magnetically active atoms. 
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1.4.2 Experiments to understand the active sites and reaction mechanism 

In addition to systematic characterization, control experiments are the keys to 

understanding the active sites and reaction mechanism.  

For understanding the active sites of a catalyst, poisoning tests are a common method. 

The main idea of this test is to apply a strong blocking agent to terminate proposed target 

sites, then compare the activity before and after so as to identify the source of the 

difference. Sulfur compounds are commonly applied to block the metal sites. For 

example, Niu et al.120 synthesized a Fe,N-codoped carbon ORR catalyst, with Fe-Nx sites 

embedded in the carbon matrix. To identify whether the active site is Fe-Nx, CN- was 

applied to block the Fe sites. They then tested the ORR activity in the presence of 10 mM 

KCN and found that E1/2 exhibited a negative shift of only 18 mV. Thus, they argued that 

the contribution of Fe-Nx moieties was minor, and the key active sites were likely the 

carbon sites, instead of Fe (Figure 4). In another study, Thorum et al.121 examine the 

ORR activity of carbon-supported Cu (II) with 3,5-diamino-1,2,3-triazole (CuDAT) in 

the presence of fluoride, thiocyanate, ethanethiol and cyanide. The activity of CuDAT 

significantly decreased upon the addition of these poisonous agents, indicating that the 

Cu complex was the active sites for ORR. 
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Figure 4 LSV curves of Fe-N/C-800 before (black) and after (blue) H2SO4 leaching 

treatments, and in 0.1 M KOH aqueous solution with 10 mM KCN (red). Copyright to ref 

120 

Moreover, control experiment with chelating agents, such as EDTA98, can be adopted to 

identify the activity of single atoms. For example, Liu et al.122 synthesized a carbon-based 

material with Pd nanoparticle and Pd single atoms (Pd-N species). To identify the ORR 

activity of Pd-N species, they tested the activity with the addition of EDTA. A significant 

decrease of the ORR activity was observed in the presence of EDTA, indicating that Pd-

N species played an important role in ORR.  

Other than catalysts poisoning tests, the characterization of catalyst after electrochemical 

performance test can be helpful in understanding the active sites. For example, to identify 

which kind of nitrogen dopants (pyridinic, graphitic or pyrrolic) are in charge of ORR 

performance in nitrogen-doped carbon materials (note this is a highly debated research 

topic), Wang et al.123 carried out XPS studies to examine the concentration change of 

different types of nitrogen species along with a variety of CV cycles. It is noticed that the 

ORR activity decay was highly correlated with the concentration decrease of graphitic 

nitrogen, while other nitrogen species showed no such correlation. By this, it is proposed 

that the graphitic nitrogen was the key sites of ORR. In another study, Seitz et al.72 found 

that the roughness of SrIrO3 was significantly increased after 30 h of OER tests, along 

with an increasing activity and identified that the dissolution of Sr2+ and exposure of IrOx 

moieties played an important role in OER electrocatalysis. 



 21 

Furthermore, operando measurements provide an opportunity to monitor the material 

structural change during the reactions. This is considered as one of the most powerful 

characterization methods. For example, to understand the activity and stability of an OER 

catalyst with Ru single atoms on CoFe layered double hydroxides, Li et al.124 carried out 

a systematic operando XAS measurement, and found that the Ru single atoms became 

oxidized at 1.6 V, but not over-oxidized into a high valence state over +4 which is 

dissolvable in solution. Meanwhile, the oxidation state and coordination of Ru atoms 

were reversely recovered when the bias potential was switched off. Moreover, they found 

that the Co-O-Ru and Fe-O-Ru bond shrank during OER, which further enhanced the 

stability of Ru atoms. That is, the OER reaction process can be clearly understood by 

operando XAS measurements. 

Isotope tracing is another unique method to understand reaction mechanism. For 

example, Grimaud et al.125 used 18O labeling with in-situ mass spectrometry and 

discovered a new OER reaction mechanism catalyzed by high-covalence cobaltate 

perovskite (Figure 5). LaCoO3 were labeled by 18O and no 18O was detected in the O2 gas 

after OER, indicate LaCoO3 follows the traditional concerted proton electron transfer 

pathway. However, 34O2 and 36O2 were detected when an 18O labeled SrCoO3-δ and other 

cobaltate perovskites were used as the OER catalyst. This important evidence shows that 

lattice oxygen atoms are involved in the reaction process. They also proposed new 

reaction mechanism based on this discovery, which is important for further theoretical 

works. 
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Figure 5 Data were measured in 0.1 M KOH by OLEMS at a scan rate of 2 mV s–1 (no 

gas bubbling). a, 34O2/
32O2 ratios, where the straight lines correspond to the natural 

abundance of 18O of 0.2%. The arrows indicate forward and backward 

scans. b, 36O2 signal. All data were taken from the first cycle. Copyright to ref 125. 

1.4.3 Theoretical studies of electrocatalytic reactions 

1.4.3.1 Three important strategies for first principles calculations of electrocatalytic 

reactions 

First principles calculations are a very important method for understanding and 

explaining the electrocatalytic activity. The most straightforward purpose of the 

calculations is to acquire the energy diagram, which shows free energies of different 

reaction steps. With this energy diagram, one can evaluate the activity of different sites, 
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identify the most active sites and understand the rate determine step. In this level of 

theory work, there are mainly three strategies of implementing the calculations.  

In the first strategy (with the best accuracy), the calculations will be carried out by 

building structural models based on a systematic experimental characterization of the 

materials on the atomic or lattice level. Certain reactions can be simulated on the model 

by calculating the energy of a series of reaction intermediates. Finally, the reaction 

energies are used to compare with experiment results. If the theoretical results are 

consistent with the experimental data, the reaction process simulation is reliable, and 

reaction intermediates information (e.g., reaction energies, atomic geometry, active site, 

etc.) can be fully discovered. This strategy can be regarded as using theory to explain 

experiments”. 

In the second strategy, theoretical calculations are used to go over all possible structures 

and predict the most probable active sites and reaction pathways. In many cases, the 

material system is very complex and contains a variety of components. Thus, a clear and 

detailed atomic level characterization is impossible. For example, it is common that a 

variety of FeNx moieties coexist in the Fe/N/C material (e.g., FeN4, FeN3C, FeN2, etc). 

And sometimes XAS studies cannot distinguish the Fe-C/ Fe-N bond due to the similar 

bond length, or the coordination number is not very clear. In this situation, the screening 

of all possible structures is necessary, which can be carried out by formation energy 

calculations, within the range of results from experimental characterization. The 

important structures with the lowest formation energy or a certain property closest to 

experimental results (e.g., charge transfer property close to the XPS results; band gap 
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close to the result of UV-vis and photoluminescence measurements, etc.) can be selected 

for further calculations. Finally, the catalytic activity can be compared to experimental 

results, and the most possible active sites can be obtained. This strategy can be called 

“mutual input of theory and experiments”.  

The third one is to carry out systematic calculations at first and obtain useful information 

to synthesize materials, and then implement experimental work to verify the theoretical 

prediction. This strategy has the highest level of difficulty among the three strategies and 

must be based on a plentiful accumulation of experience and knowledge in the field. For 

example, as one of the earliest and most important reports of ORR catalysis on Pt-based 

catalysts, Greeley et al.126 brought forward the descriptor of ORR and carried out 

systematic screening calculations for a wide range of Pt alloys. They then carried out 

experimental measurements and successfully confirmed that Pt3Sc and Pt3Y alloy 

exhibited a much better ORR activity than Pt, consistent with theoretical predictions. This 

strategy can be considered as using theory to guide experiments. 

1.4.3.2 Models of calculation 

Building a suitable model is the first step and the foundation of a calculation study. As 

mentioned above, in general, one should have sufficient information from structural 

characterization of the material. For instance, from the analysis of TEM and XRD 

measurements, one can obtain key information such as the matter, phase, size, lattice, 

surface, etc. From XAS and XPS analysis, one can acquire information about the atomic 

configuration, coordination number, etc. For a metal-ligand system, from NMR and IR 



 25 

studies, one can obtain accurate organic structures; and from TGA, one can assess the 

ratio and density of the organic ligands on the metal surface. For a material within a 

certain pH and potential, one should build the model referred to the Pourbaix diagram. 

The most common model of a nanoparticle (quantum dot) is the slab model. This model 

is made within the supercell and has several layers and an infinite 2D structure in X and 

Y directions, enough vacuum in the Z direction to avoid interactions and periodic 

boundary condition. In principle, if the nanoparticle or quantum dot is much smaller than 

their Bohr excitation radius, they must be calculated with an actual size cluster model 

instead of slab model, due to the quantum confine effect.  

To build a slab model, the correct crystal structure should be calculated at first. For this, a 

suitable pseudopotential should be selected, and a series of parameters are tested until a 

minimum or lowest energy can be reached, such as lattice constant, k-point sampling, and 

cutoff energy. A suitable smearing method and parameter also should be adopted for a 

metallic system. After that, the size of the supercell can be selected and a correlated 

lattice can be cut out, according to the TEM analyses. For example, if in TEM studies 

show that the Pt nanoparticle surface is dominated by the (110) facets, a slab with the 

Pt(110) surface will be cut out from the Pt lattice. The thickness is another key factor to 

build the slab model, and the distance between each slab should be tested to make sure 

that there is no interaction between the periodic images. Finally, the slab model will be 

relaxed and ready for further calculations, where fixing the bottom layer is an important 

method to keep a correct surface relaxation. 
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Except for the slab model for nanoparticles, single-layer graphene, C3N4, black 

phosphors, boron nitride and other models are widely used to calculate the related 

materials; and a cluster model can be adopted to simulate actual cluster materials.  

1.4.3.3 Catalytic process and mechanism 

The main idea to evaluate the catalytic activity from theory is to calculate the energy of 

intermediate species and/or critical descriptors. 

For HER, the reaction mechanism is127 

H+ + e- = H* (Volmer step)               (17) 

H* + H+ +e- = H2 (Heyrovsky step) (18) 

2 H* = H2 (Tafel step)                       (19) 

In this reaction, the adsorption free energy of H* (ΔGH*) is usually used as an important 

descriptor to evaluate the activity of an active site. Generally, ΔGH* < 0 indicates that the 

desorption of H is too difficult (Heyrovsky step/Tafel step controlled), while ΔGH*>0 

suggests that adsorption of H is too difficult (Volmer step controlled). The best site 

should have a ΔGH* close to 0 eV, as shown in Figure 6. This descriptor is considered 

valid in both acidic and alkaline electrolyte. 
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Figure 6. A volcano plot. The data points are measured exchange current density plotted 

versus the calculated free energy of H adsorption at U > 0 V. The metals on the left side 

of the volcano have high H coverage (1 ML) and the metals on the right side low H 

coverage (0.25 ML). The line is a prediction by a kinetic model in which all input 

parameters are taken from DFT calculations. The dashed line indicates that the metals 

which bind H stronger than 0.2 eV/H usually form oxides at U > 0 V. The open circles 

are (111) data whereas the filled circles are polycrystalline. Copyright from the 

reference128. 

 

For ORR, the reaction mechanism is127 

* + O2 + H+ + e− = OOH*      (20) 

OOH* + H+ + e−= O* + H2O (21) 
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O* + H+ + e− = OH*               (22) 

OH* + H+ + e− = H2O + *      (23) 

Theoretical studies can be carried out to calculate the binding energy of OOH*, O* and 

OH* and the reaction free energy, so as to construct the energy diagram. In most of the 

cases, the first step -oxygen adsorption or the last step -OH desorption is the rate 

determine step (largest up-hill step). Moreover, it has been found that the free energy of 

these two steps has a universal linear relationship:129 that is, a stronger O2 adsorption will 

cause a stronger OH adsorption and a weaker O2 adsorption will cause a weaker OH 

adsorption. For a carbon-based material, the carbon atom can act as an active site, but O2 

adsorption remains difficult, and desorption of OH is favorable. So, the OOH* or OH* 

binding energy should be strengthened. In opposite, Pt nanoparticle surface exhibits too 

strong O2 adsorption, rendering it difficult for the desorption of OH*, such that the 

OOH* and OH* binding energy should be weakened.130 Therefore, an optimal site should 

have equal energies of these two steps to minimize the overall reaction energy. The 

intercept of the ΔGOOH* vs ΔGOH* line is different with different catalytic sites, which can 

determine the optimal reaction energy.131  
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Figure 7. (a) Measured kinetic current density as reported in the literature for a range of 

alloy electrocatalysts with Pt ‘skins’ plotted as a function of the calculated oxygen 

adsorption energy, ΔEO. All data are shown relative to Pt.  (b) Calculated free energy 

diagram for the oxygen reduction reaction at 0.9 V with respect to the reversible 

hydrogen electrode (RHE) under standard conditions for Pt(111) (solid line) and for Pt 

overlayers on the Pt3Sc(111) and Pt3Y(111) surfaces (dashed). The free energy changes 

for the formation of OOH (ΔG1) and the removal of OH (ΔG2) are indicated. Copyright to 

reference 130. 

Moreover, the adsorption energy of O* (or referenced to that of Pt) can be used as a 

descriptor to roughly estimate the ORR activity (Figure 7). However, ΔGO* cannot reflect 

the free energy change of rate determine step and it does not always have a strong 

connection with ΔGOOH* and ΔGOH*.
131, 132 So although it is an easy way of estimation, 

the accuracy is not always satisfying. 

For OER, the reaction mechanism is proposed as 127 
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H2O + * = OH* + H+ + e−          (24) 

OH* = O* + H+ + e−                       (25) 

O* + H2O = OOH* + H+ + e− (26) 

OOH* = * + O2 + H+ + e−      (27) 

Generally, the OER mechanism is much more complicated than ORR. Firstly, it has been 

found that different catalysts, or a catalyst under different potentials, may have different 

rate determine steps.133 This greatly increases the complexity of calculations and 

difficulty for making a conclusion. For example, Haschke et al. showed that Fe2O3 

catalysts displayed a rate determine step at O-O formation by 18O labeling, consistent 

with results from theoretical studies,134 whereas Exner et al. argued that for the IrO2 

catalyst, the rate determine step was the formation or decomposition of OOH 

intermediates at different potentials.135 In addition, Ping et al. discovered that when 

considering the energy barrier and transition states, water dissociation became the rate-

determine step, and the reaction was highly dependent on the potential, transition state 

and surface oxygen vacancy.136   Moreover, as shown above, lattice oxygen may take part 

in OER, and some catalysts follow a reaction mechanism different from surface 

intermediate adsorption (e.g., SrCoO3-δ),
125 and some catalyst are proved not having 

lattice oxygen involved (eg. RuO2, LaCoO3).
137 Determination of the mechanism of OER 

is a challenging work and more research in this field is in urgent need. The most useful 

descriptor of this reaction is ΔGO*-ΔGOH*, which can have best evaluations (Figure 8). 
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Figure 8,  OER volcano plot for metal oxides, with the indicator of ΔGO*-ΔGOH*. The 

best catalyst is IrOx synthesized by the leaching out Sr2+ from SrIrO3. Copyright from ref 

127. 

1.4.3.4 Modification items 

After calculation of the energy of reaction intermediate species, the adsorption energy 

can be calculated by equation 

E = Eads* - E* - Eads       (28) 

where * indicates a catalytic active site and ads is the adsorbents. In some cases, van der 

Waals correction is required in the calculation. 

To calculate reaction free energy, the modification item should be added. For instance, 

phonon calculation is usually applied to calculate the vibration frequencies, follows by 

deriving the zero-point energy (ZPE) and entropy. Moreover, a solvation energy should 
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be applied as implicit water molecules, to correct the solvation effect. For example, the 

charge-asymmetric non-locally determined local electric (CANDLE) solvation model is 

widely used for this purpose.138 In addition, sometimes a cluster of water are placed in the 

supercell, or molecular dynamic calculations can be used to simulate the movement of a 

large volume of water molecules and diffusion situations.   

In summary, the reaction energy can be calculated in the following equation139 

ΔG = ΔE + ΔZPE - TΔS + ΔEsolvation + kbTln10*pH – eU  (29) 

There are also mechanisms proposed for fuel oxidation reactions, CO2 reduction reaction, 

nitrogen reduction reaction, etc. These mechanisms can be adopted for the simulation of 

the related electrocatalysts.   

1.4.3.5 Transition state 

As shown above, the reaction energy can be estimated from the adsorption energy of 

intermediate species with some modifications. In fact, the Bell–Evans–Polanyi (BEP) 

principle is introduced for this calculation strategy. The energy barrier is assumed to be 

linearly correlated to the enthalpy of the reaction. However, sometimes this is not enough 

to obtain an accurate result.  For example, in alkaline solution, HER is not only 

influenced by the hydrogen binding energy, but also affected by a significant water 

dissociation process which does not exist in acid electrolyte.98 In this case, the water 

dissociation barrier and transition state should be calculated to better understand the 

catalytic process. The most common method is Nudged Elastic Band (NEB) method and 

Climb Image Nudged Elastic Band (CINEB) method. The CINEB calculation should be 
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implemented based on NEB calculation, which can provide more accurate transition state 

and energy barrier. 

1.5. Understand the origin of electrocatalytic activity 

After an active site is identified, the mechanistic origin of the electrocatalytic activity can 

be further discussed. The direct reason of the activity is the moderate binding energy.  

1.5.1 Energy band and density of states (DOS)  

Energy band calculations are important for understanding the electronic structure. Firstly, 

the energy band can be used to identify if the material is a metal, a semiconductor or an 

insulator. This point is important because a metallic system has high conductivity, which 

is essential for an electrocatalyst. Moreover, the energy band can be used to explain the 

photoluminescence property of a material. For example, Peng et al. found that the 

fluorescents of C3N4 can be quenched by the chelation of ruthenium ions. From 

calculations, it was discovered that ruthenium centers induced a spin down state inside of 

the band gap and transformed the semiconducting C3N4 into a metallic structure. 

Therefore, the activity of HER became significantly enhanced. This will be discussed in 

more detail in Chapter 3. In addition, for a semiconductor material, the band gap, direct 

or indirect electron transition can be identified, and the doping effect can be 

characterized. 

Compared to energy band calculation, density of state (DOS) can be carried out in a low-

symmetric system, which is more commonly used. The binding energy of intermediate 
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species is highly related to the DOS around the Fermi level, where the activated electrons 

and empty states are located. For example, in ORR electrocatalysis, nitrogen-doped 

carbon has difficulty in O2 adsorption, while O2 adsorption on Fe sites of FeN4 structure 

is much easier. This is partly because there are few states around the Fermi level of a N-

doped carbon structure, while there are a large number of spin down states in the FeN4 

center. This work will be detailed in Chapter 2. Moreover, the higher DOS on the Fermi 

level indicates easier electron donation/withdrawal, which is essential for an 

electrocatalytic reaction. 

In addition, the position of the d-band center, with referrence to the Fermi level, is highly 

correlated to the binding energy of intermediate species and influenced by the charge 

transfer process on the material. This is the foundation of manipulating the electronic 

structure and the activity of the electrocatalysts. For example, from the Figure 9, one can 

clearly see that a down shift of the d-band center can weaken the adsorption of O2 and 

CO on a platinum or a gold surface. 
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Figure 9. Illustration of the extent of the d-band model. Calculated CO and O adsorption 

energies for a range of different Au (A) and Pt (B) surfaces including 12 atom clusters are 

seen to correlate with the calculated d-band center (εd), copyright from ref 140. 

It should be note that there are several intrinsic defects in DFT calculations, such as the 

exchange correlation potential of the Kohn-Sham equation that cannot be accurately 

described, the electron self-interaction error, etc. These will result in errors of the 

electronic structure (e.g., severe underestimation of the band gap). To minimize the error, 

DFT+U should be applied to all heavy atoms. Moreover, if a more accurate electronic 

structure is required, the PBE level of calculation is not enough. Instead, a hybrid 

functional calculation (PBE0, HSE06, B3LYP, etc)141 or a GW calculation is needed.142 

These calculations will consume much more computational time but can provide more 

accurate results. 

1.5.2 Charge transfer 

In principle, all chemical properties of an atom can be determined by its charge density. 

So, a charge transfer process can change the charge density of certain sites, which is 

essential to adjust the activity of an electrocatalyst. From calculations, the charge density 

distribution can be plotted and charge of each atoms of the material can be obtained by 

Bader charge or Lowdin charge analyses. Moreover, the results of theory can be 

examined by experimental characterization, such as the binding energy shift in XPS, a 

white line intensity shift in XAS, etc. Extensive studies have shown how charge density 
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can influence the binding energy of intermediates. For example, carbon atoms of a 

nitrogen-doped graphene work as active sites of ORR. The activity of these carbon atoms 

comes from electron transfer to nearby nitrogen atoms. This generates a spin density and 

partial single atoms on the carbon sites, leading to binding of oxygen species.37  

Because of this, manipulating charge transfer has great significance in adjusting the 

electrocatalytic activity. Both theory and experimental work should focus more on this 

topic. 

1.6. Charge density for manipulation of electrocatalytic activity 

As shown above, charge transfer plays an important role in manipulating the 

electrocatalytic activity. The activity change is due to donation or withdrawal of electron 

of the activity sites, which influences the binding energy of critical reaction 

intermediates. Many experimental studies have shown that the electrocatalytic activity is 

highly correlated to charge transfer within the material.143 The most significant work are 

the studies about metal-metal charge transfer (MMCT), metal-ligand charge transfer 

(MLCT), metal-support charge transfer and electron gain of high electronegative atom. 

As an example of MMCT, Chen et al.144 discovered that charge transfer effect from gold 

to silver can enhance the ORR activity of silver site in an Au-Ag Janus nanoparticle. In 

another work, MLCT has been confirmed to significantly influence the ORR of Pt 

nanoparticles. Zhou et al.145 functionalized Pt nanoparticles (2.0 to 2.5 nm in diameter) 

with para-substituted R-phenyl derivatives (R = CH3, F, Cl, OCF3 and CF3) and found 

the ORR activity consistently increased with increasing strength of electro-withdrawing 
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groups (Figure 10). This enhancement was caused by the decrease of Pt electron density, 

which reduced the ability for Pt surface to adsorb oxygen species.  

Figure 10 ORR activity of Pt nanoparticle can be adjusted by electron withdraw from the 

ligand. Copyright from ref 145. 

More research has confirmed that the activity can also be enhanced by select metal-

support charge transfer. For example, in a series of studies, GQD or NGQD substrates 

can significantly withdraw electrons from Pt or Pd nanoparticles, leading to enhancement 

of the ORR activity.146-149 By contrast, black phosphorus substrate can donate electrons to 

Pt, Au and Ag nanoparticles, which diminishes the ORR activity decay of Pt but 

enhances the activity of Au and Ag.150 In addition, oxygen vacancy doped TiO2 can 

donate electrons to Pd nanoparticles and enhance the activity of ethanol oxidation 

reaction151 (These two works will be detailed in chapter 5). Moreover, for single atom 

catalysts, the metal-support interaction will be maximized. In this case, coordination with 
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high electronegativity atoms can significantly diminish the electron density of the single 

metal atom site, as manifested in Pt and Ru single atom HER electrocatalysts.152  

Moreover, developing new methods to manipulating charge transfer is also important. In 

Chapter 6, a novel and strong charge transfer effect from ligand to metal oxide is 

introduced.153 In this study, alkyne-functioned TiO2 can spontaneously transfer electrons 

from the conjugated organic groups to TiO2 surface through a unique C≡C-O bond. This 

charge transfer can also be found with other metal oxides. 

1.7. Central dogma and ways of rational synthesis of catalysts and manipulation of 

the activity 

From the above analyses, one can see a central dogma of the electrocatalytic 

performance. That is, charge density of the active site influences the binding energy of 

critical intermediate, and binding energy determine the activity of the active sites. The 

active sites determine the overall activity, as shown in Figure 11. In addition, this dogma 

separates the activity adjustment in these four levels, each of which has different 

questions to answer and missions to achieve.  
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Figure 11. Central dogma of electrocatalyst with best activity. The question and main 

task for each level of study. 

 

Figure 12. Strategy loop for the rational design of electrocatalysts  
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For understanding and manipulating each component of this dogma, a cycle loop of 

rational synthesis of materials is built from both experimental and theoretical 

perspectives (Figure 12). Five important elements are included in this loop, synthesis of 

nanomaterial, activity test, identification of active structure, electronic structure analyses, 

and modification of electronic structure. For one specific work, from the experimental 

and/or theory sides, one to five of these aspects will be addressed. For example, a 

material can be synthesized and have some activity in a reaction, then careful 

characterization and control experiment will be carried out, followed by models building 

for simulations of the electrocatalytic activity. Then the activity sites are revealed, and 

this knowledge can further help direct the material synthesis to increase exposure of 

active sites. Furthermore, the electronic structure can be characterized, and the donation 

or withdrawal of electrons will be revealed to enhance the activity. A method of 

manipulation will be adopted and have feedback for structural engineering of the 

materials. Alternatively, experimental intermediates can be used to modify the theoretical 

methods. In other words, experiment and theory will be integrated to influence each other 

so as to push forward the development of the electrocatalysts.  

Within this context, this dissertation includes a series of studies that employ such a 

design loop for the development of effective electrocatalysts for a range of important 

reactions in electrochemical energy technologies. 

Chapter 2 introduces nitrogen and iron-based carbon nanowires with a focus on the 

synthesis, ORR activity, active site identification and mechanistic understanding of the 

activity. 
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Chapter 3 discusses nitrogen and ruthenium codoped carbon nanowires for HER 

electrocatalysis. 

Chapter 4 combines theoretical and experimental studies to identify the ORR activity of 

platinum-cobalt single atom/clusters supported on nitrogen-doped carbon. 

Chapter 5 examines the impacts of metal-supported electron transfer involved oxygen-

defected TiO2 and black phosphorus on the electrocatalytic activity of Pd and other metal 

nanoparticles. 

Chapter 6 introduces a unique method for the modification of the optical and electronic 

properties of metal oxide nanoparticles and implications in the photocatalytic activity. 
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Chapter 2 Heteroatom-doped carbon for oxygen reduction: impact of nitrogen 

dopants, FeN4 sites and Stone-Wales FeNx sites. 
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2.1 Abstract 

Heteroatom-doped carbons represent a unique class of low-cost, effective catalysts 

for the electroreduction of oxygen, with a performance that may rival that of 

commercial Pt/C catalysts. In the present study, Fe and N codoped porous carbon 

nanotubules were prepared by controlled pyrolysis of tellurium nanowire-supported 

melamine formaldehyde polymer core–sheath nanofibers at elevated temperatures. 

Electron microscopic studies showed the formation of hollow carbon nanotubules 

with the outer diameter of 35–40 nm, inner diameter of 5–10 nm, and length of 

several hundred nanometers. Elemental mapping and spectroscopic measurements 

confirmed the doping of the carbon nanotubules with N and Fe including the 

formation of FeN4 moieties. Electrochemical studies showed that the resulting Fe,N-

codoped carbons exhibited much enhanced electrocatalytic activity toward oxygen 

reduction in alkaline media as compared to the counterparts doped with nitrogen 

alone and prepared in a similar fashion, and the one prepared at 800 °C stood out as 

the best among the series, with an activity even better than that of commercial Pt/C. 

Such a remarkable performance was ascribed to the FeN4 moieties that facilitated the 

binding of oxygen species. This is further supported by results from DFT 
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calculations, where relevant atomistic models were built based on experimental 

results and reaction free energies on various possible active sites were computed by 

first-principles calculations. The computational results suggested that for N-doped 

carbons, the active sites were the carbon atoms adjacent to nitrogen dopants, while for 

Fe,N-codoped carbon, the FeN4 moieties were most likely responsible for the much 

enhanced electrocatalytic activity, in excellent agreement with experimental results. 

Significantly, from the electronic structure studies, it was found that the high density 

of states close to the Fermi level and high spin density played a critical role in 

determining the electrocatalytic activity. Moreover, a more detailed study discovered 

the FeNx sites in the Stone-Wales configurations induced by the nanowrinkles of the 

hierarchical porous carbon aerogels show a much lower free energy than the normal 

counterparts. The resulting iron and nitrogen-codoped carbon aerogels show excellent 

activity of oxygen reduction reaction. 

2.2 Introduction 

Polymer electrolyte membrane fuel cells (PEMFC) have been attracting extensive 

interest as a viable energy technology for portable electronics as well as 

transportation, because of the high efficiency in converting chemical energy in small 

organic fuel molecules to electricity.1-6 During fuel cell operation, oxygen reduction 

reaction (ORR) at the cathode is a critical process that has been recognized as a major 

bottleneck limiting the fuel cell performance, due to the complex reaction pathways 

and sluggish electron-transfer kinetics. To produce current density sufficiently high 
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for practical applications, Pt-based nanoparticles have been used extensively as the 

catalysts of choice for ORR. Nevertheless, wide applications of PEMFCs based on Pt 

catalysts have been hampered by the low natural abundance, high costs and lack of 

long-term stability of platinum.7-9 Lately, carbon-based materials have been found to 

exhibit apparent ORR activity and may serve as a promising candidate to replace Pt 

for ORR catalysis.10-13 These carbon catalysts are generally doped with heteroatoms, 

such as N,14 P,15 B16 and S17, and the activity may be further enhanced by the 

incorporation of various transition metals, such as Fe,18 Co,19 Ni20 and Cu21. Among 

these, Fe,N-codoped carbons have stood out because of their remarkable ORR 

activity that may even rival that of commercial Pt/C catalysts.22-31 Such carbon-based 

catalysts are generally prepared by controlled pyrolysis of selected precursors. Of 

these, template-assisted synthesis has been used rather extensively,32 where the ORR 

activity has been found to be dependent on various structural parameters, such as the 

concentrations and molecular configurations of the dopants, and porosity, surface 

accessibility and electrical conductivity of the carbon materials. For instance, Wei et 

al.33 coated cellulose with an iron tannin framework ink, and prepared Fe3C/Fe-N-C 

nanocomposites by controlled pyrolysis at elevated temperatures with the addition of 

dicyandiamide. The materials exhibited a high onset potential of +0.98 V vs RHE as 

well as high kinetic current density of 6.4 mA/cm2 at +0.8 V. Ferrero et al.18 exposed 

FeCl3-impregnated silica particles to pyrrole vapors to produce Fe-polypyrrole 

nanoparticles; and pyrolysis of the resulting polymer hybrids led to the formation of 

Fe and N codoped porous carbons which exhibited apparent ORR activity in both 
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acid and base solutions. Yang et al.34 pyrolyzed L-cysteine decorated C3N4 

nanosheets and synthesized N-doped graphene nanoribbons as metal-free ORR 

catalysts which exhibited a high onset potential +0.92 V and half-wave potential of 

+0.84 V vs RHE. Sa et al.35{Sa, 2016 #5070} prepared Fe-N/C catalysts by pyrolysis 

of Fe(III)-porphyrin and carbon nanotube complexes with a SiO2 coating, which 

displayed a high half-wave potential of +0.88 V along with good durability. 

Despite the progress, the mechanistic origin, in particular, the role of the various N 

dopant configurations in ORR has remained a matter of heated debate.34, 36 In 

addition, in Fe,N-codoped carbons, FeNx, Fe3C and/or even carbon atoms have been 

proposed as the active centers for ORR.37-40 In fact, a series of studies based on 

density functional theory (DFT) calculations have been carried out to resolve these 

issues;41, 42 yet it remains a challenge to correlate the structural models in DFT 

calculations to the experimental systems. This is the primary motivation of the 

present study where we combine experimental and theoretical approaches to unravel 

the catalytically active sites of Fe,N-codoped carbons for ORR in alkaline media.  

In the present study, by controlled pyrolysis of core-sheath nanofibers with 

melamine-formaldehyde polymers supported on tellurium nanowire (Te NW) 

surfaces as the precursors, we successfully synthesized one-dimensional, porous, 

Fe,N-codoped carbon nanotubules, which exhibited apparent ORR activity in alkaline 

media, with a performance comparable/superior to that of state-of-art Pt-free catalysts 

reported in recent literature.18, 33, 40, 43-45 The Te NWs were used as thermally 

removable nanowire templates,46, 47 largely because of the ease of preparation,48, 49 
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and low boiling point of tellurium (449 °C).50 The formation of one-dimensional 

nanotubular structures is anticipated to facilitate both electron-transfer kinetics and 

mass-transfer of reaction intermediates, as compared to the random porous carbons in 

most prior research.51 Computationally, relevant atomistic models were built where 

N-doped carbon was embedded with FeN4 moieties based on experimental data from 

XPS and electron microscopic measurements. First-principles calculations were 

carried out in the presence of implicit solvents to estimate the reaction free energies 

of each intermediate on various possible sites and overpotentials that showed 

excellent agreement with experimental data. The results suggest that the FeN4 

moieties were mostly likely the ORR active sites and played a major role in 

determining the observed ORR activity. 

In a continues study, the activity of normal FeNx site (flat surface) and Stone-Wales 

FeNx (with nanowrinkle) is further compared. The result show the Stone-Wales FeN4 

site has best activity for oxygen reduction. Such unique coordination structure was 

confirmed in a 3-dimensional material with nanowrinkled carbon aerogel embedded 

with FeNx sites. Such material has ultrahigh ORR activity, with an ultrahigh high 

onset and halfwave potential at 1.10 V and 0.90 V, respectively. 

2.3 Result and Discussion 

In the present study, Te NWs were synthesized by a facile hydrothermal method and 

used as the structural templates for the synthesis of Fe,N-codoped porous carbon 

nanotubules. This mainly involved two steps: (a) polymerization of melamine and 
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formaldehyde at 90 C in the presence of Te NWs led to the deposition of the 

polymers on the nanowire surface, forming core-sheath nanofibers (Te-MF); and (b) 

pyrolysis of the obtained Te-MF nanofibers at controlled temperatures, with the 

addition of a calculated amount of FeCl3 as activating reagent, produced Fe,N-

codoped porous carbon nanotubules (MF-Fe-T). In this procedure, melamine was 

selected as the carbon and nitrogen sources, and formaldehyde as a second carbon 

source and linking agent. The structures of the produced carbon nanotubules were 

first characterized by TEM measurements. Figure 1a depicts a representative TEM 

image of the Te-MF nanofiber precursors, where the core-sheath structures can be 

clearly observed. The nanofibers exhibited a length of several hundred nanometers 

and a diameter of 35 - 40 nm, and formed a three-dimensional network structure. In 

addition, the diameter of the Te nanowires can be identified at 5 to 10 nm. No well-

defined lattice fringes were observed in high-resolution TEM measurements (Figure 

2a), indicating amorphous nature of the melamine-formaldehyde polymer. After 

pyrolysis at 900 C, whereas the fibrous structures were retained, the dark-contrast 

tellurium nanowires vanished altogether, leading to the formation of a hollow 

nanotubular structure (MF-900) with the inner diameter consistent with that of the 

original Te NWs, as shown in Figure 1b. This may be ascribed to the thermal 

evaporation of the tellurium templates at elevated temperatures. Due to its large 

atomic radius, the evaporation of the tellurium nanowires might facilitate the 

formation of a porous structure of the carbon nanotubules and hence a high surface 

area. Consistent hollow nanotubular structures were obtained when a calculated 
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amount of FeCl3 was mixed with Te-MF prior to pyrolysis at various temperatures 

(600 to 900 °C), as manifested in Figure 1c-f for the MF-Fe-T series. 

 

Figure 1. Representative TEM images of (a) Te-MF, (b) MF-900, (c) MF-Fe-600, (d) 

MF-Fe-700, (e) MF-Fe-800, and (f) MF-Fe-900. HAADF-STEM and elemental 

mapping images of (g) MF-900 and (h) MF-Fe-800.  
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Figure 2. High-resolution TEM images of (a) Te-MF, (b) MF-900, (c) MF-Fe-600, 

(d) MF-Fe-700, (e) MF-Fe-800, and (f) MF-Fe-900. No well-defined lattice fringes 

can be seen, indicating the formation of largely amorphous structures. 

The elemental compositions of the hollow nanotubules were then examined by 

HAADF-STEM measurements and elemental mapping analysis. From Figure 1g, one 

can see that in the MF-900 sample, the elements of carbon, nitrogen and oxygen were 

all readily identified and distributed rather homogeneously throughout the 

nanotubules, suggesting the formation of nitrogen-doped carbons. When pyrolysis of 

Te-MF was carried out in the presence of FeCl3, in addition to carbon, nitrogen and 

oxygen, the Fe signals were also found across the nanotubule samples, as exemplified 

by the MF-Fe-800 sample (Figure 1h). This suggests that both nitrogen and iron were 

doped into the carbon molecular skeletons.  
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The elemental compositions and valence states were then examined by XPS 

measurements. From the survey spectra in Figure 3, one can see that both Te-MF and 

MF-900 samples exhibited three well-defined peaks at 285 eV, 400 eV, and 531 eV, 

which may be ascribed to the C 1s, N 1s and O 1s electrons, respectively. For the MF-

Fe-T series (T = 600, 700, 800, and 900) of Fe,N-codoped carbon nanotubules, the Fe 

2p electrons can also be identified at ca. 710 eV. The high-resolution scans of the C 

1s electrons were depicted in Figure 5a. One can see that deconvolution of the Te-MF 

spectrum yields two peaks at 284.43 eV and 286.43 eV, due to the sp2 and sp3 C in 

the melamine-formaldehyde polymer (Figure 4), respectively.52 After pyrolysis at 

elevated temperatures, all samples exhibited a major C 1s peak at ca. 284.6 eV, which 

can be assigned to graphitic sp2 C, signifying successful carbonization of the 

melamine-formaldehyde polymer at elevated temperatures, despite the lack of long-

range lattice fringes in high-resolution TEM measurements (Figure 5b-f).53 There are 

also two minor peaks at 285.6-286.0 eV and 286.6-288.0 eV. The former is most 

likely due to the combined contributions of sp3 carbon and N-bonded carbon (Figure 

4),53-55 whereas the latter may be ascribed to oxidized carbon. Notably, based on the 

integrated peak areas, the content of graphitic sp2 C was found to increase markedly 

with pyrolysis temperature (Table 1), 38.2% for MF-Fe-600, 42.1% for MF-Fe-700, 

52.7% for MF-Fe-800, and 66.6% for MF-Fe-900, indicating enhanced graphitization 

of the polymer precursors (for the minor carbon species, the contents were much 

lower at 10-20%). For comparison, the content of graphite sp2 C for MF-900 (56.2%) 



 76 

was lower than that of MF-Fe-900, which might be ascribed to the promoting effect 

of Fe species in the formation of graphitic carbons.40, 56 

 

Figure 3. XPS survey spectra of Te-MF, MF-900, MF-Fe-600, MF-Fe-700, MF-Fe-

800 and MF-Fe-900. 

Figure 4. possible melamine-formaldehyde resin structure, the amino group of 

melamine molecule can be linked by (-CH2-O-CH2-) or (-CH2-) or no linkage52.   

Sample Fe-N Pyridinic N Pyrrolic N Graphitic N Oxidized N 
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s BE 

(eV) 

Conc 

(at%) 

BE (eV) 

 

Conc 

(at%) 

BE (eV) Conc 

(at%) 

BE (eV) Conc 

(at%) 

BE (eV) Conc 

(at%) 

MF-

900 

  398.24 1.2 400.35 1.5 401 1.5 402.55 1.4 

MF-Fe-

600 

399.3 0.48 398.41 10.1 400.00 2.8 400.94 3.8 402.44 1.3 

MF-Fe-

700 

399.3

8 

0.52 398.3 5.6 400.00 2.1 400.75 2.9 402.10 1.5 

MF-Fe-

800 

399.3

0 

0.64 398.11 2.7 400.00 1.6 400.65 1.8 402.50 2.2 

MF-Fe-

900 

399.1

0 

0.25 398.06 0.35 399.90 0.23 400.71 0.96 402.03 0.81 

Table 1. Summary of the binding energy (BE) and concentration of various 

nitrogen dopants in carbon nanotubules 
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Figure 5. High-resolution XPS scans of (a) C1s, (b) N 1s and (C) Fe 2p electrons in 

the series of nanofiber precursors and doped carbon nanotubules. Grey curves are 

experimental data and colored curves are deconvolution fits. (d) Content distributions 

of various types of nitrogen dopants in the samples. 
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The N 1s spectra are depicted in Figure 5b. For Te-MF, two peaks were resolved at 

397.5 eV and 398.7 eV at almost equal concentration, and may be assigned to the sp2 

N in C=N and sp3 N in N-H (Figure 4), respectively. By contrast, deconvolution of 

the MF-900 spectrum yielded four nitrogen species at 398.24, 400.35, 401.00 and 

402.55 eV, consistent with the binding energies of pyridinic, pyrrolic, graphitic and 

oxidized nitrogens, respectively,57 indicating that nitrogen was indeed incorporated 

into the graphitic molecular skeletons by high-temperature pyrolysis.  For the series 

of MF-Fe-T samples, these four types of nitrogen dopants remained well resolved at 

consistent binding energies. Furthermore, one additional nitrogen species may be 

resolved at 399.3 eV, which may be ascribed to N in Fe-N moieties.29, 35, 40, 58 The 

nitrogen contents were then quantified, where one can see that the overall nitrogen 

concentration decreased with increasing pyrolysis temperature (Table 1), 18.5 at% for 

MF-Fe-600, 12.9 at% for MF-Fe-700, 8.9 at% for MF-Fe-800 and 2.6 at% for MF-

Fe-900 (note that it was somewhat higher at 5.6 at% for MF-900). Figure 5d depicts 

the concentrations of the various nitrogen dopants within each sample. One can see 

that pyridinic nitrogen accounted for ca. 50% of the nitrogen dopants in the MF-Fe-

600 and MF-Fe-700 samples, but for the samples prepared at higher temperatures 

(MF-Fe-800 and MF-Fe-900), (oxidized) graphitic nitrogen became the dominant 

species, indicating enhanced thermal stability of the latter as compared to the former 

(Table 2).59  
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Samples C N Fe sp2 C 

N (Fe-

N) 

Fe (Fe-

N) 

x 

(FeNx) 

MF-900 

94.36

% 

5.64%  

56.17

% 

   

MF-Fe-

600 

80.65

% 

18.54

% 

0.81

% 

38.16

% 

0.48% 0.12% 4.00 

MF-Fe-

700 

86.17

% 

12.91

% 

0.92

% 

42.10

% 

0.53% 0.13% 4.08 

MF-Fe-

800 

90.10

% 

8.89% 

1.01

% 

52.67

% 

0.64% 0.16% 4.00 

MF-Fe-

900 

96.73

% 

2.60% 

0.68

% 

66.60

% 

0.25% 0.15% 1.67 

Table 2. Summary of elemental compositions in the various carbon nanotubules 

by XPS measurements 

 

The Fe 2p data are depicted in Figure 5c. One can see that the series of MF-Fe-T 

samples all exhibited two pairs of peaks. The first doublet can be identified at ca. 709 

and 722 eV, most likely due to Fe atoms bonded to N,58, 60 whereas the other at ca. 

712 and 725 eV, arising from Fe in iron oxides such as Fe3O4, Fe2O3 and Fe-O-C.61, 62 

{Turcu, 2015 #4898} Notably, the total Fe content was found to be ca. 1 at%, 

increasing slightly from 0.81% for MF-Fe-600 to 0.92% for MF-Fe-700, reaching a 

maximum at 1.01% for MF-Fe-800, but then diminishing to 0.68% for MF-Fe-900 

(Table 1), most probably due to the thermal volatility of the iron species at elevated 

temperatures.40, 56 Remarkably, the atomic ratio of Fe and N in Fe-N bonds was found 
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to be 4.0 for MF-Fe-600, MF-Fe-700, and MF-Fe-800, but only 1.67 for MF-Fe-900, 

indicating the formation of FeN4 moieties in the first three samples whereas in the last 

one, Fe was highly under-coordinated probably because of the low overall 

concentration of the nitrogen dopants (Table 1).  

Further structural insights were obtained in Raman measurements. Figure 6 depicts 

the Raman spectra of the series of carbon nanotubules, which all exhibited a well-

defined D band at ca. 1350 cm 1 and a G band at ca. 1577 cm 1, again, confirming the 

formation of graphitic carbons by pyrolysis of the polymer precursors. In addition, 

one can see that the ratio of the D and G band intensity decreased slightly with 

increasing pyrolysis temperature, at 2.93 for MF-Fe-600, 2.77 for MF-Fe-700, and 

2.57 for MF-Fe-800, and but then increased somewhat to 2.95 for MF-Fe-900 (Table 

3), indicating an initial increase of the degree graphitization with pyrolysis 

temperature; yet at too high a temperature, the porous graphitic framework might 

collapse, leading to the formation of an increasingly defective structure. That is, 

within the present experimental context, 800 C represented an optimal pyrolysis 

temperature, corresponding to the lowest concentration of structural defects in the 

resulting hollow carbon nanotubules.  
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Figure 6. Raman spectra of the Fe,N-codoped carbon (MF-Fe-T) nanotubules. 

 

Samples 

D band 

(cm 1) 

G band 

(cm 1) 

ID/IG 

ratio 

MF-Fe-

600 

1351 1575 2.93 

MF-Fe-

700 

1343 1577 2.77 

MF-Fe-

800 

1347 1577 2.57 

MF-Fe-

900 

1342 1578 2.95 

Table 3. Summary of results in Raman measurements of Fe,N-codoped carbon 

nanafibers 
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Significantly, the obtained doped carbon nanotubules exhibited apparent 

electrocatalytic activity towards ORR. Figure 7a depicts the RRDE voltammograms 

of a glassy carbon electrode modified with a calculated amount of the carbon 

nanotubules prepared above. One can see that as the electrode potential was swept 

negatively, nonzero current started to emerge, indicating oxygen reduction catalyzed 

by these doped carbon nanotubules. Yet, a closer analysis shows that the performance 

actually varied among the series of samples. For instance, the onset potential (Eonset) 

was found to increase in the order of MF-900 (+0.85 V) < MF-Fe-600 (+0.86 V) < 

MF-Fe-700 (+0.92 V) < MF-Fe-900 (+0.97 V) < MF-Fe-800 (+0.98 V). These are 

also summarized in Table 4 (a similar variation can also be observed with the half-

wave potential, E½). In fact, the onset potential of MF-Fe-800 was even slightly more 

positive than that (+0.97 V) of commercial Pt/C. In addition, one can see that the 

onset potential of MF-900 was comparable to that of metal-free carbon catalysts for 

ORR reported in the literature;63-65 however, the fact that it was markedly more 

negative than those of the MF-Fe-T series indicates the significant role of Fe dopants 

(most likely FeN4 moieties) in the enhancement of the ORR performance, as detailed 

below.  

Furthermore, one can see that all carbon nanotubule catalysts showed a very low ring 

current density with the ring potential set at +1.5 V, indicating the production of only 

a minimal amount of peroxide species during oxygen reduction. This is clearly 

illustrated in Figure 4b, which shows the number of electron transfer (n) involved in 

ORR within the potential range of +1.0 to +0.2 V, with  𝑛 =
4𝐼𝐷

𝐼𝐷+
𝐼𝑅
𝑁

, where ID and IR 
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are the voltammetric currents at the disk and ring electrodes, respectively, and N is 

the collection efficiency (40%).66 One can see that at all samples the n values are over 

3.9, indicating almost complete reduction of oxygen to OH  through the four-electron 

pathway. Yet, small discrepancy can be observed. For instance, at +0.70 V, n 

increased slightly in the order of MF-Fe-600 (3.92) < MF-Fe-700 (3.98) < MF-Fe-

900  MF-Fe-800  Pt/C (3.99), as shown in Table 4. 

Further comparison can be made with the Tafel plots (Figure 7c). One can see that the 

kinetic current density increased with increasing overpotentials, and within the wide 

range of electrode potential from +1.0 to +0.6 V, the MF-Fe-800 samples exhibited 

the highest kinetic current density among the series. For instance, at +0.90 V, the 

kinetic current density was found to be less than 0.05 mA/cm2 for MF-900 and MF-

Fe-600, 0.08 mA/cm2 for MF-Fe-700, 0.63 mA/cm2 for MF-Fe-800, and 0.33 

mA/cm2 for MF-Fe-900. Significantly, the performance of MF-Fe-800 was even 

better than that of Pt/C (0.53 mA/cm2). Furthermore, the Tafel slope may also be 

quantified and compared, which was 101 mV/dec for MF-900 and 111 mV/dec for 

MF-Fe-600, but decreased markedly to 76 mV/dec for MF-Fe-700, 81 mV/dec for 

MF-Fe-800 and 78 mV/dec for MF-Fe-900, all close to that of (89 mV/dec) for 

commercial Pt/C (Table 4). This suggests that with increasing pyrolysis temperature, 

the resulting Fe,N-codoped carbon nanotubules behaved analogous to Pt/C, where the 

rate-determining step was likely the first  electron-reduction of oxygen.  
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Figure 7. ORR performance of N and Fe N doped carbon nanofibers. (a) RRDE 

voltammograms at the rotation rate of 1600 rpm and potential scan rate of 10 mV/s in 

an oxygen-saturated 0.1 M KOH solution. The upper panel is ring current density 

with a scale bar at 0.03 mA/cm2, and the lower panel is disk panel. (b) Variation of 

the number of electron transfer (n) with electrode potential. (c) Tafel plot for the 

series of samples. The legends of (b) and (c) are the same as in (a). (d) Comparison of 

the kinetic current density at +0.9 V vs. RHE. (e) RDE voltammograms of MF-Fe-

800 before and after 5,000 cycles of potential scans at the scan rate of 500 mV/s. (f) 

RDE voltammograms of MF-Fe-800 before and after acid etching with 12 M HCl. 

 

 

Sample Eonset   E½  n at +0.7 Jk at +0.9 Tafel 
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(V vs 

RHE) 

(V vs 

RHE) 

V V  

(mA/cm2) 

slope 

(mV/dec) 

MF-900 0.85 0.64 3.95 0.05 101 

MF-Fe-

600 

0.86 0.67 3.92 0.05 111 

MF-Fe-

700 

0.92 0.75 3.98 0.08 76 

MF-Fe-

800 

0.98 0.83 3.99 0.63 81 

MF-Fe-

900 

0.97 0.81 3.99 0.33 78 

20% Pt/C 0.97 0.82 3.99 0.53 89 

Table 4. Summary of ORR performance of the series of carbon nanotubules 

The series of MF-Fe-T catalysts also showed excellent durability. Take MF-Fe-800 as 

the example, the half-wave potential (E½) exhibited a negative shift of less than 7 mV 

after 5,000 cycles of potential scans (Figure 7e). In addition, after the carbon 

nanotubules were subject to chemical etching with 12 M HCl, one can see that the 

activity diminished markedly, with a negative shift of about 100 mV of the onset 

potential and a 30% decrease of the limiting currents (Figure 7f). These observations 

indicate that Fe species played an indispensable role in the ORR activity, most likely 

through the FeN4 moieties in the Fe,N-codoped carbon nanotubules. Such a 

remarkable performance is highly comparable or even superior to leading results 

reported in recent literatures with relevant carbon-based catalysts (Table 5). 
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Samples 

Catalyst 

loading 

(mg/cm2) 

Onset potential 

(V vs RHE) 

n @ +0.7 

V 

Limit current 

density (mA/cm2) 

Reference

s 

MF-Fe-800 0.041 0.98 3.99 4.22 This work 

FP-Fe-N-850 0.3 0.98 ~3.9 5 67 

Fe–N–CC 0.1 0.94 3.7 ~4 68 

Fe3-NG 0.5 0.965 3.78-3.97 7.2 43 

Fe-N/C-800 0.079 0.98 3.97 4.81 69 

Fe-N/G 0.058 0.874 3.77 5.21 70 

Fe/C/N 0.2 0.94 3.90 ~5 44 

Table 5. Comparison of ORR activity with literature results in 0.1 M KOH 

       Taken together, these experimental results indicate that the MF-Fe-800 sample 

stood out as the best catalyst among the series. In addition, whereas apparent ORR 

activity was observed with carbons doped with nitrogen alone, the performance was 

markedly improved with additional doping of Fe-containing compounds. That is, the 

Fe species, rather than the N dopants, played a dominant role in determining the ORR 

activity. First-principles calculations were then carried out to shed light on the 

contributions of nitrogen dopants and FeN4 moieties to the electrocatalytic activity. It 

was observed that pyrrolic and oxidized nitrogen dopants had only minimal 

contributions to the ORR activity, and pyridinic nitrogen was mostly inactive in 

binding oxygeneous species (Figure 8), consistent with earlier results.36, 42, 71 

Therefore, the calculations were focused mainly on graphitic nitrogen dopants and 

FeN4 moieties, with several representative models depicted in Figure 9 which were 

based upon experimental data presented above in Figure 5 and Table 1. For the 
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graphitic nitrogen, two scenarios were examined: (a) one isolated N dopant in the 

graphene supercells such that there is no interaction between the N dopants 

(Graphene 1N, Figure 9), and (b) two N dopants in the same hexatomic ring in the 

supercell, where interactions between the two N dopants are possible (only negligible 

interactions between N dopants from different hexatomic rings), at three different 

configurations, the ortho (Graphene 2No, Figure 9), meso (Graphene 2Nm, Figure 9), 

and para (Graphene 2Np, Figure 9) structures. In addition, as XPS studies suggest the 

formation of FeN4 moieties in the carbon structure, two FeN4 doped graphene 

structures were also studied with the normal FeN4 and Stone-Wales defect FeN4 

(Figure 9).72-74  

 

 

Figure 8.  The configuration of OOH species on neighbor carbon of pyridinic N a) 

before and b) after relax calculation. The OOH species can not be stably attached to 

the carbon. 
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Figure 9. Atomistic models of N and FeN4-doped graphene. The numbers indicate 

tested candidate active sites for ORR activity. The atoms are shown as blue (N), red 

(Fe), and yellow (C) spheres.  

In the electrochemical measurements (Figure 7), the n values were found to be close 

to 4, indicating that the ORR process mostly followed the 4-electron reduction 

pathway, which involves the following steps, 

* + O2 + H++ e- =OOH*  (1)   ΔG1 

OOH* + H+ + e- = O* + H2O    (2)   ΔG2 

O* + H+ + e- = OH*                (3)   ΔG3 

OH* + H+ + e- =H2O + *   (4)   ΔG4 

where * is the active site, and the ORR activity has been argued to be most likely 

limited by two reactions, the first electron reduction of oxygen (eq. 1) and reduction 

of adsorbed hydroxy to water and its desorption from the catalyst surface (eq. 4).12, 42, 

75 That is, the binding of the catalytic active sites to oxygen species can not be too 

strong or too weak. In fact, within this mechanistic model, the overall reaction will be 
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optimized with a smallest reaction free energy of the limiting step when ΔG1 = ΔG4. 

As ΔG2 + ΔG3 = ΔEOH* ─ ΔEOOH* (where ΔG is reaction free energy and ΔE is 

adsorption energy), and based on the Faraday’s law, the total energy ΔG⁰ = ΣΔGi = 

─4E⁰ = ─4.92 eV with E⁰ being the formal potential (+1.23 V) of oxygen reduction. 

Thus, the smallest possible free energy for reactions (1) and (4) is ΔGave = ΔG1 = ΔG4 

= ½(ΔG1 + ΔG4) =½[ΔG⁰ ─ (ΔEOH* ─ ΔEOOH*)]. It has been observed that there is a 

linear relationship between ΔEOOH* and ΔEOH*. Thus, ΔEOOH* ─ ΔEOH* is a constant, 

which is defined as b, and the optimal potential is obtained as  

U = ─ΔGava/2e = ─ (─4.92 + b)/2  (5) 

Figure 10 depicts the linear relationship between the calculated binding energies of 

OOH and OH intermediates at the various carbon active sites, including carbon atoms 

in the FeN4 structures (Figure 9). Linear regression yields a slope of 1.03 which is 

within 3% of the theoretical value of 1, and the intercept of 3.24 eV is in the typical 

range of 3.0 ─ 3.4 eV that has been observed previously.75, 76 From equation (5), the 

optimal potential for the carbon sites was estimated to be 0.84 V, in good agreement 

with the experimental onset potential of 0.85 eV observed above for nitrogen-doped 

carbon, MF-900. Notably, one can see from Figure 10 that for both FeN4 structures 

(Figure 9) the iron centers have a more optimal potential than the carbon sites. Using 

a slope of 1 we estimated the intercepts of 3.01 eV for Fe in the normal FeN4 

structure and 2.96 eV for Fe in the Stone-Wales FeN4 structure. Thus, from equation 

(5), the corresponding optimal potentials can be estimated to be 0.96 and 0.98 V for 

these Fe-N co-doped structures, in excellent agreement with the experimental onset 
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potential (+0.98 V) observed for Fe,N-codoped carbon nanotubules, MF-Fe-800 

(Figure 7).  This strongly suggests that indeed the Fe centers played a more 

significant role in determining the ORR than the carbon sites, as the theoretical onset 

potential of the latter is 120-140 mV more positive than that of the former (Table 4).  

 

Figure 10. Correlation between the adsorption energies of the OOH and OH 

intermediate species. The two data points at the bottom are for the Fe sites in Normal 

FeN4 and Stone-Wales FeN4 as showed in Figure 9. Other data points represent 

results for the various carbon sites from the structures shown in Figure 9, and the red 

line is the linear regression of these data. The green arrows are to indicate the 

direction of increasing binding energies. 

It should be noted that in the above calculations the following two factors are 

neglected: (a) reactions (1) and (4) are assumed to be the rate-determining steps with 

the activity optimized at ΔG1 = ΔG4. However, this ideal situation is difficult to reach, 

as step (3) is also an “uphill” reaction and may be involved in controlling the overall 

reaction kinetics; and (b) the ZPE correction, entropy correction and solvation energy 
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correction were ignored. Thus, in order to make more accurate predictions and 

correlations with experimental data, we carefully calculated all four steps of ORR 

reactions for each candidate active site at the potential at +0.9 V vs RHE. ZPE 

correction, entropy correction and solvation energy corrections were all included in 

the reaction free energy calculations, as showed explicitly in Table 6 and graphically 

in Figure 11. It can be seen that nearly all carbon sites showed a very high ΔG1, 

signifying that carbon sites experienced difficulty in adsorbing OOH* intermediate. 

In addition, whereas at some sites the third step showed the highest energies, the first 

step remained energetically unfavorable. Correspondingly, the reaction energy of the 

last step on all carbon sites was negative, suggesting that the OH species might be 

easily released from the carbon sites. On the contrast, for the Fe sites in the FeN4 

structures, step (3) or (4) can be identified as the rate-determining step, signifying 

favorable binding with oxygen species. Hence, adsorption of O2  is energetically 

favorable while the release of OH is unfavorable, consistent with results from recent 

studies.77 From Table 6, one can also see that the most active structures are Graphene 

2Nm-3, where the two nitrogen dopants are in a meso configuration, with a reaction 

free energy of the limiting step of only 0.61 eV; and such a number diminished 

further to 0.51 eV for the Fe sites of normal FeN4 and 0.39 eV for Stone-Wales FeN4. 

From these calculations, we can then estimate the minimal reaction current density, 

𝐽 = 𝐽𝑜𝑒
−

∆𝐺

𝑘𝐵𝑇                               (6) 



 93 

where J is the current density, kB is the Boltzmann constant and T is temperature.75 

Thus, the ratio between the current density of the Fe,N-codoped graphene over N-

doped graphene can be estimated to be 

𝐽𝐹𝑒,𝑁

𝐽𝑁
= 𝑒

−∆𝐺𝐹𝑒,𝑁−𝑚𝑎𝑥+∆𝐺𝑁−𝑚𝑖𝑛
𝑘𝐵𝑇             (7) 

where ΔGFe,N-max and ΔGN-min denote the largest free energy of Fe sites and lowest free 

energy of N-doped C sites. At room temperature (298 K), this current density ratio 

was estimated to be 36.14, implying that the Fe sites of FeN4 in Fe,N-codpoed 

carbons are over 36 times more active than carbon with N doping alone. 

Experimentally, the kinetic current density of MF-Fe-800 was calculated to be about 

20 times higher than that of MF-900 (Figure 11 and Table 4), in rather good 

agreement with this theoretical prediction. 
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Figure 11. Reaction free energy diagram of reaction steps (1) – (4) in ORR at the 

various atomistic sites that are defined in Figure 9. In the figure legends, C1N1 and 

C1N2 refer to the C1 and C2 sites in Graphene 1N, respectively. C2NM1, C2NM3, 

and C2NM4 refer to the C1, C3 and C4 sites in Graphene 2Nm, respectively. Fe N-

FeN4 and C N-FeN4-2 refer to the Fe site and C2 site in normal-FeN4, respectively. 

Fe SW-FeN4 and C SW-FeN4-2 refer to the Fe site and C2 site in Stone-Wales FeN4, 

respectively. 

 

Series 

Sites 

(Figure 

9) 

Reaction

s 

ΔG1 ΔG2 ΔG3 ΔG4 Maximum 
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1 

Graphen

e 1N 

1 0.746704 -1.43633 -0.10291 -0.52746 0.746704 

Graphen

e 1N 

2 1.251549 -1.73955 0.280898 -1.11289 1.251549 

2 

Graphen

e 2No 

1 0.584959 -2.14171 0.672337 -0.43558 0.672337 

Graphen

e 2No 

2 1.061605 -1.8252 0.396898 -0.9533 1.061605 

3 

Graphen

e 2Nm 

1 -0.03097 -2.71732 1.194689 0.233605 1.194689 

Graphen

e 2Nm 

2 0.956986 -1.75124 0.361012 -0.88676 0.956986 

Graphen

e 2Nm 

3 0.525793 -2.06723 0.610438 -0.389 0.610438 

Graphen

e 2Nm 

4 0.424411 -2.27648 0.714486 -0.18242 0.714486 

Graphen

e 2Nm 

5 1.058495 -1.90931 0.425957 -0.89515 1.058495 

4 

Graphen

e 2Np 

1 0.702391 -2.23442 0.775594 -0.56357 0.775594 

Graphen

e 2Np 

2 1.218355 -1.52393 0.133904 -1.14833 1.218355 

Graphen

e 2Np 

3 0.779295 -1.93295 0.441376 -0.60773 0.779295 

5 

Normal-

FeN4 

1 -0.63258 -1.52169 0.315965 0.518311 0.518311 
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Normal-

FeN4 

2 1.318813 -1.71032 0.261827 -1.19032 1.318813 

Normal-

FeN4 

3 1.483572 -1.40708 -0.03281 -1.36368 1.483572 

Normal-

FeN4 

4 1.247679 -1.29418 0.310938 -1.58444 1.247679 

6 

Stone-

Wales 

FeN4 

1 -0.33785 -1.62667 0.393209 0.251312 0.393209 

Stone-

Wales 

FeN4 

2 0.43166 -1.30276 -0.12577 -0.32313 0.43166 

Table 6. Calculated reaction energies of various active sites at +0.9 V vs RHE. 

The numbers highlighted in red correspond to the rate-determining steps. 

Numbers highlighted in blue correspond to the lowest reaction free energy (most 

active sites) of the structure.The reaction energy is calculated by ΔGi = 

ΣE(product)- ΣE(reactant) + ΔZPE – TΔS + ΔEsol + q(U-NHE) ─  KbTln[H+], where 

ΔG is the reaction free energy, E is final energy of each configuration, ΔZPE is the 

zero-point energy correction, ΔS is entropy correction and ΔEsol is solvation energy 

correction, q is charge of single electron, U is the potential of electrode, Kb is the 

Boltzmann constant. 

 

Furthermore, from Table 6, one can see that the carbon atoms adjacent to a nitrogen 

dopant are more active than the next nearest neighbors. For example, the nearest-
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neighbor carbons in Graphene 1N-1, 2No-1, 2Nm-3, 2Nm-4, 2Np-1 and 2Np-3 

(Figure 9) exhibited a reaction free energy of the limiting step of 0.75, 0.67, 0.61, 

0.71, 0.78 and 0.78 eV, respectively, all much lower than those in the second nearest 

neighbor configurations, Graphene 1N-2 (1.25 eV), 2No-2 (1.06 eV),  2Nm-2 (0.96 

eV), 2Nm-5 (1.06 eV) and 2Np-2 (1.22 eV), consistent with results reported 

previously.78 Note that the carbon site of Stone-Wales FeN4 exhibited a reaction free 

energy of the limiting step of only 0.43 eV, much lower than those of carbon sites in 

other configurations. This indicates that some carbon atoms can also contribute to the 

activity in Fe,N-codoped graphene. In fact, in a previous study40 we observed that 

despite a low Fe concentration (~1%), Fe,N-codoped carbon exhibited a remarkable 

ORR activity.  

We selected two representative systems, Graphene 2Nm and Normal FeN4 (Figure 9), 

for a more comprehensive study of their electronic structures in order to identify the 

critical factors that determine the different activities between Fe,N-codoped graphene 

and N-doped graphene. From the reaction free energy calculations of these systems 

(Figure 11), one can see that it is difficult for carbon to adsorb oxygen species in N-

doped graphene while it is much easier for Fe in FeN4-doped graphene. In fact, the 

binding of oxygen is more favorable when a high density of states exists right below 

the Fermi level. For example, we plotted both the total density of states (DOS) along 

with the projected density of states of potentially active sites in Figure 12 to 

determine which atoms have states near the Fermi level. For the N-doped graphene 

system the carbon atoms which are nearest to nitrogen contributed the most to the 
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DOS near the Fermi level. However, their DOS near the Fermi level (Figure 12b) is 

still much smaller than that of FeN4 (Figure 12c), indicating a lower probability to 

donate electrons and reduce O2. Moreover, although carbon sites 3 and 4 had the 

largest contributions to the states, none of them had a dominant contribution 

(projected DOS in Figure 12b). From Figure 12c we see that FeN4 has one order of 

magnitude higher density of state below the Fermi level composed predominantly of 

the Fe 3d orbitals.  

Furthermore, it can be found that the spin density is also critical to the ORR activity 

because the atoms with unpaired spins have radical characters, which are highly 

reactive and may easily attack O2 molecules. Figure 12d and e depict the spin density 

distributions. Since Fe takes a high spin configuration in FeN4, it has a large 

distribution in the spin density plot from its unpaired 3d orbitals. Meanwhile the 

carbon near nitrogen (along with the nitrogen itself) are shown to have some unpaired 

electron distribution as well. Yet the spin density distribution on carbon is clearly less 

than the dominating cloud associated with Fe. Therefore, Fe’s unpaired 3d orbitals 

along with their position near the Fermi level may explain why iron binds so 

favorably to oxygen species. This also coincides with results in a previous study,72 

where the Fe 3d unpaired electrons may cause strong interactions with O2 for the 

initial step of ORR. On the contrast, we see the opposite for N, i.e., there are fewer 

states near the fermi level and a much smaller distribution of unpaired electrons in N-

doped graphene. In fact, from Table 7, one can see that the active sites have higher 

unpaired spin: in N-doped graphene, only the C atoms with unpaired spins (small 
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compared with Fe) are active (site 3 and 4), whereas in Fe,N-codoped graphene, Fe 

has nearly two unpaired spins leading to a highly active site.   

 

Figure 12 Density of state (DOS), projected density of states and spin density 

distribution in N doped and Fe-N4 doped graphene systems. DOS plots of (a) 

Graphene 2Nm, (b) Zoom-in around the Fermi level of panel (a) showing the DOS 

contribution of various carbon sites (Figure 9), and (c) Normal FeN4. The yellow 

broken lines show the location of the Fermi level. Spin density distribution plots of 

(d) Graphene 2Nm and (e) Normal FeN4. The green isosurface is the unpaired 

electron distribution (spin up-spin down). The isovalue is the same at 0.004 e/au3 for 

(d) and (e).  

 

2Nm-4 Lowdin Spin Spin Active
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charge up down ? 

1 3.7506 1.8763 1.8743 n 

2 3.9836 1.9907 1.9929 n 

3 3.8701 1.9470 1.9231 y 

4 3.8938 1.9895 1.9044 y 

5 3.9853 1.9875 1.9977 n 

 

Normal-

FeN4 

    

1 15.7875 8.9471 6.8405 y 

2 3.8619 1.9343 1.9276 n 

3 3.8419 1.9143 1.9275 n 

4 4.0111 2.0107 2.0004 n 

 

graphene C 3.9571    

Table 7. Lowdin charge of the various atom sites in Graphene 2Nm and Normal-

FeN4 in Figure 9 

 

2.4 Discussion about Stone-Wales FeNx sites with nanowrinkle in FeNx 

embedded carbon. 

First-principles calculations were then carried out to shed light on the contribution of 

FeN4 and FeN3 moieties to the electrocatalytic activity. It is likely that the interlaced 

3D structure of the hydrogel networks and the tortuous CS chains will lead to the 

formation of abundant wrinkles onto the obtained porous carbon aerogels. Therefore, 
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the electrocatalytic activity of Stone-Wales (SW)-defect FeN4 (FeN4 SW) and FeN3 

(FeN3 SW) moieties, which can be formed by the nanowrinkles of carbon matrices, 

are examined by theoretical calculation. Figure 13a-b, 14 and 15 show the side view 

and top view of the atomic models of the four kinds of Fe-N centers. From the atomic 

models, one can see that the normal FeN4 and normal FeN3 moieties exhibit a planar 

structure in the carbon matrices, while FeN4 SW and FeN3 SW shows a distorted non-

planar structure. The simulated scanning tunneling microscopic (STM) mages of the 

FeN4 and FeN4 SW moieties are presented in Figure 13c and 13d. As compared to 

normal FeN4, the SW defects cause significant redistribution of electron densities of 

FeN4 and adjacent carbon atoms. Figure 13e displays the total density of states (DOS) 

of normal and SW Fe-N centers. According to Figure 13f, for the FeN4 SW on a 

graphene sheet, the Fe atom makes the largest contributions to the DOS near the 

Fermi level (red peak), which is similar to that (black line) of normal FeN4. 

Apparently, the DOS near the Fermi level of FeN4 SW is much closer to Fermi energy 

than that of normal FeN4, indicating a higher probability of donating electrons and 

reducing oxygen. To evaluate the ORR activity of these Fe-N metal centers, the 

reaction free energy is calculated at the applied potential of +0.9 V vs RHE and 

plotted in Figure 13g. One can see that except for the fourth electron-transfer step, the 

first three electron-transfer steps are exothermic at +0.9 V, indicating that the rate 

determining step (RDS) is most likely the fourth electron-transfer step. In comparison 

with normal FeN4 and FeN3, both FeN4 SW and FeN3 SW show much lower 

endothermic energies (0.179 eV and 0.228 eV), implying a lower reaction 
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overpotential. These results suggest that the nanowrinkles can enhance the 

electrocatalytic activity of Fe-N centers on the carbon matrices by forming SW 

defects, as manifested below in electrochemical tests. 
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Figure 13 (a, c) Side view and simulated STM image of normal FeN4 doped 

graphene sheets. (b, d) Side view and simulated STM image of Stone-Wales FeN4 

(FeN4 SW) doped graphene sheets. (e) Density of state (DOS) of normal FeN4 and 

FeN4 SW doped graphene sheets. (f) DOS of FeN4 SW and Fe 3d. (g) Free energy 

diagrams of ORR processes on normal FeN4, normal FeN3, FeN4SW and FeN3SW at 

the applied of 0.9 V. 



 104 

 

Figure 14 Top view of normal FeN4 and FeN4 SW moieties in graphene.  

 

Figure 15 Top view and side view of normal and SW FeN3 and FeN4 moieties in 

graphene.  
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Figure 16 Identification of nanowrinkle in the sample of the NCAC-Zn/Fe carbon 

aerogel. AFM images of NCAC-Zn/Fe aerogels: (a) adhesion force image and (b) 

current flow image. 

 

  The material synthesis and electrochemical measurement were carried out by co-

workers in this work. In short, the freeze-dried CSSi-Zn/FePM hydrogel was then used 

as a 3D reactor to synthesize metal-doped carbon aerogels by controlled pyrolysis, 

which was then subject to HF etching to remove the SiO2 templates, producing 

NCAC-Zn/Fe. The NCAC-Zn/Fe sample displays a highly porous, nanowrinkled 

structure with rich mesopores of ca. 10 nm in diameter. Fast Force Mapping (FFM) 

measurements were carried out to examine the nanowrinkle in carbon. The data 

presented in Figure 16 exhibit a ca. 10 nm variation in the mechanical and electrical 

properties of the porous carbon, confirming the formation of nanowrinkled carbon. 

Domains dictated by round features in topography are outlined by prominent changes 

in max force and an increase in the adhesion force (Figure 16(a)). Notably, the 

adhesion force, which represents the bulk modulus or stiffness of the sample, 

indicates that these round regions are stiffer in the center and softer around the edges. 

Typically, sp2-hybridized carbon exhibits hydrophobic characteristics, whereas 

defective carbons are more hydrophilic. With an AFM tip that consists of a 

hydrophilic silicon oxide layer, a high adhesion force corresponds to a hydrophilic 

domain. This implies that the metal centers are most likely situated within the high 
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adhesion force areas. Interestingly, from Figures 16 (a) and (b), one can see that the 

soft nodes correspond to high electrical conductance. Taken together, these results 

suggest that the metal sites are mostly located in the high adhesion and high 

conductivity areas of the porous carbon aerogel. Both features are conducive to 

oxygen electrocatalysis. 

The electrocatalytic activity of the carbon aerogels obtained above was then 

investigated in 0.1 M KOH. Figure 17a-b shows the ORR polarization curves and 

H2O2 yields of carbon aerogels, in comparison to commercial Pt/C (20 wt%). As a 

metal-free catalyst, the CAC sample shows a rather apparent electrocatalytic activity 

with an onset potential (Eonset) of +0.94 V and half-wave potential (E1/2) of +0.79 V, 

much positive than those of other carbon substrates reported in recent literature.79-81 

This suggests that biomass alone may be exploited as a carbon source to fabricate 

metal-free ORR electrocatalysts. Notably, doping of FePM complex in the CSZn 

hydrogel led to a marked enhancement of the catalytic performance with Eonset = 

+1.10 V and E1/2 = +0.90 V (NCAC-Zn/Fe), which is even better than those of 

commercial Pt/C (+0.99 V and +0.83 V).82 Likewise, the NCAC-Zn/Fe single atom 

catalyst shows a lowest average H2O2 yield (1.45%) within the potential range of +0.2 

V to +0.9 V, signifying a high-efficiency 4e− reduction pathway.  
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Figure 17 ORR performance in alkaline media. (a) ORR polarization curves of CAC, 

CAC/Fe, NCAC/Fe and NCAC-Zn/Fe, as well as the Pt/C at 1600 rpm in 0.1 M KOH at 

the potential sweep rate of 5 mV s−1. (b) H2O2 yield of CAC, CAC/Fe, NCAC/Fe, 

NCAC-Zn/Fe and Pt/C.  

 

2.5 Experimental section 

Chemicals. Sodium tellurite (Na2TeO3, 99.5%, Alfa Aesar), melamine (99%, Acros 

Organics), hydrazine hydrate (N2H4, 64% v/v, Acros Organics), polyvinylpyrrolidone 

(PVP, K30, USB), sodium hydroxide (NaOH, Fisher Scientific), formaldehyde (37% 

v/v, Acros Organics), ammonia (35% in water, Acros Organics), and Pt/C (20 wt.%, 

Alfa Aesar) were used as received. Water was supplied from a Barnstead Nanopure 

water system (18.3 M ohm cm).  

Synthesis of Te NWs. Te NWs were synthesized by adopting a literature procedure.83 

In a typical experiment, 0.0368 g of Na2TeO3 and 0.4 g of PVP were dissolved in 13 
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mL of nanopure water under vigorous stirring to form a homogenous solution, into 

which were injected 1.35 mL of an ammonia solution and 0.66 mL of N2H4. The 

solution was then transferred into a 20 mL Telfon-lined autoclave container and 

heated at 180 C for 3 h. The autoclave was cooled down naturally before the product 

was collected by centrifugation at 3000 rpm for 2 min with the addition of a small 

amount of acetone, and stored in a 4 C refrigerator.  

Synthesis of Te NWs-melamine formaldehyde polymer core-sheath nanofibers. 

In brief, 12.5 mg of Te NWs prepared above was dispersed in 5 mL of water. 

Separately, 0.126 g of melamine together with 15 mL of water was added in a 50 mL 

round-bottom flask, and the solution was heated to 90 C under magnetic stirring, into 

which were then injected the Te NWs solution, 20 μL of 0.2 M NaOH and 0.53 mL of 

formaldehyde. The solution was heated at 90 C for 7 h before being cooled down 

naturally. The product was collected by centrifugation at 5,000 rpm for 5 min, washed 

with water and ethanol, and dried in a vacuum chamber for 24 h, affording Te NWs-

melamine formaldehyde polymer (Te-MF) core-sheath nanofibers. 

Synthesis of Fe,N-codoped carbon nanotubules. In a typical synthesis, 50 mg of the 

Te-MF nanofibers obtained above was dispersed in 1 mL of ethanol, along with 1 mg 

of FeCl3. The mixture was sonicated for 1 h to form a homogeneous dispersion, 

which was then dried by a nitrogen flow and kept in a vacuum chamber for 12 h 

before being placed in a tube furnace and heated at a controlled temperature (600, 

700, 800, or 900 C) for 3 h at a heating rate of 5 C/min. The nitrogen flow was 

maintained at 200 cc/min. The obtained samples were washed with water and ethanol 
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for 3 times, and referred to as MF-Fe-T with T = 600, 700, 800, or 900. A control 

sample was also prepared in the same manner at the heating temperature of 900 C 

but without the addition of FeCl3, which was denoted as MF-900. 

Characterization. Transmission electron microscopy (TEM) and elemental mapping 

studies were carried out with a FEI Tecnai TF20 microscope operated at 200 KV. X-

ray photoelectron spectroscopy (XPS) measurements were acquired by using a PHI 

X-tool instrument. Raman spectra were collected with a micro Raman Imaging 

Microscope with a laser wavelength of 632.8 nm. 

Electrochemistry. Electrochemical measurements were carried out with a CHI 710 

electrochemical workstation in a conventional three-electrode configuration. To 

prepare catalyst inks, in a typical experiment, 1 mg of the samples obtained above, 

together with 4 mg of carbon black and 10 L of nafion, was dispersed in 1 mL of 

ethanol. The mixture was sonicated for at least 1 h to make a homogenous dispersion. 

Then, 10 μL of the ink was dropcast onto the glassy carbon disk of a rotating (gold) 

ring-(glassy carbon) disk electrode (RRDE, from Pine Instrument), corresponding a 

catalyst loading of 40.65 ug/cm2. When the catalyst film was dry, 4 μL of 20% nafion 

was added on top of the catalyst before the electrode was immersed into electrolyte 

solutions for data acquisition. A Ag/AgCl electrode in 0.1 M KCl was used as the 

reference electrode and a platinum coil as the counter electrode. The reference 

electrode was calibrated against a reversible hydrogen electrode (RHE) and all 

potentials in the present study were referred to this RHE.  
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Computational Methods. DFT calculations were performed with the open-source 

planewave code, Quantum Espresso.84 A two-dimensional supercell was built based 

on a 6 × 6 unit cell. The vacuum thickness was set at about 14 Å to avoid interactions 

between periodic images. The ultrasoft pseudopotential85 was adopted with the 

kinetic cutoff energy of 40 Ry (charge density cutoff 200 Ry) and 4 × 4 × 1 

Monkhorst-Pack K-point grids were sampled for the supercell to converge the total 

energy to the accuracy of 1 meV. The Marzari-Vanderbilt smearing86 was adopted 

with a smearing of 0.002 Ry. The electronic energy was converged to 10 8 Ry and the 

force was converged to 10 4 a.u. Density functional perturbation theory (DFPT)87 was 

employed to compute the vibrational frequencies of surface species and molecules for 

the zero point energy (ZPE) and entropy contribution, similar to a previous work.88 

The implicit solvation calculations were performed with the newly developed 

solvation model (CANDLE)89 which has been shown to be suitable for various 

surfaces in open source code JDFTx.90, 91 

 

2.6 Conclusion 

Nitrogen and iron codoped carbon hollow nanotubules were synthesized by controlled 

pyrolysis of core-sheath nanofibers based on Te NWs-supported melamine 

formaldehyde polymer with the addition of a calculated amount of FeCl3, where the 

Te NWs served as thermally removable templates because of its low boiling point. 

Electron microscopic and XPS measurements confirmed the successful incorporation 
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of Fe and N dopants into the carbon molecular skeletons, and electrochemical studies 

of the resulting nanocomposites showed apparent activity towards ORR in alkaline 

media that was highly comparable to leading results reported in recent literature, 

within the context of onset potential, number of electron transfer, and kinetic current 

density. Significantly, the sample prepared at 800 C stood out as the best catalysts 

among the series, with a performance even better than that of commercial Pt/C. In 

addition, comparative studies with N-doped carbons prepared in a similar fashion 

suggested that Fe species, rather than nitrogen dopants, played a dominant role in 

dictating the ORR activity, most probably due to the formation of FeN4 moieties. This 

was further supported by first principles calculations where the atomistic models were 

built based on the structural characteristics obtained in experimental studies. 

Theoretically, the optimal potential for the Fe sites was 120-140 mV more positive 

than that of N-doped carbon sites, and correlated well with the ORR onset potentials 

observed experimentally. Notably, the limited activity of N-doped carbon was 

ascribed to the low binding of oxygeneous species, as suggested by the low DOS 

below the fermi level and low spin density; in contrast, the Fe sites of the FeN4 

structure were far more active in the adsorption of oxygen intermediates, in excellent 

agreement with experimental results. From the combined experimental and theoretical 

studies, one can see that Fe species, in particular, FeN4 moieties, likely played a 

dominant role in the determination of the ORR activity. This may be exploited as a 

fundamental framework for the rational design of high-performance ORR catalysts by 

deliberate engineering of the nanocomposite structures.  Moreover, a Stone-Wales 
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FeN4 sites embedded in carbon, deriving nanowinkles in the material, shows best 

activity among all FeNx sites. 
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Chapter 3 Ruthenium single atoms as efficient catalyst for hydrogen evolution 

reaction 
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3.1 Abstract 

Hydrogen evolution reaction (HER) is an important process in electrochemical energy 

conversion and storage. Herein, we report the design and synthesis of effective HER 

catalysts based on Ru,N-codoped carbon nanowires. The catalytic performance is 

markedly better than that of commercial Pt/C catalyst, with an overpotential of only 

−12 mV to reach the current density of 10 mV/cm2 in 1 M KOH and −47 mV in 0.1 

M KOH. Comparison with control experiments suggest that the remarkable activity is 

mainly ascribed to individual ruthenium atoms embedded within the carbon matrix, 

with minimal contributions from ruthenium nanoparticles. Consistent results are 

obtained in first-principles calculations, where RuCxNy moieties are found to show a 

much lower H binding energy than ruthenium nanoparticles, and a lower kinetic 

barrier for water dissociation than platinum. Among these, RuC2N2 stands out as the 

most active catalytic center, where both ruthenium and adjacent carbon atoms are 

possible active sites. Consistently, in another our study, the Ru single atom in C3N4 

matrix also show great HER activity, the active sites can be Ru and neighboring 

nitrogen sites. 

 

3.2 Introduction 

Hydrogen evolution reaction (HER) plays a significant role in electrochemical water 

splitting for clean and sustainable hydrogen energy1, 2. In practice, room-temperature 
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water electrolysis can be performed in both acid and alkaline electrolytes, where 

platinum-based nanoparticles generally serve as the catalysts of choice. Whereas 

numerous studies have been carried out in acid, the high costs of proton exchange 

membranes3 as well as the sluggish electron-transfer kinetics of oxygen evolution 

reaction in acidic media4 have greatly hampered the wide-spread applications of 

acidic water electrolyzers. Such issues can be mitigated when the reactions are carried 

out in alkaline media, where HER involves three key steps5, 6, 

H2O + * + e- = H* + OH- (Volmer)               (1) 

H* + H2O + e- = H2 +OH- (Heyrovsky)   (2) 

2H* = H2 (Tafel)      (3) 

with * being the active site. The HER performance is generally discussed within the 

context of the Volmer-Heyrovsky or Volmer-Tafel pathway. Interestingly, whereas 

alkaline HER entails water dissociation, a unique step that is unseen in acid HER, the 

adsorption free energy of H to the catalyst surface ( GH*) remains an effective 

descriptor7-11. In conjunction with the calculations of the energy barrier of water 

dissociation12, the active sites as well as the reaction pathways can be resolved. 

Nevertheless, alkaline water electrolysis come with a significant disadvantage of its 

own, which is the markedly diminished HER electron-transfer kinetics catalyzed by 

platinum (about two orders of magnitude lower than that in acid)13. Thus, it is of both 

fundamental and technological significance to improve the performance of Pt-based 

HER catalysts6 or develop viable alternatives that are low-costs and high-performance 

for HER electrocatalysis in alkaline electrolytes (e.g., transition metal oxides, 



 130 

chalcogenides and phosphides)14-17. Towards this end, non-platinum noble metals, 

such as ruthenium, rhodium, palladium and iridium,18-21 have also been attracting 

particular attention because of their apparent performances. Of these, ruthenium, in 

the forms of nanoparticles, alloys, and oxides, has been found to display a HER 

activity that is comparable to that of commercial platinum catalysts in alkaline 

solutions22-29. For instance, Mahmood et al.18 reduced RuCl3 onto nitrogen-doped 2D 

frameworks by NaBH4, and the composite was then pyrolyzed producing ruthenium 

nanoparticles of 1.6 nm in diameter dispersed in the carbon matrix. The sample 

exhibited an apparent HER activity with an overpotential (η10) of only -25 mV to 

reach the current density of 10 mA/cm2 in 1 M KOH. In another study30, Zheng et al. 

prepared a composite with ruthenium nanoparticles (dia. 2nm, consisting of a mixture 

of face-centered cubic (fcc)and hexagonal close-packed (hcp) ruthenium) and carbon 

nitride (C3N4) by annealing the product at elevated temperatures. The catalyst showed 

an η10 of -79 mV in 0.1 M KOH. In these studies, the HER activity was generally 

ascribed to ruthenium nanoparticles18, 30, 31. In a more recent study32, Zhang et al. 

immersed a polyaniline-coated graphite foam into a Ru3+ solution, and after pyrolysis 

at controlled temperatures, TEM measurements showed that Ru nanoparticles (2.1-8.3 

nm in diameter) and atomic species were formed and dispersed on the carbon surface. 

The resulting sample showed an η10 of -21 mV in 1 M KOH. Based on results of a 

poisoning experiment with KSCN, the activity was attributed to atomically dispersed 

Ru in the nitrogen-doped carbon matrix instead of the Ru nanoparticles; yet the 

detailed structures of the atomic species and hence the catalytic active centers 
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remained unresolved. In a series of other studies27, 28, 33, ruthenium ions were 

embedded into the C3N4 skeleton by complexation to the pyridinic N moieties of the 

tri‐s‐triazine units, forming a structure with isolated Ru metal centers; yet the 

corresponding HER activity, while remarkable, remained subpar as compared to that 

of Pt/C. This raises an interesting question: will ruthenium single atom catalysts ever 

rival commercial Pt/C in HER electrocatalysis? This is the primary motivation of the 

present study. 

Herein, we prepared a nanocomposite based on ruthenium and nitrogen co-doped 

carbons and examined the impacts of both ruthenium nanoparticles and atomic 

ruthenium sites on the HER performance. Experimentally, melamine-formaldehyde 

polymer was coated onto tellurium nanowires (Te NWs), and the core-sheath 

nanowires were pyrolyzed at controlled temperature, with the addition of a calculated 

amount of ruthenium(III) chloride, leading to the formation of Ru,N-codoped carbon 

nanowires where both ruthenium nanoparticles and ruthenium single atoms were 

embedded within the carbon matrix. Significantly, the sample exhibited a remarkable 

HER activity in alkaline media, a performance even significantly better than that of 

commercial Pt/C. Control experiments showed that the HER activity was primarily 

due to atomically dispersed Ru coordinated to N and C, with minor contributions 

from ruthenium nanoparticles. Consistent results were obtained in computational 

studies based on first principles calculations, where the HER active sites were most 

likely the ruthenium atomic centers involved in (undersaturated) coordination with N 

and C (RuCxNy). Carbon atoms adjacent to the Ru center were also the possible active 
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sites based on favorable H binding energies and relatively low formation energies. 

The corresponding energy barriers for water dissociation (Volmer reaction) were then 

evaluated by using the climbing-image nudged elastic band (CI-NEB) method12, 34, 

which were found to be even lower than that on Pt35, indicating a faster kinetic 

process. 

3.3 Result and discussion 

3.3.1 Synthesis and characterization 

One-dimensional Ru,N-codoped carbon nanowires were synthesized by using Te 

NWs as sacrificial templates36-39. The procedure includes four major steps (Figure 

1a): (a) hydrothermal synthesis of Te NWs, (b) formation of a melamine-

formaldehyde resin shell on Te NWs (Te@MF), (c) reaction of Te with RuCl3 to 

incorporate Ru precursors into Te@MF (Ru-MF); and (d) pyrolysis of the Ru-MF 

nanowires at elevated temperatures to produce Ru,N-codoped carbon nanofibers (Ru-

NC-T, with T being the pyrolysis temperature). In this procedure (details in the 

Method section), melamine serves as a carbon and nitrogen source, and formaldehyde 

as a second carbon source and linking agent. 
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Figure 1. Schematic of the synthesis of Ru-NC-T samples and TEM studies of 

Ru-NC-800. (a) Synthetic procedure of the Ru-NC-T samples. (b)-(d) Representative 

TEM images at different magnifications. Scale bars are (b) 500 nm, (c) 100 nm, and 

(d) 5 nm. (e) HAADF-STEM image of the red area of figure 1c. (f) Cross-sectional 

elemental distributions by line scans along the red line in figure 1e. The colors of the 

elemental maps of C, N, O, Te and Ru correspond to those in the line scan spectra. 

Scale bars are all 20 nm. (g) A zoom-in of figure 1e, where red arrows signify 

ruthenium single atoms.  

 

When RuCl3 was added into the Te NW dispersion, the solution color was found to 

change from blue to dark brown, indicative of reaction between Te and Ru3+ forming 
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RuTex complexes. From the TEM image in figure 2a, one can see that the resulting 

nanowires are 80-100 nm in diameter and several microns in length, and the surface is 

decorated with a number of dark spots which are most likely the RuTex complexes. 

This can be better observed at higher magnifications (figure 2b). Yet, no well-defined 

lattice fringes can be seen (figure 2c), suggesting amorphous characteristics of the 

resin and the complexes. Elemental mapping analysis shows that the elements of C, 

N, O, Te and Ru are distributed rather evenly throughout the nanowires (figure 2d-f). 

After pyrolysis at elevated temperatures, dark-contrast objects were formed and 

embedded within the carbon matrix (figure 1b-d and 3), which exhibited well-

defined lattice fringes (figure 1d), with interplanar spacings of 0.234, 0.214, and 

0.205 nm that are characteristic of the (100), (001) and (101) planes of hcp Ru 

(JCPDS-ICDD card No. 06-0663). This indicates the formation of Ru nanoparticles, 

which were encapsulated within a thin carbon layer of 2-3 nm (figure 1d). The 

ruthenium nanoparticles showed a marked increase of the diameter with increasing 

pyrolysis temperature, ca. 1.0 nm for Ru-NC-500, 2-3 nm for Ru-NC-600, 5.0 nm for 

Ru-NC-700, and 10 nm for Ru-NC-800 (figure 3). The formation of ruthenium 

nanoparticles is likely due to reduction of the RuTex complex in Ru-MF by carbon at 

high temperatures, which also facilitated the migration and Ostwald ripening of the 

nanoparticles, leading to an increase of the nanoparticle size. Furthermore, one can 

see that the nanowire morphologies did not change appreciably after pyrolysis, 

though with a somewhat smaller cross-sectional diameter (ca. 60 nm) than that of Ru-

MF, likely due to partial decomposition of the MF resin during the carbonization 
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process (figure 1b-d and 3). Elemental mapping based on EDX analysis shows that 

all elements of C, N, O, Te, and Ru remained readily visible (figure 1e-f); and 

whereas the distributions of C, N, O and Te were rather uniform (no other element 

was detected, figure 4), ruthenium exhibited apparent clustering, coincident with the 

formation of ruthenium nanoparticles. Remarkably, in addition to Ru nanoparticles, a 

number of Ru single atoms can also be readily identified within the carbon matrix, as 

manifested in double aberration-corrected HAADF-STEM measurements and 

highlighted by red arrows in figure 1g and 5. 

 

Figure 2. TEM studies of Ru-MF. (a)-(c) Representative TEM images. (d) HAADF-

STEM image. Inset is elemental line scans for C, N, O, Te and Ru, where the colors 

coincide with those in panels (e)-(f). 



 136 

 

Figure 3. Representative TEM images of (a) Ru-NC-500, (b) Ru-NC-600, and (c) 

Ru-NC-700. Scale bars are (a) 20 nm, (b) 50 nm and (c) 50 nm. The insets are the 

corresponding images at higher magnification. Scale bars are all 5 nm 



 137 

 

Figure 4. EDX spectra of (top) Ru-MF and (bottom) Ru-NC-800. Insets is the zoom 

in of the regions between 0 and 10 eV. In both samples, the Cu peaks are from the 

TEM grids. 

 



 138 

Figure 5. Representative 2AC-HAADF-STEM image of Ru-NC-700 of Ru 

nanoparticles and Ru single atoms. The arrows point out the carbon shell around Ru 

nanoparticles where Ru single atoms dispersed.  

 

Figure 6. HAADF-STEM and EELS data of Ru-NC-700. (a) Representative 

HAADF-STEM image of Ru-NC-700; and EELS spectra of zones (I) to (IV) in panel 

(a) that correspond to ruthenium single atoms, ruthenium nanoclusters, ruthenium 
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nanoparticles, and ruthenium-free carbon matrix, respectively. The insets are the 

respective zoom-in within the energy range of 430-500 eV.  
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To further confirm the formation of Ru single atoms and to examine the structure of 

the various forms of ruthenium in the carbon matrix, electron energy loss 

spectroscopic (EELS) measurements were carried out at the edge of a Ru-NC 

nanowire, where four zones I – IV were selected (figure 6a): (I) ruthenium single 

atoms, (II) ruthenium nanoclusters, (III) ruthenium nanoparticles, and (IV) 
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ruthenium-free carbon matrix. From the EELS spectra in figure 6b-e, one can see that 

both C (ca. 300 eV) and N (ca. 400 eV) were rather visible in all four zones, whereas 

Ru (ca. 460 eV, insets to figure 6b-e) appeared only in zones I – III but was absent in 

zone IV, and in comparison to the spectral background, the Ru signals became 

intensified from single atoms (zone I) to nanoclusters (zone II) and further to 
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nanoparticles (zone III). This suggests that ruthenium was most likely stabilized by 

coordination to nitrogen and/or carbon in the matrix. Furthermore, the fact that no 

oxygen signal (ca. 523 eV) was detected indicates that the Ru-NC samples were 

largely unoxidized. 
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Figure 7. XPS data of Ru-MF and Ru-NC-700, and XAS analysis of Ru-NC-700. 

(a) C 1s and Ru 3d spectra of Ru-MF (upper panel) and Ru-NC-700 (lower panel). (b) 

N 1s spectra of Ru-MF (upper panel) and Ru-NC-700 (lower panel). Black curves are 

experimental data, shaded peaks are deconvolution fits, and red curves are the sum of 

the fits. (c) Normalized XANES data for Ru-NC-700, solid lines are experimental 

data and dash lines are simulated data by DFT calculations. (d) FT-EXAFS data for 

Ru-NC-700, where black curve is experimental data and red curve is the best fit. 

Elemental analysis of the Ru-NC-T samples was then carried out by XPS 

measurements (figure 7a,b and 8-11). The atomic ratio of Csp2/Csp3 increased 

markedly from ca. 1:1 for Ru-MF to 4.74:1 for Ru-NC-500, 4.22:1 for Ru-NC-600, 

9.2:1 for Ru-NC-700, and 16.98:1 for Ru-NC-800, suggesting increasing 

graphitization with increasing pyrolysis temperature (table 1). In addition, two 

ruthenium species are resolved for the Ru-NC samples, the first one (red, Ru-1) can 

be ascribed to metallic Ru(0), whereas the other one (yellow, Ru-2) are at somewhat 

higher energies, very close to Ru(II) in Ru-N coordination that was observed 

previously27. This is consistent with the formation of both ruthenium nanoparticles 

and ruthenium atomic species embedded within the carbon matrix, as manifested in 

TEM measurements (figure 1f, 2a and 5); and the atomic ratio of Ru-2/Ru-1 was 

found to decrease with increasing pyrolysis temperature, 0.45 for Ru-NC-500, 0.36 

for Ru-NC-600, 0.35 for Ru-NC-700, and 0.31 for Ru-NC-800 (table 2). As the 

overall ruthenium content remained almost unchanged at ca. 4 at% among the Ru-

NC-T series (table 3) and the nanoparticle core size increased from Ru-NC-500 to 
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Ru-NC-800 (figure 1), this suggests that apparent nanoparticle sintering occurred 

with increasing pyrolysis temperature, whereas the number of atomic Ru species 

varied at a much lower rate. Nitrogen was also found to be doped into the carbon 

matrix of the Ru-NC samples (Figure 7b and 11) in the forms of pyridinic, pyrrolic, 

graphitic, and oxidized N40-42, and with increasing pyrolysis temperature, the overall 

nitrogen content decreased accordingly, 5.24 at.% for Ru-NC-500, 3.44 at.% for Ru-

NC-600, 2.04 at.% for Ru-NC-700, 0.96 at.% for Ru-NC-800 (table 4). Additional 

data can be found in table 5, and more detailed discussion is included under figure 

11. 

 

Sample Csp2 Csp3 Csp2/Csp3 atomic 

ratio 

Ru-MF 284.6

4 

285.8

4 

1 

Ru-NC-

500 

284.2

0 

285.8

0 

4.71 

Ru-NC-

600 

284.1

6 

285.8

0 

4.22 

Ru-NC-

700 

284.1

7 

285.8

4 

9.20 

Ru-NC-

800 

284.2

0 

285.8

0 

16.98 
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Table 1. C 1s binding energy and atomic ratio of sp2 and sp3 carbons by XPS 

measurements 

 

 

Sample Ru-1 

(3d5/2) 

Ru-1 

(3d3/2) 

Ru-2 

(3d5/2) 

Ru-2 

(3d3/2) 

Ru-2/Ru-

1 

Ru-MF 282.24 286.33 0 0  

Ru-NC-

500 

280.18 284.28 281.87 285.97 0.45 

Ru-NC-

600 

280.06 284.16 281.75 285.75 0.36 

Ru-NC-

700 

280.04 284.14 281.66 285.76 0.35 

Ru-NC-

800 

280.00 284.10 281.50 285.60 0.31 

Table 2. Summary of Ru 3d binding energy (eV) by XPS measurements 
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Sample Ru C N Te 

Ru-MF 1.4

8 

88.5

6 

9.6

1 

0.3

4 

Ru-NC-

500 

4.0

2 

87.6

9 

5.2

4 

3.0

5 

Ru-NC-

600 

4.6

6 

89.3

8 

3.4

4 

2.5

1 

Ru-NC-

700 

3.8

5 

92.1

2 

2.0

4 

1.9

8 

Ru-NC-

800 

3.8

9 

93.0

3 

0.9

6 

2.1

1 

Table 3. Elemental composition (at%) by XPS measurements 

 

 

Sample 

Pyridinic Pyrrolic Graphitic Oxidized 

BE (eV) 

Content 

(%) 

BE (eV) 

Content 

(%) 

BE (eV) 

Content 

(%) 

BE (eV) 

Content 

(%) 

Ru-MF 

399.16 

(triazine 

ring) 

   

400.16 

(non-

triazine 

ring) 

   

Ru-NC-

500 

398.27 53.1 399.62 19.0 400.66 11.8 402.11 16.1 
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Ru-NC-

600 

398.06 49.3 399.47 23.4 400.84 17.1 402.50 10.1 

Ru-NC-

700 

398.00 39.5 399.47 26.2 400.80 28.5 403.27 5.8 

Ru-NC-

800 

398.00 25.9 399.50 29.8 400.80 37.3 402.50 6.9 

Table 4. N 1s binding energy (BE) and content by XPS measurements 

 

Sample 3d5/2 3d3/2 

Ru-MF 576.3

2 

586.7

4 

Ru-NC-

500 

575.7

5 

586.0

9 

Ru-NC-

600 

575.5

8 

586.0

4 

Ru-NC-

700 

575.6

0 

586.0

4 

Ru-NC-

800 

575.5

9 

586.0

4 

Table 5. Te 3d binding energy (eV) by XPS measurements 
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Figure 8. XPS full survey spectra of (a) Ru-MF, (b) Ru-NC-500, (c) Ru-NC-600, 

(d) Ru-NC-700, and (e) Ru-NC-800. 

  



 149 

Figure 9. XPS spectra of Te 3d electrons of (a) Ru-MF, (b) Ru-NC-500, (c) Ru-

NC-600, (d) Ru-NC-700, and (e) Ru-NC-800. 

 

Figure 10. XPS spectra of C 1s and Ru 3d electrons of (a) Ru-NC-500, (b) Ru-NC-

600, and (c) Ru-NC-800. Black curves are experimental data and colored curves are 

deconvolution fits. 



 150 

Figure 11. XPS spectra of N 1s electrons of (a) Ru-NC-500, (b) Ru-NC-600, and (c) 

Ru-NC-800. Black curves are experimental data and colored curves are 

deconvolution fits. 

 

Further structural insights were obtained from Raman and XRD measurements. Broad 

D and G bands can be observed at ca. 1350 and 1550 cm-1 in Raman measurements 

(figure 12), indicating defective structures of the carbon matrix. In addition, the 

vibrational bands at 400-600 cm-1 can be assigned to Ru-N/Ru-C stretching43, 

suggestive of the formation of RuCxNy moieties in the samples. In XRD 

measurements (figure 13), all Ru-NC-T samples exhibited diffraction patterns that 

are consistent with those of hcp Ru. In addition, a broad peak can be identified within 

2theta = 20 to 30, characteristic of the (002) diffraction of nanosized graphitic 

carbon44. 
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Figure 12. Raman spectra of the Ru-NC-T samples 

 

D 

band 
G 

band 

Ru-N 

Ru-C 
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Figure 13. XRD profiles of Ru-NC-500, Ru-NC-600, Ru-NC-700 and Ru-NC-800. 

The standard profile of hcp Ru (00-006-0663) is included in the top of the figure. 

 

Consistent results were obtained from X-ray absorption spectroscopy (XAS) 

measurements. Figure 7c shows the X-ray absorption near-edge structure (XANES) 

spectra of Ru-NC-700, Ru foil, and RuO2. It can be seen that the absorption edge of 

Ru-NC-700 (black solid curve) is close to that of Ru foil (red solid curve) but 

markedly different from that of RuO2 (green solid curve), consistent with results from 

EELS measurements (figure 6) where no oxygen signals were detected. In addition, 

one can see that within the range of 18-40 eV, the Ru-NC-700 sample shows an 
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almost flat feature. This can be attributed to the combined contributions of Ru 

nanoparticles and single atoms, as Ru foil displays a valley (DFT simulation of bulk 

Ru shows a consistent profile, red dashed curve) whereas Ru single atoms (e.g., 

RuN4, purple dashed curve; more details in figure 14) contribute a peak from DFT 

XAS simulations. Figure 7d shows the FT-EXAFS spectrum of Ru-NC-700, along 

with the theoretical fit. Two main peaks can be fitted by using a Ru-Ru and Ru-N/C 

(C and N are indistinguishable in the fitting) shell with a bond distance of 2.68 and 

2.03 Å, respectively45, 46. Moreover, from the fitting, the coordination number (CN) 

was estimated to be 6.6 for Ru-Ru, and 1.3 for Ru-N/Ru-C (table 6). The former is 

markedly lower than that (12) of bulk Ru, likely due to the formation of ruthenium 

nanoparticles,47 whereas the latter is abnormally large for the size of the nanoparticles 

observed in figure 1. These are consistent with the formation of both ruthenium 

nanoparticles and single atoms bonded to the N and/or C in the carbon matrix, as 

manifested in HAADF-STEM measurements in figure 1. Furthermore, based on the 

CN47-50, the Ru atomic ratio in single atoms vs nanoparticles was estimated to be 

0.41, very close to that determined by XPS measurements (table 2).  

 

 bond Coordinatio

n number 

(CN) 

Bond length 

R (Å) 

σ2 (Å) x10-

3 

E0 (eV) R factor 

Ru-

NC-

Ru-N/Ru-

C 

1.3 (5) 2.03 (2) 4.2 (4) -2.6 (9) 0.0021 
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700 Ru-Ru 6.6 (5) 2.678 (3) 4.2 (4) -2.6 (9) 0.0021 

Ru-

NC-

700 

(1/8) 

Ru-N/Ru-

C 

2.4 (6)  2.02 (1) 8 (2) -2 (1) 0.0136 

Ru-Ru 6.4 (7) 2.71 (1) 8 (2) -2 (1) 0.0136 



 155 

Table 6. EXAFS fitting results of Ru-NC-700 from Figure 2c and Ru-NC-700 
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(1/8) from Figure 17g 

 

Figure 14. Calculated XANES spectra of Ru K edge including core-hole effects for 

Ru NPs, Ru single atoms including RuN4, RuC2N2 and RuC4. To reduce the 

interactions between the absorbing Ru atoms, we use a supercell with 16 Ru atoms 

for Ru metal with k-point mesh 6 x 8 x 4, and a 6 x 6 graphene supercell with 

different defects for Ru-CN nanostructures with k-point mesh 2 x 2 x 1. The kinetic 

energy cutoff of wavefunction is set at 50 Ry and that of charge is 400 Ry. A 

smearing of 4eV is chosen to reproduce the experimental spectra linewidth. 

 

 

3.3.2 HER performance  

 



 157 

Figure 15 Electrochemical measurements. (a) Linear sweep voltammetry (LSV) 

curves of Ru-NC-T and commercial 20 wt% Pt/C in 0.1 M KOH. (b) Tafel plots of 

Ru-NC-T and 20% Pt/C. The legends are the same as those in figure 15(a). (c) LSV 

curves of Ru-NC-700 and 20% Pt/C in 1 M KOH. (d) Nyquist plots of Ru-NC-T and 

20% Pt/C in 0.1 M KOH at -10 mV vs. RHE. The legends are the same as those in 

figure 15(a). Symbols are experimental data and solid curves are fits by Randles’ 

equivalent circuit.  (e) Stability test of Ru-NC-700 in 0.1 M KOH, before and after 

10,000 cycles within the potential window of -0.05 V to +0.05 V vs RHE. (f)  

Catalysts poisoning experiment for Ru-NC-700 in 0.1 M KOH with the addition of 10 

mM of EDTA (red curve) or 10 mM of KSCN (green curve). 

Remarkably, in electrochemical measurements, the Ru-NC-T samples exhibited 

significant HER activity in alkaline media, in comparison to commercial Pt/C. From 

figure 15a, it can be seen that in 0.1 M KOH, with increasingly negative electrode 

potentials, all Ru-NC-T samples exhibited nonzero cathodic currents, signifying 

apparent HER activity, and the activity varied among the samples. For instance, η10, 

an important parameter of the HER activity, can be identified at ‒146 mV for Ru-NC-

500, ‒120 mV for Ru-NC-600, ‒47 mV for Ru-NC-700, and ‒72 mV for Ru-NC-800. 

Significantly, all but Ru-NC-500 showed an η10 that was even lower than that for 

commercial Pt/C (‒125 mV, table 7). Consistent behaviors can be seen in the Tafel 

plots in figure 15b, where the Tafel slope was only 24 mV/dec for Ru-NC-800, 14 

mV/dec for Ru-NC-700, 43 mV/dec for Ru-NC-600, and 64 mV/dec for Ru-NC-500, 

in comparison to 39 mV/dec for Pt/C. This suggests that Ru-NC-700 and Ru-NC-800 
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samples even outperformed Pt/C towards HER in alkaline media, with Ru-NC-700 

standing out as the best sample among the series. In 1 M KOH (figure 15c), the 

enhancement, as compared to Pt/C, is even more pronounced, with an η10 of only ‒12 

mV for Ru-NC-700, much better than that of Pt/C (‒49 mV). In fact, to the best of our 

knowledge, the Ru-NC-700 sample outperforms any other Ru-based HER catalysts in 

basic media that have been reported in recent literatures (table 8). In addition, Ru-

NC-700 also showed a remarkably high HER activity in acid, with a low η10 of ‒29 

mV and Tafel slope = 28 mV/dec in 0.5 M H2SO4, as compared to ‒13 mV and 18 

mV/dec for Pt/C (figure 16). 

 

Sample RCT 

(Ω) 

Tafel slope 

(mV/dec) 

10 

(mV) 

Ru-NC-

500 

154 64 ‒146 

Ru-NC-

600 

129 43 ‒120 

Ru-NC-

700 

20.7 14 ‒47 

Ru-NC-

800 

38.6 24 ‒72 

20%Pt/C 136 39 ‒125 
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Table 7. Summary of HER performances in 0.1 M KOH 

 

catalyst 

catalyst 

loading 

(mg/cm2) 

Electrolyte 

solution 

10 (mV) Reference 

Ru-NC-700 

nanowires 

0.2 

0.1 M KOH ‒47 

this work 

1 M KOH ‒12 

Ru@C2N 0.285 1 M KOH ‒17 

Nat Nanotechnol 

12, 441–446 (2017) 

Pt-Ni nanowire 0.015 1 M KOH ‒50~60 

Nat Commun 8, 14580 

(2017) 

Pt-Ni alloy ~0.66 0.1 M KOH ‒65 

Nat Commun 8, 15131 

(2017) 

Ni2P-Ru 0.28 1M KOH ‒31 

J Am Chem Soc 140, 

2731-2734 (2018) 

Ru/C3N4/C 0.2 0.1M KOH ‒79 

J Am Chem Soc 138, 

16174–16181 (2016) 

RuP2 1 1M KOH ‒52 

Angew Chem Int Ed 56, 

11559-11564 (2017) 

IrCo@NC 0.285 1M KOH ‒45 Adv Mater 30, 1705324 
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(2018) 

RuCo@NC 0.275 1M KOH ‒28 

Nat Commun 8, 14969 

(2017) 

Ru/NC 0.013 1M KOH -21 

J Mater Chem A, 2017, 

5, 25314-25318 

Table 8. Comparison of HER performance with results in recent literatures 

 

Figure 16. Electrochemical measurements in 0.5 M H2SO4. (a) LSV curves of Ru-

NC-700 and Pt/C. Potential scan rate 10 mV/s. (b) Tafel plot of Ru-NC-700 and Pt/C, 

the legends are the same as (a). Dashed curves are linear fits of the Tafel regions. 

 

The charge-transfer kinetics involved in HER were then examined by electrochemical 

impedance measurements. From the Nyquist plots acquired at  10 mV vs RHE 

(figure 15d), one can see that all samples exhibited a quasi-semicircle, where the 

diameter represents the corresponding charge-transfer resistance (Rct). Interestingly, 

whereas Rct of Ru-NC-500 (154 ohm) and Ru-NC-600 (129 ohm) was comparable to 
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that of commercial Pt/C (136 ohm), it was significantly lower for Ru-NC-700 (20.7 

ohm) and Ru-NC-800 (38.6 ohm) (table 7), in good agreement with results from 

voltammetric measurements (figure 15a). The Ru-NC-700 catalysts also exhibited 

remarkable stability. From figure 15e, it can be seen that there was virtually no 

change of the HER polarization curves after 10,000 potential cycles. 

As both Ru nanoparticles and ruthenium single atoms (likely in Ru-N/Ru-C) are 

present in the Ru-NC-T samples (figure 1), EDTA and KSCN were used as poisoning 

species to help differentiate their contributions. From figure 15f, one can see that 

with the addition of 10 mM KSCN, the η10 value shifted negatively by more than 150 

mV, and the shift was much smaller (ca. 60 mV) when 10 mM EDTA was added to 

the solution. In fact, the HER performance of the EDTA-treated Ru-NC-700 sample 

was very similar to that with ruthenium nanoparticles deposited onto MF nanowires 

(RuNP/MF, η10 = ‒124 mV, figure 17). Note that SCN  readily adsorbs onto both Ru 

nanoparticle surface and Ru-N/Ru-C sites, and EDTA forms coordination bonds 

predominantly with the latter. The different poisoning effect observed above by SCN  

and EDTA (figure 15f) suggests that whereas both Ru nanoparticles and Ru-N/Ru-C 

contributed to the HER activity, the latter likely played a dominant role. This is in 

sharp contrast with leading results in recent literatures where the HER activity was 

primarily attributed to ruthenium nanoparticles18, 30, 31.  

This is further supported by results from another control experiment (figure 17), 

where the amount of RuCl3 added in sample synthesis was reduced to 1/8. The 

number of ruthenium nanoparticles in the resulting sample was diminished to about 
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1/30 of that for Ru-NC-700 (figure 17b-c), and XPS and XAS measurements showed 

a significant decrease of the Ru(0) fraction and an increase of the overall Ru 

oxidation states (figure 17d-g); yet, the HER performance (e.g., η10 = ‒50 mV) was 

almost identical to that of Ru-NC-700 (figure 17a). This implies only minimal 

contributions from ruthenium nanoparticles to the observed HER activity, and it is the 

ruthenium single atoms that dominated the HER performance (note that without the 

addition of RuCl3, the resulting N-doped carbon nanowires, MF-700, essentially 

showed zero activity, figure 17a).  

 



 163 

Figure 17. Control experiments with Ru-NC-700 (1/8) and Ru NP/MF. (a) LSV 

curve of Ru-NC-700, Ru-NC-700 (1/8 Ru), Ru NP/MF, and MF-700 at the same 

loading in 0.1 M KOH. Potential scan rate 10 mV/s. Representative TEM images of 

(b) Ru-NC-700 (1/8 Ru) and (c) Ru NP/MF. Scale bars are both 50 nm. (d) XPS of 

Ru-NC-700. (e) XPS of Ru-NC-700 with 1/8 Ru precursors. (f) XANES data for Ru-

NC-700 and Ru-NC-700 (1/8). (g) EXAFS spectrum and its fit of Ru-NC-700 (1/8). 

 

 

3.3.3 HER active sites 

Results from the above experimental studies showed that Ru-N/Ru-C moieties (i.e., 

single atom sites) played a dominant role in the HER performance, while Ru 

nanoparticles made only minor contributions. To identify the chemical configurations 

of the Ru-N/Ru-C moieties, we examined and compared the hydrogen binding energy 

with a range of RuCxNy structures (x + y  4) involving 2, 3 or 4 coordinates (figure 

19-20 and table 9)28, 32, 51, 52.  Among these, the data points of select stable structures 

for H binding are shown in figure 18, and unstable configurations are labelled in red 

color in table 9. From figure 18, one can see that the optimal configurations are those 

located in the upper portion of the dark blue region that corresponds to a low 

formation energy, and close to zero |ΔGH*|. It is interesting to note that whereas the 

RuN4 moiety exhibits the lowest formation energy among the possible structural 

configurations of RuCxN4-x (figure 19-20 and table 9-14)32, 51, 53, ca. 3 eV lower than 
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that of RuC4 (figure 18), the large |ΔGH*| of the Ru and N sites suggest that neither of 

these is likely the catalytic active site (figure 21). By contrast, RuC2N2-1 (figure 18) 

represents the optimal structure for HER, featuring a relatively low formation energy 

and close to zero |ΔGH*| (< 0.2 eV) for both Ru and adjacent C, suggesting that both 

of these atomic sites might serve as the catalytic active sites (more discussion can be 

found under figure 19 and 22). For comparison, the ΔGH* was much higher at ‒0.5 to 

‒0.6 eV for all facets of Ru nanoparticles54. This is consistent with the results 

presented above that atomically dispersed ruthenium was the dominant contributor to 

the observed HER activity, whereas only minimal contributions from ruthenium 

nanoparticles. 

 

Table 9. Hydrogen binding free energy at various candidate active sites. The 

legends are the same as those in Figure 20. ‘Transferred to P-Ru’ means that H 

is transferred to P-Ru spontaneously during geometrical optimization. 

Ru Coordination 

number Model Candidate Active Site  

Hydrogen binding 

free energy (eV) 

4 RuN4 P-Ru -0.582943083 

4 RuN4 1-N transferred to P-Ru 

4 RuN4 2-C 1.270275969 

4 RuN4 3-C 1.013356014 

4 RuC1N3 P-Ru -0.703733128 

4 RuC1N3 1-N transferred to P-Ru 



 165 

4 RuC1N3 2-N 0.97141363 

4 RuC1N3 3-N 1.19205208 

4 RuC1N3 4-C transferred to P-Ru 

4 RuC1N3 5-C 1.040701092 

4 RuC1N3 6-C 1.083474449 

4 RuC1N3 7-C 0.947660424 

4 RuC1N3 8-C 1.124005844 

4 RuC1N3 9-C 0.926125809 

4 RuC1N3 10-C 0.959837379 

4 RuC2N2-1 P-Ru 0.033324738 

4 RuC2N2-1 1-N 1.109348832 

4 RuC2N2-1 2-C 0.910202129 

4 RuC2N2-1 3-C 1.303215362 

4 RuC2N2-1 4-C (next to Ru) 0.151619207 

4 RuC2N2-1 5-C 1.35433012 

4 RuC2N2-2 P-Ru -0.562833968 

4 RuC2N2-2 1-N 0.875459835 

4 RuC2N2-2 2-C 1.0208236 

4 RuC2N2-2 3-C 0.932096317 

4 RuC2N2-2 4-C 0.987377088 

4 RuC2N2-2 5-C (next to Ru) 0.082477116 

4 RuC2N2-3 P-Ru -0.609100653 
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4 RuC2N2-3 1-N 0.9531818 

4 RuC2N2-3 2-C 1.120259527 

4 RuC2N2-3 3-C 1.11597711 

4 RuC2N2-3 4-C 0.930818312 

4 RuC2N2-3 5-C (next to Ru) 0.248898807 

4 RuC2N2-3 6-C 1.034132029 

4 RuC3N1 P-Ru -0.505320715 

4 RuC3N1 1-N 0.606394933 

4 RuC3N1 2-C (next to Ru) 0.249474165 

4 RuC3N1 3-C (next to Ru) 0.096627094 

4 RuC3N1 4-C (next to Ru) 0.210464709 

4 RuC3N1 5-C 1.033313894 

4 RuC3N1 6-C 1.389703657 

4 RuC3N1 7-C 1.351560007 

4 RuC3N1 8-C 0.839902045 

4 RuC3N1 9-C 1.429662348 

4 RuC3N1 10-C 1.229403111 

4 RuC4 P-Ru 0.38393673 

4 RuC4 1-C (next to Ru) 0.243745845 

4 RuC4 2-C 1.331248877 

4 RuC4 3-C 1.54465848 

3 RuN3 P-Ru -0.679875991 



 167 

3 RuN3 S-Ru 0.174130811 

3 RuN3 1-N transferred to P-Ru 

3 RuN3 2-N transferred to P-Ru 

3 RuN3 3-N transferred to P-Ru 

3 RuN3 4-C 1.633488252 

3 RuN3 5-C 1.032694415 

3 RuN3 6-C 1.331064723 

3 RuC1N2-1 P-Ru -0.66372827 

3 RuC1N2-1 S-Ru -0.075077231 

3 RuC1N2-1 1-C (next to Ru) transferred to P-Ru 

3 RuC1N2-1 2-N 1.155161478 

3 RuC1N2-1 3-N transferred to P-Ru 

3 RuC1N2-1 4-C 0.971755881 

3 RuC1N2-2 P-Ru -0.638631289 

3 RuC1N2-2 S-Ru transferred to P-Ru 

3 RuC1N2-2 1-N transferred to P-Ru 

3 RuC1N2-2 2-C (next to Ru) transferred to P-Ru 

3 RuC1N2-2 3-N transferred to P-Ru 

3 RuC1N2-3 P-Ru -0.594901548 

3 RuC1N2-3 S-Ru transferred to P-Ru 

3 RuC1N2-3 1-N transferred to P-Ru 

3 RuC1N2-3 2-N transferred to P-Ru 
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3 RuC1N2-3 3-C (next to Ru) transferred to P-Ru 

3 RuC2N1-1 P-Ru -0.447719616 

3 RuC2N1-1 S-Ru transferred to P-Ru 

3 RuC2N1-1 1-N 0.639547772 

3 RuC2N1-1 2-C (next to Ru) transferred to P-Ru 

3 RuC2N1-1 3-C (next to Ru) transferred to P-Ru 

3 RuC2N1-2 P-Ru 0.190764095 

3 RuC2N1-2 S-Ru 0.167072966 

3 RuC2N1-2 1-C (next to Ru) 0.157875539 

3 RuC2N1-2 2-N 1.257627564 

3 RuC2N1-2 3-C (next to Ru) 0.124481709 

3 RuC2N1-3 P-Ru -0.524735766 

3 RuC2N1-3 S-Ru transferred to P-Ru 

3 RuC2N1-3 1-C (next to Ru) -0.231514096 

3 RuC2N1-3 2-C (next to Ru) transferred to P-Ru 

3 RuC2N1-3 3-N 0.590215326 

3 RuC3 P-Ru -0.1792363 

3 RuC3 S-Ru -0.089116372 

3 RuC3 1-C (next to Ru) 0.049455235 

3 RuC3 2-C (next to Ru) 0.04675622 

3 RuC3 3-C (next to Ru) transferred to P-Ru 

2 RuN2 P-Ru -0.722423256 
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2 RuN2 S-Ru -0.300078452 

2 RuN2 1-N transferred to P-Ru 

2 RuN2 2-C 1.549525339 

2 RuN2 3-C 1.025811475 

2 RuC1N1 P-Ru -0.79196364 

2 RuC1N1 S1-Ru -0.18466765 

2 RuC1N1 S2-Ru transferred to P-Ru 

2 RuC1N1 1-C (next to Ru) transferred to P-Ru 

2 RuC1N1 2-N transferred to P-Ru 

2 RuC2 P-Ru -0.779528822 

2 RuC2 S-Ru transferred to P-Ru 

2 RuC2 1-C (next to Ru) transferred to P-Ru 

2 RuN2-2 P-Ru -0.519890686 

2 RuN2-2 S-Ru 0.253072105 

2 RuN2-2 1-N transferred to P-Ru 

2 RuN2-2 2-C 1.36172083 

2 RuC1N1-2 P-Ru -0.648603315 

2 RuC1N1-2 S1-Ru 0.151241222 

2 RuC1N1-2 S2-Ru transferred to P-Ru 

2 RuC1N1-2 1-C transferred to P-Ru 

2 RuC1N1-2 2-N transferred to P-Ru 

2 RuC2-2 P-Ru -0.649165629 
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2 RuC2-2 S-Ru transferred to P-Ru 

2 RuC2-2 1-C (next to Ru) transferred to P-Ru 

N/A N-Graphene 1-N 2.154131339 

N/A N-Graphene 2-C 1.070537906 

N/A N-Graphene 3-C 1.635290556 
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Table 10. Total energy, formation energy and solvation energy for various 

configurations. 

Configuratio

n 

Total energy 

(eV) 

Formation energy 

(eV) 

Solvation 

(eV) 

RuN4 -14053.88271 3.247309947 0.20206962 

RuC1N3 -13934.9728 4.488247484 0.16350527 

RuC2N2-1 -13816.71433 5.077748935 0.16350527 

RuC2N2-2 -13816.21232 5.57975964 0.16350527 

RuC2N2-3 -13816.44378 5.348291919 0.16350527 

RuC3N1 -13698.07195 6.051154135 0.128220334 

RuC4 -13579.73399 6.72014313 0.077945429 

RuN3 -21830.68115 4.76550164 0.335250349 

RuC1N2-1 -21711.82635 5.951330658 0.303315424 

RuC1N2-2 -21712.55747 5.220210396 0.303315424 

RuC1N2-3 -21711.9603 5.817383243 0.303315424 

RuC2N1-1 -21593.88655 6.222157749 0.226661151 

RuC2N1-2 -21593.87565 6.233056448 0.226661151 

RuC2N1-3 -21593.57644 6.53226737 0.226661151 

RuC3 -21475.47719 6.962544987 0.235213439 

RuN2 -20821.07624 6.25112943 0.29231618 

RuC1N1 -20703.06705 6.591348372 0.29231618 

RuC2 -20584.72876 7.260671085 0.29231618 
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RuN2-2 -20680.27857 6.566522776 0.230167793 

RuC1N1-2 -20562.16202 7.014099644 0.230167793 

RuC2-2 -20443.96974 7.537415627 0.230167793 

Graphene-N -11373.10418 0.648133417 0.183929655 

 

Table 11. Total energy of configuration with H binding, phonon energy and 

solvation energy for the active site candidates that bind H stably. 

Ru 

Coordinatio

n number 

Model 

Active 

Site 

Candidate 

Sites-H 

Total 

energy (eV) 

Phonon (eV) 

Solvation 

(eV) 

4 RuN4 P-Ru -14070.4849 0.194106971 0.174993926 

4 RuN4 2-C -14068.7693 0.326344503 0.180415417 

4 RuN4 3-C -14069.0263 0.326344503 0.180415417 

4 RuC1N3 P-Ru -13951.734 0.166932401 0.20181984 

4 RuC1N3 2-N -13950.1782 0.352093487 0.136053296 

4 RuC1N3 3-N -13949.9576 0.352093487 0.136053296 

4 RuC1N3 5-C -13950.1283 0.326344503 0.181138457 

4 RuC1N3 6-C -13950.0855 0.326344503 0.181138457 

4 RuC1N3 7-C -13950.2213 0.326344503 0.181138457 

4 RuC1N3 8-C -13950.045 0.326344503 0.181138457 

4 RuC1N3 9-C -13950.2429 0.326344503 0.181138457 

4 RuC1N3 10-C -13950.2092 0.326344503 0.181138457 
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4 RuC2N2-1 P-Ru -13832.7385 0.166932401 0.20181984 

4 RuC2N2-1 1-N -13831.7818 0.352093487 0.136053296 

4 RuC2N2-1 2-C -13831.9921 0.326344503 0.172939105 

4 RuC2N2-1 3-C -13831.5991 0.326344503 0.172939105 

4 RuC2N2-1 

4-C  

(next to 

Ru) 

-13832.74 0.307417048 0.181138457 

4 RuC2N2-1 5-C -13831.548 0.326344503 0.172939105 

4 RuC2N2-2 P-Ru -13832.8326 0.166932401 0.20181984 

4 RuC2N2-2 1-N -13831.5137 0.352093487 0.136053296 

4 RuC2N2-2 2-C -13831.3795 0.326344503 0.172939105 

4 RuC2N2-2 3-C -13831.4682 0.326344503 0.172939105 

4 RuC2N2-2 4-C -13831.4129 0.326344503 0.172939105 

4 RuC2N2-2 

5-C  

(next to 

Ru) 

-13832.3071 0.307417048 0.181138457 

4 RuC2N2-3 P-Ru -13833.1103 0.166932401 0.20181984 

4 RuC2N2-3 1-N -13831.6675 0.352093487 0.136053296 

4 RuC2N2-3 2-C -13831.5115 0.326344503 0.172939105 

4 RuC2N2-3 3-C -13831.5158 0.326344503 0.172939105 

4 RuC2N2-3 4-C -13831.701 0.326344503 0.172939105 

4 RuC2N2-3 5-C  -13832.3721 0.307417048 0.181138457 
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(next to 

Ru) 

4 RuC2N2-3 6-C -13831.5976 0.326344503 0.172939105 

4 RuC3N1 P-Ru -13714.6291 0.166932401 0.160896703 

4 RuC3N1 1-N -13713.6156 0.352093487 0.073998014 

4 RuC3N1 

2-C 

(next to 

Ru) 

-13714.027 0.307417048 0.173092876 

4 RuC3N1 

3-C  

(next to 

Ru) 

-13714.1798 0.307417048 0.173092876 

4 RuC3N1 

4-C  

(next to 

Ru) 

-13714.066 0.307417048 0.173092876 

4 RuC3N1 5-C -13713.2621 0.326344503 0.173092876 

4 RuC3N1 6-C -13712.9057 0.326344503 0.173092876 

4 RuC3N1 7-C -13712.9438 0.326344503 0.173092876 

4 RuC3N1 8-C -13713.4555 0.326344503 0.173092876 

4 RuC3N1 9-C -13712.8657 0.326344503 0.173092876 

4 RuC3N1 10-C -13713.066 0.326344503 0.173092876 

4 RuC4 P-Ru -13595.4882 0.15078184 0.213056832 

4 RuC4 1-C  -13595.7051 0.314131392 0.126477587 
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(next to 

Ru) 

4 RuC4 2-C -13594.6298 0.326344503 0.126477587 

4 RuC4 3-C -13594.4164 0.326344503 0.126477587 

3 RuN3 P-Ru -21847.3803 0.205576313 0.29675007 

3 RuN3 S-Ru -21846.6078 0.207182634 0.37662551 

3 RuN3 4-C -21845.2068 0.326344503 0.315834858 

3 RuN3 5-C -21845.8076 0.326344503 0.315834858 

3 RuN3 6-C -21845.5092 0.326344503 0.315834858 

3 RuC1N2-1 P-Ru -21728.5221 0.15078184 0.332371602 

3 RuC1N2-1 S-Ru -21727.9899 0.207182634 0.332371602 

3 RuC1N2-1 2-N -21726.7905 0.352093487 0.218317583 

3 RuC1N2-1 4-C -21726.9937 0.326344503 0.263878667 

3 RuC1N2-2 P-Ru -21729.2443 0.166932401 0.332371602 

3 RuC1N2-3 P-Ru -21728.6034 0.166932401 0.332371602 

3 RuC2N1-1 P-Ru -21610.483 0.166932401 0.356206262 

3 RuC2N1-1 1-N -21609.3843 0.352093487 0.159613935 

3 RuC2N1-2 P-Ru -21609.8336 0.166932401 0.356206262 

3 RuC2N1-2 S-Ru -21609.8843 0.207182634 0.34301345 

3 RuC2N1-2 

1-C  

(next to 

Ru) 

-21609.9554 0.314131392 0.297967137 
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3 RuC2N1-2 2-N -21608.7553 0.352093487 0.159613935 

3 RuC2N1-2 

3-C  

(next to 

Ru) 

-21609.9888 0.314131392 0.297967137 

3 RuC2N1-3 P-Ru -21610.2499 0.166932401 0.356206262 

3 RuC2N1-3 

1-C  

(next to 

Ru) 

-21610.0456 0.314131392 0.297967137 

3 RuC2N1-3 3-N -21609.1235 0.352093487 0.159613935 

3 RuC3 P-Ru -21491.722 0.15078184 0.297813969 

3 RuC3 S-Ru -21491.5601 0.219606873 0.157180457 

3 RuC3 

1-C  

(next to 

Ru) 

-21491.5544 0.303445414 0.206186346 

3 RuC3 

2-C  

(next to 

Ru) 

-21491.5571 0.303445414 0.206186346 

2 RuN2 P-Ru -20837.8146 0.205576313 0.250417096 

2 RuN2 S-Ru -20837.5044 0.207182634 0.361031572 

2 RuN2 3-C -20835.648 0.326344503 0.235069265 

2 RuC1N1 P-Ru -20836.1717 0.326344503 0.235069265 

2 RuC1N1 S1-Ru -20719.8363 0.166932401 0.250417096 



 177 

2 RuC1N1 S2-Ru -20719.3798 0.207182634 0.361031572 

2 RuC2 S-Ru -20601.4694 0.15078184 0.250417096 

2 RuN2-2 S-Ru -20696.997 0.205576313 0.370923384 

2 RuN2-2 1-N -20696.2257 0.207182634 0.370923384 

2 RuC1N1-2 P-Ru -20695.0382 0.326344503 0.235069265 

2 RuC1N1-2 S1-Ru -20578.9705 0.166932401 0.370923384 

2 RuC1N1-2 S2-Ru -20578.2109 0.207182634 0.370923384 

2 RuC2-2 S-Ru -20460.7627 0.15078184 0.370923384 

N/A 

N-doped 

graphene 

1-N -11386.9734 0.352093487 0.002929768 

N/A 

N-doped 

graphene 

2-C -11388.216 0.326344503 0.187725371 

N/A 

N-doped 

graphene 

3-C -11387.6512 0.326344503 0.187725371 
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Figure 18. Energy diagram of different RuCxNy structures from first principles 

calculations. The X-axis is reaction free energy of hydrogen binding, the negative 

values indicate strong binding while positive values indicate weak binding. The dark 

blue range indicates the candidate active sites with the best activity. Y-axis is 

formation energy of each configuration, where a more positive value signifies a 

structure that is more difficult to form. The colors denote candidate active sites: H 

binds to ruthenium atom along the perpendicular direction to the plane (black), 

carbon atom next to the ruthenium (yellow), carbon atom next to nitrogen (green), or 

carbon atom far away from ruthenium and nitrogen atom (purple), respectively. The 
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note records the data point from certain structure, number records the possible active 

site. The version with complete RuCxNy configurations can be found in figure 19 and 

the structures can be found in figure 20.  

From Figure 18 and 19, there are two points that warrant special attention here: (a) 

structural stability increases in the order of 2-coordinate< 3-coordinate< 4-coordinate; 

and (b) N-coordination leads to a lower formation energy than C-coordination. Note 

that whereas the RuN4 moiety exhibits the lowest formation energy, ca. 3 eV lower 

than that of RuC4, among the possible structural configurations of RuCxN4-x
32, 51, 55 the 

large | GH*| of the Ru and N sites suggest that it is unlikely the catalytic active site 

(figure 21).  

However, one can see from figure 18 that none of the RuN4 sites is located in the 

dark blue region, where hydrogen adsorption free energy (ΔGH*) is close to 0 

(|ΔGH*|<0.5 eV), a condition favored for HER. For RuN4, the Ru site shows a ΔGH* of 

‒0.58 eV, suggesting strong binding of H such that hydrogen intermediates are 

difficult to remove from the catalyst surface, whereas H binding to the nitrogen sites 

of RuN4 is not stable, and the neighboring carbons to the RuN4 sites exhibit a very 

high ΔGH* of +1.0 to +1.3 eV, also energetically unfavorable for H binding. 

Meanwhile, this result also consistent with Choi et al.'s work, which agreed with that 

neither RuN4 nor RuC4 could be the active site.55 

More favorable coordination configurations can be identified for HER from figure 

18. First of all, when H binds to Ru in the 4-coordinated system of RuC4-xNx, H can 

only bind to Ru along the perpendicular direction (black) and the binding energy is 
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too negative for most of the configurations. However, for the undersaturated RuC3-

xNxand RuC2-xNx systems, the low-coordinated Ru affords space for H binding to Ru 

in an in-plane fashion (red), where the ΔGH* values are favorable for HER (the 

perpendicular and in-plan binding of H to Ru can be seen in figure 22). Second, the N 

sites can not only reduce the formation energy, but also stabilize in-plane H binding 

in the 2- and 3-coordinated systems, in particular, when H binds to the vacancy site 

opposite to N (e.g., S1 in RuC1N1-1 and RuC1N1-2 verses S2 in RuC1N1-1 and 

RuC1N1-2) (figure 20 and table 9). Interestingly, it is unlikely that N is the active 

site, because it either binds H too weakly or cannot have stable binding (purple). 

Third, it can be seen that some carbons adjacent to Ru may have good activity 

(yellow). However, such active sites are stable only when the coordination number is 

3 or 4, e.g., RuC2N2-1, RuC2N2-2, and RuC1N2-1, but not for the 2-coordinate 

systems. Other C sites show only weak H binding and are unlikely to be the HER 

active sites (green). Lastly, for Ru-free nitrogen-doped graphene (figure 18), it can be 

seen that both the N and C sites bind H too weakly, corresponding to low HER 

activity, in good agreement with experimental results (figure 17). In summary, for 

Ru,N-codoped carbons, the HER active sites are most likely the Ru atoms and/or 

adjacent C atoms. 

From the candidate active sites (green in table 9), one can see that some even exhibit 

a binding energy close to zero, indicating that such configurations might contribute 

significantly to the high HER performance observed experimentally (figure 15). 

Among these, we can see that RuC2N2-1(figure 18) represents the optimal structure 
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for high HER activity, considering a combination of low formation energy and close 

to zero ΔGH*. Notably, in a recent study54, ΔGH* was estimated to be ‒0.5 to ‒0.6 eV 

for all facets of Ru nanoparticles, which is much less favorable for HER than the 

active sites of RuCxNy structures discussed above where |ΔGH*| < 0.2 eV (figure 18). 

 

Figure 19. Energy diagram from first principles calculations of all possible 

RuCxNy structures depicted in Figure 20. The X-axis is reaction free energy of 

hydrogen binding, the negative values indicate strong binding while positive values 

indicate weak binding. The dark blue range indicates the candidate active sites with 

the best activity. Y-axis is formation energy of each configuration, where a more 
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positive value signifies a structure that is more difficult to form. The square, triangle 

and circle symbols represent the 2-coordinate, 3-coordinate and 4-coordinate 

structures, while star represents the nitrogen doped carbon. The colors denote 

candidate active sites: H binds to ruthenium atom along the perpendicular direction to 

the plane (black), in the plane (red), carbon atom next to the ruthenium (yellow), 

carbon atom next to nitrogen (green), or carbon atom far away from ruthenium and 

nitrogen atom (purple), respectively.  
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Figure 20. Computational models of Ru-N/Ru-C moieties. 
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Figure 21. Formation energies of different Ru-N/Ru-C moieties as a function of 

N elemental chemical potentials. The range of N chemical potentials is from N in 

N2 (N rich) to N in melamine (N poor). 

Figure 22. Optimized geometric structures of RuN3-P and RuN3-S. RuN3-P and 

RuN3-S refer to H binding to Ru in a perpendicular and in-plane configuration, 

respectively. 

 

In addition, in previous studies6, 13, 30, it has shown that the water dissociation process 

(Volmer reaction, step 1) is the rate-determining step for HER in alkaline media 
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(figure 6). Therefore, understanding the reaction pathway and kinetic barriers is 

critical for uncovering the reaction mechanism. We computed the reaction barrier and 

transition state of the water dissociation step through the CI-NEB method34, as shown 

in Figure 23. Two possible pathways from the Volmer’s step are identified, with 

hydrogen binding to ruthenium or the carbons adjacent to ruthenium, respectively. 

The corresponding reaction barriers along the configuration coordinates are shown in 

figure 24. In the initial state, after geometric optimization, the oxygen atom of H2O 

points to ruthenium at a distance of 2.29Å (figure 6a). Then, in pathway 1, oxygen 

binds to the ruthenium atom, and one of the O-H bonds becomes elongated from 0.98 

Å to 1.39Å, as a transition state that has an energy 0.90 eV higher than the initial state 

(figure 6b). After entropy correction, zero-point energy correction, and solvation 

energy correction56, this pathway shows an energy barrier of 0.68 eV referenced to 

bulk water(details in table 12-13). Finally, the OH group settles onto the Ru atom, 

while H binds to an adjacent carbon atom (figure 6c). This structure shows an energy 

0.18 eV higher than that of the initial state, indicating that pathway 1 is slightly 

unfavorable for H binding. In pathway 2, oxygen approaches the ruthenium site, and 

one of the hydrogen atoms also turns to bind. This transition state is shown in figure 

6d. The total energy is 0.88 eV higher than that of the initial state; after corrections, 

the reaction barrier is only 0.59 eV, suggesting a favorable process for HER. 

Consistently, with OH and H binding to the same ruthenium site, the final state 

(figure 6e) is ‒0.23 eV lower than that of the initial state, indicative of favorable of H 

binding. Taken together, we can see that these two pathways exhibit similar reaction 
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barriers and hence similar kinetic rates, and both the ruthenium and neighboring 

carbon most likely serve as the active sites, consistent with results from calculations 

discussed above. Remarkably, the reaction barrier of the structure is comparable to 

results in previous studies with Pt single atom catalysts (0.5-0.8 eV),but lower than 

that for Pt nanoparticles (0.8-1.0 eV)30, 57, indicating competitive HER activity by 

such carbon-based catalysts, as manifested in experimental studies. We also 

computed the grand free energy under cathodic condition at a constant negative 

electrochemical potential along with the implicit solvation model57 (see the 

computational method section for details). We found neither the barriers nor the 

reaction energies varied appreciably (< ~0.1 eV), as compared to the results obtained 

under the constant charge condition (table 14), and the optimized geometry remained 

virtually identical. 

 

Figure 23. Reaction barriers and reaction pathways of Volmer’s step at the 

RuC2N2-1 structure calculated by the CI-NEB method. Note that the values in 
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Fig.6 are before solvation and entropy corrections to the free energies. Top view and 

side view of (a) initial state, (b, c) transition state and final state of reaction pathway 

1, (d, e) transition state and final state of reaction pathway 2. The brown, blue, red, 

yellow and white sphere represent C, N, Ru, O and H atoms, respectively. 

 

 

Total energy 

(eV) 

Solvation 

(eV) 

Phonon (eV, 

298K) 

A(H2O) 

(eV) 

Bare surface -13820.76847 0.17839527 0  

Transition 

state -14292.21325 0.103716834 0.540467398  

H2O -471.6674915   0.012411 

     

Barrier 0.676089643    

Table 12. Correction of energy barrier of pathway-1 

 

 

Total energy 

(eV) 

Solvation 

(eV) 

Phonon (eV, 

298K) 

A(H2O) 

eV 

Bare surface -13820.76847 0.17839527 0  

Transition 

state -14292.22949 0.091087131 0.484105673  

H2O -471.6674915   0.012411 
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Barrier 0.590852615    

 

Table 13. Correction of energy barrier of pathway-2 A(H2O) is (free energy-total 

energy) of one water, including the entropy of rotation, translation, and vibration, and 

solvation energy of liquid water 

 

 

 potential at -10 mV potential not considered 

 Barrier eV Reaction 

Energy eV 

Barrier eV Reaction energy 

eV 

Path1 0.94 0.25 0.9 0.18 

Path2 1.05 -0.06 0.88 -0.23 

Table 14 Result of constant potential calculation of barrier and reaction energy 

in 
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Figure 24. Water dissociation barrier for (a) reaction pathway-1 and (b) reaction 

pathway-2. The insets are the structure of the corresponding transition state. The 

colors of elements are: brown for C, blue for N, red for Ru, yellow for O and white 

for H. 

 

Figure 25. Calibration of Ag/AgCl reference electrode in (a) 0.1 M KOH, (b) 1 M 

KOH, and (c) 0.5 M H2SO4. Potential scan rate 1 mV/s. 

 

3.4 Discussion about Ru single atom embedded in C3N4 for hydrogen evolution 



 190 

 

Figure 26. (A) Band structures and (B) projected density of states of C3N4. (C) Band 

structures and (D) projected density of states of C3N4-Ru. Contributions of Ru 4d 

and 5s orbitals to the PDOS are labeled. (E) Calculated Gibbs free-energy (ΔGH*) of 

HER at the equilibrium potential for C3N4 (blue) and C3N4-Ru (red) at various 

bonding sites as labeled in the panel inset. (F) Schematic of interfacial charge transfer 

in C3N4-Ru. Red signals are positive charge and blue signals are negative charge.  

 

DFT calculations were conducted to examine the effect of the incorporation of 

ruthenium ions into the C3N4 matrix on the band structures and Gibbs free energy of 

hydrogen adsorption and reduction. 2 × 2 cells of C3N4 and C3N4-Ru were used for 

the calculations (Figure 27), where a ruthenium ion was bonded to two nitrogen sites, 

as suggested by experimental results. The calculated band structure of C3N4 (Figure 
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26A) suggests an indirect band gap of about 1.3 eV, which is in good agreement with 

results from previous studies.58, 59 In contrast with the semiconducting nature of 

C3N4, the band structure of C3N4-Ru (Figure 26B) shows no band gap, most 

probably because the embedment of ruthenium ions into the C3N4 matrix caused a 

charge transfer between C3N4 and ruthenium ions, as observed in XPS 

measurments.60 This may also explain the quenching of C3N4 photoluminescence. In 

addition, PDOS calculations also show an apparent band gap for C3N4 while it 

vanished for C3N4-Ru (Figure 26C). Obviously, the incorporation of ruthenium ions 

into C3N4 led to redistribution of the electrons, the crossing of the Fermi level with 

the conduction band, and hence enhanced charge mobility and electrical conductivity, 

consistent with electrochemical impedance measurements. These are critical in the 

determination of the electrocatalytic activity.61-63  

Notably, HER typically involves a three-state process, an initial H+ state, an 

intermediate H* state, and ½H2 state as the final product (Figure 26D), and the Gibbs 

free-energy of the formation of the intermediate H* state, |ΔGH*|, can be used as the 

descriptor of the HER performance for different electrocatalysts.64 For an ideal HER 

electrocatalyst, |ΔGH*| should be zero. In the present study, C3N4 was found to 

exhibit a Gibbs free energy of ΔGCH* = +1.16 eV and ΔGNH* = −0.74 eV for the 

labeled carbon and nitrogen bonding sites (Figure 26D inset), respectively. This 

suggests that pyridinic nitrogen possessed much better HER activity than the carbon 

site. When ruthenium ions were incorporated into the C3N4 matrix, interestingly, the 

Gibbs free-energy of these labeled bonding sites becomes ΔGCH* = −0.49 eV, ΔGN1H* 
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= +0.57 eV, ΔGN2H* = +0.56 eV and ΔGRuH* = −0.56 eV. Obviously, the |ΔGH*| 

values all diminished, suggesting that all the label sites in C3N4-Ru are more active 

than the counterparts in C3N4. From these studies, one can see that the incorporation 

of ruthenium ions into C3N4 molecular skeletons drastically enhanced the electrical 

conductivity, and facilitated the adsorption of hydrogen to various binding sites in the 

composites, where the formation of Ru-N moieties played a critical role in enhancing 

the HER performance (Figure 28-30). 

 

 

Figure 27.  Projected density of state of C3N4-Ru with specific contributions from 

Ru 4d and 5s orbitals.  x: E-EFermi, y: DOS(States/eV/cell) 
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Figure 28.  (A) 1×1 and (B) 2×2 cell structures of C3N4. (C) 1×1 and (D) 2×2 cell 

structures of C3N4-Ru. In these cell structures, the labeled atoms are the active sites 

candidates to calculate the Gibbs free-energy (ΔGH*).  
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Figure 29.  Stable hydrogen adsorption on (A) N and (B) C of C3N4 after relax 

calculation. Tops are topic view and bottoms are side view. 

Figure 30.  Stable hydrogen adsorption on labeled (A)  Ru, (B) N, and (C) C of 

C3N4-Ru after relaxing calculations. Tops are topic view and bottoms are side view.  
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3.5 Conclusion  

In summary, Ru,N-codoped carbon nanowires outperforms commercial platinum 

towards HER in alkaline media. The remarkable performance is ascribed to the 

formation of RuCxNy moieties, where the ruthenium centers as well as the C sites 

likely serve as the HER active centers, with hydrogen binding facilitated by the 

coordinating nitrogen sites. By contrast, contributions from ruthenium nanoparticles 

are minor. Results from this study can be exploited for the rational design and 

engineering of ruthenium-based single atom catalysts towards HER in alkaline media. 

In addition, this study highlights the significance of structural characterization at the 

atomic scale in unraveling the mechanistic origin of metal, nitrogen-codoped carbons 

in electrocatalytic reactions.  Similarly, the Ru-N configuration in Ru single atom-

C3N4 structure have obvious HER activity. The Ru can be active sites, and also 

activate the nitrogen atoms in C3N4  structure. 

 

3.6 Experimental section 

Chemicals 

Sodium tellurite (Na2TeO3, 99.5%, Alfa Aesar), melamine (99% Acros Organics), 

hydrazine hydrate (N2H4, 64% v/v, Acros Organics), polyvinylpyrrolidone (PVP, 

K30, USB), sodium hydroxide (NaOH, Fisher Scientific), formaldehyde (37% v/v, 

Acros Organics), ammonia (NH3, 35% in water, Acros Organics), ruthenium chloride 

(RuCl3, Strem Chemicals) and Pt/C (20 wt%, Alfa Aesar) were used as received 
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without further purification. Water was supplied from a Barnstead Nanopure Water 

System (18.3 MΩ cm). 

Synthesis of Te nanowires. Te NWs were prepared by a literature procedure.65 

Typically, 0.18 g of Na2TeO3 and 2 g of PVP were dissolved in 66 mL of Nanopure 

water under vigorous stirring to form a homogeneous solution, into which was then 

injected 6.7 mL of NH3 and 3.3 mL of N2H4. The solution was transferred to a 100 

mL Teflon-lined autoclave container and heated at 180 C for 3 h. The autoclave was 

then cooled down naturally, and the solution was stored in a 4 C refrigerator. 

Synthesis of Te NW-melamine formaldehyde polymer core-sheath nanofibers 

(Te-MF). The preparation of Te-MF has been described previously.42 In brief, 10 mL 

of Te NWs was centrifuged at 3000 rpm for 2 min with the addition of acetone as a 

sinking agent. After washing by water and ethanol for 3 times, Te NWs were 

dispersed in 10 mL of water. Separately, 0.126 g of melamine in 10 mL of water was 

added into a 50 mL round-bottom flask, and the solution was heated at 90 C under 

magnetic stirring, into which were then injected the Te NWs solution, 20 μL of 0.2 M 

NaOH, and 0.53 mL of formaldehyde. The solution was heated at 90 °C for 7 h 

before being cooled down naturally. The product was collected by centrifugation at 

5000 rpm for 5 min, washed with water and ethanol, and dried in a vacuum chamber 

for 24 h. 

Synthesis of ruthenium and nitrogen co-doped carbon nanowires. In a typical 

experiment, 50 mg of Te-MF was dissolved into 30 mL of ethanol under magnetic 

stirring at 350 rpm and heated at 50 C, into which was then added 40 mg of RuCl3. 
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The color of the solution was found to change from blue to brown. The reaction was 

run overnight, and the solids were collected by centrifugation and vacuum-dried. The 

product (Ru-MF) was placed in a tube furnace and heated at a controlled temperature 

(500, 600, 700 and 800 C) for 3 h at a heating rate of 5C/min. The nitrogen flow 

was maintained at 200 cc/min. The sample was denoted as Ru-NC-T with T = 500, 

600, 700 or 800.  

For the control experiment, 5 mg of RuCl3 (1/8 of the amount used for the synthesis 

of the above Ru-NC-T samples) was added instead while other conditions were kept 

the same, and the pyrolysis was carried out at 700 C. This sample was referred to as 

Ru-NC-700 (1/8 Ru). In another control experiment, 5 mg of RuCl3 was reduced by 

an excess amount of NaBH4 in the presence of 10 mg of MF-700 under vigorous 

stirring overnight, where MF-700 was prepared by pyrolysis of Te-MF at 700 C. The 

resulting sample was denoted as Ru NP/MF. 

Characterization 

Transmission electron microscopy (TEM) measurements were carried out with a FEI 

Talos F200X high-resolution transmission electron microscope. Double aberration-

corrected high-angle annular dark field-scanning transmission electron microscopic 

(HAADF-STEM) measurements were carried out with a modified FEI Tiatan 

microscope (TEAM0.5) operated at 300 KV with a HAADF detector. The STEM 

probe semi-angle is 30mrad, at a spatial resolution of 0.05 nm. Electron energy lose 

spectra (EELS) were acquired with a Nion U-HERMS200 microscope operated at 60 

kV. Half convergence angle was set at 20 mrad, and a current was set at 150 pA with 
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dispersion of 0.166 eV/channel. The total integral time for spectral collection was 200 

s. X-ray diffraction (XRD) studies were performed with a SmartLab 9KW X-ray 

diffraction system. Raman spectra were collected with a Thermo Electron 

Corporation DXR Microscope. X-ray photoelectron spectra (XPS) were acquired with 

a PHI-5702 XPS instrument.  

X-ray absorption spectroscopy 

Powder samples were measured in X-ray fluorescence mode with a ruthenium foil 

reference. Ru K-edge EXAFS data were collected from the CLS@APS (Sector 20-

BM) beamline at the Advanced Photon Source (operated at 7.0 GeV) in Argonne 

National Laboratory.All EXAFS measurements were conducted at room temperature 

under ambient pressure. EXAFS data were normalized and then transformed into k- 

and R-space using the Athena program and fitted with the Artemis program with 

conventional procedures66.  A k weighting of 3, k-range of 2.5–13.0 Å−1 and a R-

range of 1.4-2.8 Å was used for all the FT-EXAFS fitting analysis. In the fitting both 

the σ2 and the E0 values of the two paths were correlated to minimize the number of 

independent variables to ensure a reliable fitting. 

Electrochemistry 

Electrochemical measurements were carried out with a CHI 710 electrochemical 

workstation in a conventional three-electrode configuration. A Ag/AgCl electrode in 

0.1 M KCl was used as the reference electrode and a graphite rod as the counter 

electrode. The reference electrode was calibrated against a reversible hydrogen 

electrode (RHE, figure 25) and all potentials in the present study were referred to this 
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RHE. To prepare catalyst inks, 4 mg of the catalysts obtained above was added into 1 

mL of ethanol, 10 L of nafion solution under sonication to form a homogeneous 

solution. 10 L of the inks was then dropcast on a clean glassy carbon disk electrode 

(surface area 0.196 cm2) at a loading of 0.20 mg/cm2.  Electrochemical impedance 

measurements were carried out with a Gamry Reference 600 instrument. IR-

compensation was set at 85% of solution resistance in all measurements. 

Computational method 

Computations were carried out with an open source planewave code Quantum 

ESPRESSO67. A two-dimensional carbon matrix supercell was built on a 6 x 6 unit 

cell for a 4-coordinating Ru/N/C system and an 8 x 8 unit cell for other calculations. 

The vacuum was set as 14 Å to avoid periodic image interactions. The ultrasoft 

pseudopotential68 was adopted with kinetic and charge density cutoff at 40, and 240 

Ry, respectively. A 2 x 2 x 1 Monkhorst-Pack K-point grid was sampled for the 

supercell. The total energy was converged to the accuracy of 1 meV per atom. The 

Marzari Vanderbilt smearing69 was adopted with the smearing parameter at 0.01 Ry. 

The electronic energy was converged to 10-8 Ry and the total force was converged to 

10-4a.u. Spin polarized calculations were considered for all systems. Density function 

perturbation theory (DFPT)70 was employed to calculate the phonon frequency as 

inputs for entropy and zero-point energy (ZPE). The implicit solvation energy 

correction was applied with a newly developed solvation model (CANDLE)71 that has 

been shown to be suitable for various surfaces, with the open source code JDFTx72, 73. 

The energy barrier calculation was carried out by climbing-image nudged elastic band 
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(CI-NEB) method34. The Van Der Waals correction was applied for the images with 

Grimme’s D2 scheme74, 75. The calculation of XANES was performed using the 

XSpectra code76 in the  Quantum Espresso package. The X-ray absorption cross 

section is described by Fermi's Golden rule in the single particle approximation with 

all-electron wavefunctions. The all-electron wavefunctions are reconstructed in the 

framework of projected augmented wave from solutions of isolated atoms. Two 

projectors of each quantum number l were included in PAW to properly reconstruct 

the all-electron wavefunctions. The final-state effect is included by generating a half-

hole or a complete hole in the core of PAW. The spin-orbit coupling in final states 

(bands near Fermi levels) is neglected. The constant potential calculation is 

performed to obtain the grand free energy at the constant electrochemical potential 

along with the implicit solvation model, where the charged surfaces can be effectively 

screened by the ionic response in solution as implemented in JDFTx. Constant 

potential calculation was carried out at  0.01 V vs RHE at pH = 1456, 77. 

The free energy of hydrogen binding is calculated by ΔGH* = ΔE + ΔTS – ΔZPE + 

ΔEsol, where ΔE is the total energy difference, ΔTS is the entropy difference, ΔZPE is 

the zero-point energy difference and ΔEsol is the solvation energy difference. The 

formation energy is calculated by Eformation = Etotal – Σniμi, where n is the number of 

atom i, μ is the chemical potential of atom i. In this case, i can be carbon, nitrogen, 

ruthenium or hydrogen. The original raw data is shown in table 10 and table 11. 
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Chapter 4 Pt and PtCo few atom clusters for oxygen reduction reaction 

 

 

Reproduced with the permission from  (Bingzhang Lu, Qiming Liu, Forrest Nichols, 

Rene Mercado, David Morris, Ning Li, Peng Zhang, Peng Gao, Yuan Ping, and 

Shaowei Chen "Oxygen Reduction Reaction Catalyzed by Carbon-Supported 

Platinum Few-Atom Clusters: Significant Enhancement by Doping of Atomic 

Cobalt", Research, 2020, 9167829.) © 2020 Bingzhang Lu et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 215 

 

 

 

 

 

 

 

4.1 abstract 

Oxygen reduction reaction (ORR) plays an important role in dictating the 

performance of various electrochemical energy technologies. As platinum 

nanoparticles have served as the catalysts of choice towards ORR, minimizing the 

cost of the catalysts by diminishing the platinum nanoparticle size has become a 

critical route to advancing the technological development. Herein, first-principles 

calculations show that carbon-supported Pt9 clusters represent the threshold domain 

size, and the ORR activity can be significantly improved by doping of adjacent cobalt 

atoms. This is confirmed experimentally, where platinum and cobalt are dispersed in 

nitrogen-doped carbon nanowires in varied forms, single atoms, few-atom clusters 

and nanoparticles, depending on the initial feeds. The sample consisting primarily of 

Pt2~7 clusters doped with atomic Co species exhibits the best mass activity among the 

series, with a current density of 4.16 A 𝑚𝑔𝑃𝑡
−1 at +0.85 V vs RHE that is almost 50 

times higher than that of commercial Pt/C. 
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4.2 introduction 

Oxygen reduction reaction (ORR) is an important process for a range of 

electrochemical energy technologies, such as fuel cells and metal-air batteries 1-3. 

Currently Pt nanoparticles (Pt NPs) are the catalyst of choice towards ORR (state-of-

the-art Pt/C catalysts ca. 3 nm in diameter 4), which account for over 50% of the total 

device cost and significantly hamper the widespread commercialization of the 

technologies 5. There are two leading strategies to reduce the catalyst cost. One is to 

develop platinum-free alternatives, such as heteroatom-doped carbon nanocomposites 

6-9. Yet, despite substantial progress in the alkaline media, it remains challenging to 

achieve a viable activity in acid, as compared to Pt/C. The other is to reduce the 

amount of Pt used and hence to diminish the catalyst cost but without compromising 

the electrocatalytic performance 10-13. One intuitive strategy is to reduce the size of Pt 

NPs by taking advantage of the increasing surface-to-volume ratio and hence 

enhanced utilization of the Pt atoms. For instance, Pt12 clusters (dia. 0.9 nm) have 

been found to outperform Pt28 (1.0 nm) and Pt60 clusters (1.1 nm) towards ORR, with 

a mass activity one order of magnitude higher than that of commercial Pt/C 14. One 

may argue then that Pt single atom catalysts (SACs) would be the ultimate solution, 

thanks to the maximal atomic utilization 15. Yet, Pt SACs exhibit mostly a limited 

ORR activity, whereby O2 undergoes 2-e reduction to H2O2, rather than the 4-e 

pathway to H2O 16, 17. This has been observed with Pt SACs supported on a wide 

range of substrate matrices, such as TiC/TiN 18, 19, reduced graphene oxide 16, S-

doped carbon 17, N-doped carbon 20, etc. The limited ORR performance of Pt SACs, 
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in comparison to that of Pt NPs, is primarily accounted for by the isolated binding 

sites that render it energetically difficult to adsorb oxygen and to break the O-O bond 

15, 21. However, the mechanistic details remain under active debates, and the threshold 

of the Pt domain size for ORR has been largely unexplored.  

Note that for conventional Pt NP catalysts, alloying with a second, non-noble metal is 

an effective strategy to enhance the ORR activity, primarily due to electronic and 

geometric effects 22, 23. For instance, Stamenkovic et al. 24 observed that 3d transition-

metals can shift the d-band center of Pt and manipulate the ORR activity. Strasser et 

al. 25 discovered that lattice strain of Pt alloys can significantly weaken oxygen 

adsorption and enhance the ORR activity. Note that alloying also leads to a reduced 

loading of Pt in the nanoparticle catalysts, a key factor to enhance the mass activity 26. 

For instance, Strasser et al. 27 observed a significant  improvement of the ORR mass 

activity with PtCo as compared to Pt. In another study, Liu et al. 28 synthesized a  

Pt3Co alloy NP (dia. 5.6 nm) catalyst with an ultralow Pt loading of 2.7 wt%, which 

exhibited a mass activity several hundred times better than that of commercial 20 

wt% Pt/C, due to the synergistic interaction between Pt3Co NP and CoN4 within the 

carbon matrix. Yet, to the best of our knowledge, there have been no studies of 

alloying at the Pt few-atom or single-atom level thus far. This is the primary 

motivation of the present study.  

Herein, we first carried out first-principles calculations and examined and compared 

the ORR activities of various Pt sites in a range of domain size. The results show only 

limited ORR activity with subnanometer-sized Pt clusters and Pt SACs, as compared 
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to Pt slab, primarily due to their inability to adsorb oxygen. Yet the addition of 

neighboring Co atoms can significantly boost the electrocatalytic performance. These 

theoretical findings were indeed confirmed in experimental measurements with two 

sets of nanocomposite samples, Pt and Pt/Co few-atom clusters supported on 

nitrogen-doped carbon. Among the series, Pt2~7 clusters doped with Co atomic species 

stood out as the optimal catalyst with a mass activity 48 times that of commercial 

Pt/C. This is ascribed to the synergistic interactions between Pt and adjacent Co. 

4.3 Result and discussion 

4.3.1 First-principles calculations.  

ORR is a multiple electron reaction process, typically involving the following steps 

29-31, 

* + O2 + H++ e- → OOH*    (1)   ΔG1 

OOH* + H+ + e- → O* + H2O     (2)   ΔG2 

O* + H+ + e- → OH*      (3)   ΔG3 

OH* + H+ + e- → H2O + *       (4)   ΔG4 

where * represents the active site. The ORR activity has been argued to be most likely 

limited by two reactions, the first-electron reduction of oxygen (eq. 1) and reduction 

of adsorbed hydroxy to water and its desorption from the catalyst surface (eq. 4). 

Figure 1a depicts the calculated Gibbs free energy of the rate determine step (ΔGRDS, 

which is defined as the highest of the four ΔG’s, Table 1) in ORR, catalyzed by Pt 

clusters of different sizes (Ptx, x = 1 to 9, black squares) supported on nitrogen-doped 
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carbon, in comparison to that of a Pt slab (Figure 2). One can see that ΔGRDS 

decreases monotonically with increasing Pt domain size and becomes largely leveled 

off at Pt9 (from 1.13 eV for Pt1 to 0.17 eV for Pt9, as compared to 0.14 eV for Pt slab) 

(Figure 2), indicating that large NPs, rather than SACs, are preferred for ORR. For a 

Pt single atom (Figure 1d), a high ΔGRDS is observed at 1.13 eV, indicating 

unfavorable oxygen reduction activity. ΔGRDS decreases slightly to 1.10 eV for 

dimeric Pt2 (Figure 2). Yet, the addition of a third Pt atom to form trimeric Pt3 leads 

to a marked decrease of ΔGRDS to 0.62 eV at the central Pt atom. Further decrease of 

ΔGRDS can be seen with a continuing increase of the Pt domain size; interestingly, 

ΔGRDS of Pt9 (ca. 0.9 nm in diameter, Figure 1f and Figure 2) diminishes to only 0.17 

eV at the center and edge atoms, which is very comparable to that (0.14 eV) of Pt 

slab. 
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Figure 1. Results of DFT calculations of Pt and Pt-Co clusters of different sizes 

embedded in a nitrogen-doped carbon matrix. The potential is set to +0.90 V vs RHE. 

(a) Gibbs free energy of the rate determine step (ΔGRDS) versus platinum clusters of 

different sizes (Ptx). (b) Gibbs free energy of the first-electron reduction (ΔG1) versus 

platinum clusters of different sizes (Ptx). The dark blue regions in (a) and (b) indicate 

the range of optimal energy for ORR. (c) Correlation between adsorption free energy 

of OOH* and OH* intermediates on Pt sites on carbon (black squares), Pt-Co sites in 

carbon (red squares) and Pt slabs (blue line). (d-g) Wavefunction module square of 

selected configurations of Pt and Pt-Co in carbon near the Fermi level with an 

isosurface value of 0.001 e/au3. (h-k) The corresponding density of states (DOS) of 
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configurations (d-g). The Pt, Co, N and C atom are denoted by red, green, grey and 

brown balls, respectively 

Table 1. Gibbs free energies of each step in ORR for a range of Pt-NC and PtCo-

NC configurations as shown in Figure 2 at the potential of +0.9 V. The rate 

determined steps (RDS) are marked as red. 

# of 

Pt+Co 

# of Pt configuration ΔG1 (eV) ΔG2 (eV) ΔG3 (eV) ΔG4 (eV) 

1 1 Pt 1.132 0.204 -1.143 -1.512 

2 2 PtPt 1.10 - - - 

2 1 PtCo 0.437 -2.407 0.425 0.226 

2 1 PtCo* 1.07 - - - 

3 3 Pt3 0.619 -0.729 -0.498 -0.712 

3 1 Pt1Co2 -0.165 -1.538 0.204 0.179 

3 2 Pt2Co1 -0.316 -1.571 0.185 0.393 

4 4 Pt4 0.741 - - - 

4 1 Pt1Co3 0.638 - - - 

4 2 Pt2Co2 -1.821 -0.522 0.639 0.384 

4 2 Pt2Co2 0.909 - - - 

4 2 Pt2Co2* -1.016 -1.607 0.729 0.575 

4 3 Pt3Co1 0.703 -1.603 -0.403 -0.016 

6 6 Pt6 -0.167 -1.829 0.505 0.171 

6 6 Pt6 -0.033 -1.975 0.517 0.171 

6 1 Pt1Co5 0.352 -3.474 1.254 0.548 

6 1 Pt1Co5* -0.69 -2.18 1.209 0.345 

6 3 Pt3Co3 0.325 -1.374 -0.1 -0.171 

6 3 Pt3Co3 -0.585 -1.87 0.479 0.655 
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6 3 Pt3Co3 -0.384 -1.711 0.401 0.375 

6 3 Pt3Co3 -0.031 -1.248 -0.158 0.118 

6 5 Pt5Co1 -0.008 -2.935 0.343 1.28 

6 5 Pt5Co1* -1.152 -0.111 -0.077 0.021 

9 9 Pt9 0.167 -1.456 0.016 -0.046 

9 9 Pt9 -0.187 -1.062 -0.128 0.057 

9 1 Pt1Co8 0.065 -1.46 0.145 -0.071 

9 5 Pt5Co4 -1.786 -1.534 2.1 -0.1 

9 8 Pt8Co1 -0.091 -1.347 0.014 0.105 

9 8 Pt8Co1* 0 -1.224 -0.14 0.044 

slab slab Pt 0.139 -0.71 -0.535 -0.215 
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Figure 2. Structural configurations of Pt and PtCo in varied domain size embedded in 

nitrogen-doped graphene. The red, green, grey and brown balls represent Pt, Co, N 

and C atoms, respectively.   

 

 

This suggests that the domain size of Pt should be at least 9 atoms (ca. 0.9 nm in 

diameter) for optimal ORR activity. Interestingly, incorporation of an adjacent Co 

atom forming a Pt-Co pair significantly enhances the ORR activity. The red squares 

in Figure 1a are the ΔGRDS of a range of configurations containing a varied number of 

Co and Pt (Figure 2-4). One can see that these PtCo sites all exhibit a markedly lower 

ΔGRDS than the corresponding Pt counterparts, suggesting that the ORR activity of Pt 

clusters can be readily activated by neighboring Co, and the enhancement becomes 

drastically intensified with an increasing number of the Pt-Co pairs. For instance, for 

the simplest structure of a Pt-Co dimer (Pt1Co1, Figure 1e and Figure 2), ΔGRDS is 

only 0.43 eV, markedly lower than those of monomeric Pt1 (1.13 eV, Figure 1d) and 

dimeric Pt2 (1.10 eV, Figure 2). For a linear trimer, Pt1Co2 (Figure 3) exhibits a low 

ΔGRDS of 0.20 eV, as compared to Pt3 (0.62 eV) and Pt2Co1 (0.39 eV). Notably, for an 

even larger cluster such as Pt1Co8 (Figure 1g and Figure 2), with Pt fully coordinated 

with Co, ΔGRDS is as low as 0.14 eV, very comparable to that of a Pt slab. 
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Figure 3. Linear trimers of metals in nitrogen-doped graphene: (a) Pt3, (b) Pt2Co1, 

and (c) Pt1Co2. The red, green, grey and brown balls represent Pt, Co, N and C atoms, 

respectively.   

 

Importantly, such activation can not only occur for Pt single atoms (Pt1Coy, y ≥ 1), 

but also for larger Pt domains (PtxCoy, x ≥ 2 and y ≥ 1). For example, Pt2Co1 (Figure 

3) shows a ΔGRDS of 0.39 eV, much lower than that of dimeric Pt2 alone (1.10 eV). 

For larger clusters, one Pt3Co3 configuration shows a ΔGRDS of only 0.12 eV, less 

than 1/5 of that (0.62 eV) of Pt3; in the Pt5Coy series, the central Pt atom of Pt5Co1* 

displays a ΔGRDS of only 0.02 eV, drastically below those of Pt4 (0.74 eV) and Pt6 

(0.51 eV); and in Pt8Coy, the ΔGRDS for the center atom of Pt8Co1* is 0.05 eV, also 

significantly lower than those of Pt6 (0.51 eV) and Pt9 (0.15 eV). Among these 

various systems, the middle Pt sites (Figure 4) of Pt5Co1*, Pt1Co8 and Pt8Co1* show a 

remarkably low ΔGRDS of 0.02 eV, 0.15 eV and 0.04 eV, very close to or even lower 

than that of the Pt slab.  In these, the Co-Pt distance is a critical parameter. For 

example, when the Co-Pt distance is increased from 2.27 Å (direct Pt-Co bonding) to 

4.01 Å (non-direct bonding) (Figure 6), ΔGRDS of the Pt site increases accordingly 
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from 0.43 to 1.07 eV, similar to that for Pt1 alone (without Co, Figure 1d). These 

configurations can be found in Figure 2 and their activities are summarized in Table 

1. 

 

Figure 4. Structures of Pt5Co1*, Pt1Co8 and Pt8Co1* with the center Pt atoms 

highlighted by the blue arrow. The red, green, grey and brown balls represent Pt, Co, 

N and C atoms, respectively.   

 

 

Figure 5. OOH* intermediate adopts a bridge binding fashion on a PtCo dimer. 
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Figure 6. PtCo with or without a direct bonding linkage in a nitrogen-doped graphene 

matrix. The distance between Co (green) and Pt (red) is 2.27 Å for direct bonding 

(left) and 4.01 Å for non-direct bonding (right). 

Figure 1b depicts the corresponding Gibbs free energy of the first-electron reduction 

of oxygen (ΔG1, eq. 1). One can see that ΔG1 is positive for small Pt domains (x < 6, 

black squares), far above the optimal energy of ca. -0.3 eV to 0.0 eV 32 that is 

highlighted in dark blue, signifying energetically unfavorable adsorption of oxygen. 

Yet, at any Pt domain size, the incorporation of adjacent cobalt atoms leads to a 

marked shift of ΔG1, some very close to the blue region and some others even below. 

This is likely because of the formation of Pt-Co bonding pairs that facilitate bridge-

adsorption of oxygen, which decreases the reaction energy (Figure 5); and some 

configurations are even so oxytropic that they can spontaneously break the O-O bond 

during this first-electron reduction of oxygen (e.g., Pt3Co3, Figure 2), leading to a 

negative ΔG1. Moreover, based on the adsorption energy of the OOH* and OH* 

intermediates, small Pt-Co clusters can be found to deviate from the linear 

relationship, as shown in Figure 1c, where the energies of a number of configurations 

(red squares) are randomly scattered away from the line calculated for the Pt slab. 

Note that the linear relationship has been observed extensively in prior studies with 

large Pt NPs 29, 30, 33. Breaking of the linear relationship has been reported with Pt 

SACs, which show unexpected ORR activity 34. 
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To better understand the role of cobalt and platinum in these bimetallic catalyst 

configurations, from the viewpoints of electronic structure and chemical bonding, the 

projected density of states (DOS) near the Fermi level was then calculated for several 

typical candidate structures (Figure 1d-g). For isolated Pt1 embedded within N-doped 

carbon, the wavefunction near the Fermi level has no contribution from the Pt atom, 

but mainly resides at the neighboring N and C sites instead (yellow regions in Figure 

1d); moreover, the DOS is low near the Fermi level, with almost no contribution from 

the Pt 5d orbital (Figure 1h). This indicates that isolated Pt1 have no activated 

electrons to participate in reactions, in agreement with the low ORR activity observed 

experimentally. By contrast, for the dimeric Pt1Co1 pair (Figure 1e and 1i), there is an 

apparent contribution of the Co 3d orbital to the DOS and wavefunction near the 

Fermi level, and an obvious overlap between the Pt 5d and Co 3d orbitals, making the 

Pt site much more favorable for oxygen adsorption than Pt single atom alone. Two 

other extreme cases with six-coordinated Pt should also be noticed. For a Pt9 cluster 

supported in N-doped carbon (Figure 1f and 1j), the activity of the central and edge Pt 

atoms is better than or very close to that of the platinum slab (ΔGRDS = 0.06 eV and 

0.17 eV, respectively, vide ante). The wavefunction near the Fermi level is distributed 

over the Pt atoms, and the Pt 5d orbital contribution to the DOS near the Fermi level 

leads to favorable oxygen adsorption. Pt1Co8 is another case (ΔGRDS = 0.15 eV) with 

six Co-coordinated Pt. Both the platinum and cobalt atoms contribute to the large 

DOS near the Fermi level, which can be also seen in the wavefunction that is 
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distributed over Pt and Co at the Fermi level, further enhancing platinum’s ability for 

oxygen adsorption as well as improving electrical conductivity (Figure 1g and 1k).  

Bader charge is adopted to analyze the charge distribution on the individual atoms 

within the system. One can see a significant charge gain on the Pt atom as a result of 

Pt-Co direct bonding interactions. As shown in Figure 6 and Table 2, for the Pt-Co 

pair, the Pt charge has ca. 0.4 e atom-1 more than that of an isolated Pt atom or a Pt 

atom not directly bonded with Co (PtCo* in Figure 6). This further explains that the 

direct bonding between Co and Pt improves the activity much more than non-direct 

bonding case as discussed earlier. The charge on the Co atom does not have a 

significant difference, as compared with isolated Co atoms in carbon. This charge 

gain of Pt is also confirmed by XAS and XPS measurements (vide infra). 

Table 2. Bader charges of selected structures in Figure 2.  

 PtCo PtCo* 

Pt single 

atom 

Co single 

atom 

Pt1Co8 

Pt 15.564 15.146 15.162  16.72 

Co 16.221 16.103  16.054 16.3-16.6 

 

Taken together, results from these calculations suggest that (a) in order to attain a 

reasonable ORR activity, the Pt domain must reach a minimum sizes (e.g., x ≥ 9); and 

(b) neighboring Co can substantially influence the electronic structure of the Pt atoms 

and facilitate oxygen adsorption, but only when Pt and Co are directly bonded. 

Within this context, two sets of catalysts based on carbon-supported Pt and PtCo 
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clusters are synthesized, where the activity trends are indeed consistent with the 

theoretical prediction. From these, the platinum mass activity for ORR is maximized. 

 

Figure 7. Schematic of the preparation of the Pt-NC and PtCo-NC samples. 

 

4.3.2 Sample synthesis and structural characterization.  

The preparation of the samples is schematically shown in Figure 7. Te NWs were 

used as thermally removable templates and coated with an MF resin shell that served 

as the carbon and nitrogen sources 35-37. A different amount of PtCl4 (and CoCl2) was 

then added to the resulting core@shell composite (Te-MF), and subsequent pyrolysis 

of the mixtures at 900 C led to the formation of nitrogen-doped carbon nanowires-

supported Pt (PtCo) 32, 38. Four samples of each series were prepared, which were 

denoted as Pt-NC-1, Pt-NC-2, Pt-NC-3 and Pt-NC-4 for the samples containing only 

Pt, and PtCo-NC-1, PtCo-NC-2, PtCo-NC-3 and PtCo-NC-4 for those containing both 

Pt and Co. The concentration of the PtCl4 precursor was kept the same for samples 
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with the sample number (e.g., Pt-NC-1 and PtCo-NC-1 were prepared at the same 

PtCl4 concentration). ICP-OES measurements show that the Pt contents in the final 

samples were also close, ca. 0.25 wt% for both Pt-NC-1 and PtCo-NC-1, 0.41 wt% 

for Pt-NC-2 and 0.50 wt% for PtCo-NC-2, 1.39 wt% for Pt-NC-3 and 0.95 wt% for 

PtCo-NC-3, and 4.75 wt% for Pt-NC-4 and 6.29 wt% for PtCo-NC-4 (Table 3). Note 

that these are all significantly lower than that in state-of-the art Pt/C (20 wt%). 

Table 3. Elemental analysis of the Pt-NC and PtCo-NC samples by ICP-OES 

measurements 

sample Pt %wt sample Pt wt% Co wt% 

Pt-NC-1 0.25 PtCo-NC-1 0.25 0.5 

Pt-NC-2 0.414 PtCo-NC-2 0.505 1.119 

Pt-NC-3 1.391 PtCo-NC-3 0.954 2.638 

Pt-NC-4 4.753 PtCo-NC-4 6.292 4.069 
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Figure 8. TEM studies of Pt-NC and PtCo-NC nanowires. (a-c) HAADF-STEM of 

Pt-NC-3. Insets to (b) are the EELS spectra at three selected areas. In (c), yellow 

circles signify Pt single atoms, blue circles highlight few-atom Pt2~7 clusters, red 

circles denote Pt9 or larger clusters with a diameter of ca. 0.9 nm. (d) HAADF-STEM 

of Pt-NC-4. (e) High-resolution TEM image of a Pt NP of Pt-NC-4. EDS elemental 

mapping studies of (f) Pt-NC-3 and (g) PtCo-NC-3. High-resolution TEM images of 

the (h) Pt-NC and (i) PtCo-NC samples 



 233 

 

The obtained samples were first characterized by TEM measurements (Figure 8). 

Panel (a) shows a representative TEM image of Pt-NC-3. One can see that the 

nanowires have a diameter of ca. 40 nm and length of several microns, with only a 

handful of NPs, suggesting that Pt was mostly in the forms of few-atom clusters and 

single atoms. Figure 8b shows the corresponding elemental mapping analyses based 

on EELS measurements. It can be seen that the signals of the Pt O2,3 edge (ca. 50 eV), 

C K edge (ca. 284 eV) and N K edge (ca. 401 eV) are all prominently higher on the 

nanowires (zone 2, red curves) than in the background (zone 1, yellow curves; and 

zone 3, blue curves), indicating that Pt was embedded in the nitrogen-doped carbon 

structure. Figure 8c is a HAADF-STEM image of Pt-NC-3, where isolated Pt atoms 

(yellow circles) can be found throughout the carbon matrix, along with a number of 

few-atom clusters (Pt2~7, blue circles) and a few larger clusters (Pt≥9, red circles), 

which are good representations of the calculation models (Ptx) in Figure 2.  

Notably, for samples prepared at lower Pt loadings (i.e., Pt-NC-1 and Pt-NC-2), no Pt 

NPs can be found (Figure 8h and Figure 9), suggesting that Pt is mostly dispersed 

within the carbon matrix as few-atom clusters and/or isolated atoms. Yet for Pt-NC-4, 

which was prepared with a PtCl4 concentration 5 times that for Pt-NC-3, one can see 

that a number of Pt NPs (dia. 5 nm) were formed on the carbon nanowires (Figure 8d-

e), which exhibit clearly defined lattice fringes with the interplanar spacings of 0.141, 

0.201, and 0.234 nm due to the (110), (001), (111) vectors of the {110} facet of fcc Pt 

(card 00-001-1190).39  
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Figure 9. TEM images of the Pt-NC series: (a) Pt-NC-1, (b) Pt-NC-2, (c) Pt-NC-3 

and (d) Pt-NC-4. Scale bars all 50 nm. 

 

It is worth noting that the addition of Co did not lead to an apparent variation of the 

overall sample morphology. This is manifested in elemental mapping analysis of the 

Pt-NC-3 (Figure 8f) and PtCo-NC-3 (Figure 8g) samples, where the elements of C, N, 

O, and Pt can all be readily identified and dispersed in the nanowires (Co in PtCo-

NC-3). Similar to the Pt-NC series, for PtCo-NC-1 and PtCo-NC-2 (Figure 8i and 

Figure 10), the metal species are dispersed within the carbon skeletons as isolated 

atoms and/or few-atom clusters, and NPs started to emerge in PtCo-NC-3 and became 

prominent in PtCo-NC-4 (at even higher metal loadings, NPs became the dominant 

species in the samples, Figure 11). 

Figure 10. TEM images of the PtCo-NC series: (a) PtCo-NC-1, (b) PtCo-NC-2, (c) 

PtCo-NC-3 and (d) PtCo-NC-4. Scale bars all 50 nm. 
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Figure 11.  TEM images of (a) Pt and (b) PtCo nanoparticles on carbon nanowires. 

The samples are prepared with a Pt concentration 5 times than that of Pt-NC-4 (and 

PtCo-NC-4). Scale bars 50 nm. 

The atomic configurations of the metal centers were then examined by XAS 

measurements. Figure 12a shows the Pt L3-edge X-ray absorption near-edge structure 

(XANES) spectra of Pt-NC-1, Pt-NC-3, PtCo-NC-1, PtCo-NC-3 and Pt foil. Pt-NC-1 

and PtCo-NC-1 can be seen to show a stronger white line (i.e., the first peak 

following the absorption edge) than the others, indicating a higher oxidation state of 

Pt, which is consistent with that of Pt single atoms in a carbon matrix 40-42. For Pt-

NC-3 and PtCo-NC-3 the absorption edge is higher than that of the Pt foil, but lower 

than those of Pt-NC-1 and PtCo-NC-1. This can be accounted for by the partial 

clustering of Pt and Co, which led to a reduced Pt oxidation state, as compared to that 

in Pt-NC-1 and PtCo-NC-1. Notably the white line of Pt-NC-3 is somewhat stronger 

than that of PtCo-NC-3, likely due to electron transfer from Co to Pt in the latter. The 

corresponding XANES spectra of the Co K-edge are shown in the Figure 12b. 

Consistently, PtCo-NC-1 and PtCo-NC-3 exhibit a stronger white line at Co K-edge 
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than the Co foil, and the pre-edge peak disappears, where the Co oxidation state is 

consistent with the formation of Co single atoms and few-atom clusters. Furthermore, 

the fact that PtCo-NC-3 shows a weaker white line and a more intense pre-edge 

feature at Co K-edge than PtCo-NC-1 suggests that clustering of Pt and Co atoms was 

more prominent in PtCo-NC-3 than in PtCo-NC-1. 

 

Figure 12. Spectroscopic characterization of the Pt-NC and PtCo-NC samples. (a) Pt 

XANES spectra of Pt-NC-1, Pt-NC-3, PtCo-NC-1and PtCo-NC-3.(b) Co XANES 

spectra of PtCo-NC-1 and PtCo-NC-3 (c) Pt FT-EXAFS spectra of Pt-NC-1, Pt-NC-

3, PtCo-NC-1 and PtCo-NC-3. (d) Co FT-EXAFS spectra of PtCo-NC-1 and PtCo-

NC-3 

The relevant Fourier-transform EXAFS spectra of Pt are shown in Figure 12c. Fitting 

of the EXAFS data (Table 4) yields a Pt-N bond of ca. 2.0 Å for the Pt-NC-1, PtCo-

NC-1, Pt-NC-3, and PtCo-NC-3 samples,43 in agreement with EELS study (Figure 
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8b). This is consistent with results obtained from DFT calculations, where the Pt-N 

bond length is found to be 1.95 Å - 2.08 Å in different configurations (Figure 2). Note 

that no Pt-Pt bond can be identified in the Pt-NC-1 and PtCo-NC-1 samples, 

consistent with atomic dispersion of Pt within the carbon skeletons. Furthermore, the 

coordination number (CN) of Pt-N is estimated to be 3.5 for Pt-NC-1 and 3.6 for 

PtCo-NC-1, suggesting that Pt is mostly embedded with the carbon matrix in the form 

of PtN3~4 (Figure 1d).  

Table 4. EXAFS fitting results 

sample element bond CN  R (Å) σ2 (Å) 

x10-3 

E0 (eV) R factor 

Pt-NC-1 Pt Pt-N 3.5(9) 1.99(2) 7(4) 9(3) 0.0137 

Pt-NC-3 Pt 

Pt-N 2.9(4) 1.99(2) 6(3) 10(1) 0.0105 

Pt-Pt 2(1) 2.71(3) 3(5) -1(5) 0.0105 

PtCo-NC-1 

Pt Pt-N 3.6(3) 2.001(9) 7(1) 9.4(8) 0.0108 

Co 

Co-N 8(3) 2.03(4) 17(7) -6(4) 0.0228 

Co-Pt 3(1) 2.81(3) 7(5) -6(4) 0.0228 

PtCo-NC-3 

Pt 

Pt-N 1.7(8) 1.95(5) 7(3) 7(4) 0.0242 

Pt-Co 3(2) 2.65(2) 7(3) 7(4) 0.0242 

Pt-Pt 5(3) 2.68(5) 7(3) 7(4) 0.0242 

Co 

Co-N 1.6(3) 1.94(2) 3(2) -5(3) 0.0242 

Co-Co 1.8(4) 2.50(2) 3(2) -5(3) 0.0242 

Co-Pt 1.8(4) 2.65(2) 3(2) -5(3) 0.0242 

 

For Pt-NC-3 and PtCo-NC-3, an additional bond can also be resolved at ca. 2.65 Å, 

which likely arise from the Pt-Pt/Pt-Co linkages — note that for the Pt foil, the Pt-Pt 

bond length is 2.76 Å, with a CN of 12 44, 45. For Pt-NC-3, the CN of Pt-N is 

estimated to be 2.9, and that for Pt-Pt is ca. 2.0, consistent with partial clustering in 
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the sample forming nitrogen-terminated Pt few-atom clusters. For PtCo-NC-3, the CN 

is 1.7 for Pt-N, 5.0 for Pt-Pt and 3.0 for Pt-Co, suggesting somewhat enhanced 

clustering in the sample as compared to Pt-NC-3. From the CN values, the average 

cluster size is calculated to be between 0.65 nm and 1.19 nm by the Calvin equation 

46, in good agreement with the formation of Pt2~7 clusters, as observed in Figure 8c. 

The corresponding Co EXAFS spectra are included in the Figure 12d. For PtCo-NC-

1, the Co-N bond is resolved at 2.03 Å (CN = 8) 47, 48, and Pt-Co bond at 2.81 Å (CN 

= 3) 49, suggesting atomic dispersion of Co atoms in the samples in the form of Pt-Co 

bonding linkages. For the PtCo-NC-3 sample, the Co-N bond can be identified at 1.94 

(CN = 1.6), Co-Pt bond at 2.65 Å (CN = 1.8), and Co-Co at 2.50 Å (CN = 1.8). This 

is consistent with partial clustering of Pt and Co and the dispersion of Co into Pt few-

atom clusters. 

Taken together, these results suggest a clear structural evolution from metal isolated 

atoms to few-atom clusters and to nanoparticles with increasing metal loadings in the 

sample synthesis (Figure 20). For the samples prepared at low metal loadings (Pt-NC-

1, PtCo-NC-1, Pt-NC-2 and PtCo-NC-2), isolated Pt atoms and Pt-Co pairs are 

dispersed within the carbon matrix. At higher metal loadings (Pt-NC-3 and PtCo-NC-

3), partial clustering of Pt and Co occurred, with the sparse emergence of metal 

nanoparticles. At even higher metal loadings (Pt-NC-4 and PtCo-NC-4), 

nanoparticles become increasingly dominant. Further increase of the metal loadings 

led to the formation of abundant metal nanoparticles (Figure 11). The fitting of the 
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EXAFS spectra can be found in Figure 13. Consistent results were obtained in XRD 

(Figure 14), XPS (Figure 15-18) and Raman (Figure 19) measurements.  

 

Figure 13. EXAFS spectra of the Pt-NC and PtCo-NC samples. Red circles are 

experimental data and black curves are best fits. The data for Pt and Co foils are also 

included as a reference. 
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Figure 14. XRD patterns of the Pt-NC and PtCo-NC samples.  

 

Figure 15. XPS full survey spectra of the Pt-NC and PtCo-NC samples. The elements 

of C, N, and Pt can be clearly identified with the Pt-NC and PtCo-NC series (with Co 

for the latter).  
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Figure 16. High-resolution XPS scans of the C 1s electrons of the Pt-NC and PtCo-

NC samples. Grey circles are experimental data and colored curves are deconvolution 

fits. 
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Figure 17. High-resolution XPS scans of the N 1s electrons of the Pt-NC and PtCo-

NC samples. Grey circles are experimental data and colored curves are deconvolution 

fits. 

Further structural insights were obtained in spectroscopic measurements. Figure 14 

shows the XRD patterns of the two sets of samples. For samples prepared at relatively 

low metal loadings, only a broad peak centered at ca. 25 can be observed, due to the 

(002) diffraction of graphitic carbon, confirming successful carbonization of the resin 

precursors. The fact that no other diffraction peaks can be seen is also consistent with 

the absence of metal NPs in these samples. For Pt-NC-4, in addition to the carbon 

(002) diffraction, peaks at 40, 46 and 67 can also be found, due to the (111), (200) 

and (220) diffractions of fcc Pt (card 00-001-1190).39 Similar diffraction patterns can 
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be found with PtCo-NC-4, except that the peak positions appear at slightly higher 2θ 

angles, indicating lattice shrinkage due to alloying between Pt and Co in the NPs.50 

These observations are in good agreement with results from the TEM studies (Figure 

8). 

The elemental compositions and valence states were then examined by XPS 

measurements. Figure 15 depicts the full spectra where the elements of C, N, and Pt 

can be clearly identified with the Pt-NC and PtCo-NC series (with Co for the latter). 

Figure 18a depicts the high-resolution scans of the Pt 4f electrons in the Pt-NC 

samples, where deconvolution yields two doublets. The first pair at ca. 72.5 eV and 

75.8 eV can be ascribed to Pt atoms in Pt-N, whereas the other pair at 74.0 eV and 

77.3 eV is indicative of Pt atoms in a higher oxidation state, as observed previously 

with Pt single atoms.51, 52 For Pt-NC-1, Pt-NC-2, and Pt-NC-3 samples, no other 

peaks can be resolved, consistent with the absence of large particles. By contrast, the 

Pt-NC-4 sample displays an additional pair of peaks at 71.4 eV and 74.7 eV, due to 

metallic Pt in Pt NPs,53, 54 as observed in TEM measurements (Figure 8). Similar 

characteristics are observed with the PtCo-NC series (Figure 18b), suggesting good 

comparability between the Pt-NC and PtCo-NC samples. Yet, it should be noticed 

that the Pt binding energy in the latter is ca. 0.2 eV lower than that in the former, 

signifying charge transfer from Co to Pt, in agreement with XANES and DFT results.  
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Figure 18. (a) XPS spectra of the Pt 4f electrons in Pt-NC-1, Pt-NC-2, Pt-NC-3 and 

Pt-NC-4. (b) XPS spectra of the Pt 4f electrons in PtCo-NC-1, PtCo-NC-2, PtCo-NC-

3 and PtCo-NC-4. (c) XPS spectra of the Co 2p electrons in PtCo-NC-1, PtCo-NC-2, 

PtCo-NC-3 and PtCo-NC-4. 

 

Consistent results are obtained in the corresponding Co 2p spectra (Figure 18c), 

which exhibit a pair of peaks at 780.7 eV and 796.2 eV, due to partial oxidation of the 

Co atoms. The Co(0) peak can only be found in the PtCo-NC-4 sample at 778.3 eV 

and 793.4 eV, due to the formation of PtCo alloy NPs. The other elements of C and N 

do not show any obvious difference among the samples (Figure 16 and 17). The 

fitting results are summarized in Table 5-9.  

Table 5. Fitting results of the Pt 4f XPS data 

sample 

Pt SA Pt-O Pt(0) 

4f7/2 4f5/2 4f7/2 4f5/2 4f7/2 4f5/2 
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Pt-NC-1 72.32 75.68 74.18 77.53   

Pt-NC-2 72.52 75.86 73.91 77.26   

Pt-NC-3 72.47 75.82 73.97 77.32   

Pt-NC-4 72.38 75.73 74.2 77.55 71.37 74.73 

PtCo-NC-1 72.27 75.63 73.86 77.21   

PtCo-NC-2 72.36 75.71 73.89 77.24   

PtCo-NC-3 72.27 75.62 73.93 77.28   

PtCo-NC-4 72.37 75.72 74.19 77.54 71.57 74.92 

 

Table 6. Fitting results of the Co 2p XPS data  

sample 

Co SA satellite Co(0) 

2p3/2 2p1/2 2p3/2 2p1/2 2p3/2 2p1/2 

PtCo-NC-1 780.68 796.19 785.79 801.29   

PtCo-NC-2 780.79 796.29 785.9 801.40   

PtCo-NC-3 780.66 796.16 786.13 801.63   

PtCo-NC-4 780.64 796.14 785.47 803.23 778.36 793.41 

 

Table 7. Pt to Co atomic ratio by XPS measurements 

sample Pt:Co mass 

ratio 

Pt:Co atomic 

ration 

PtCo-NC-

1 

5.07 1.53 

PtCo-NC-

2 

4.33 1.31 

PtCo-NC-

3 

5.65 1.70 
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PtCo-NC-

4 

5.58 1.69 

 

Table 8. Fitting results of the C 1s XPS data 

sample C sp2  C sp3 C-O 

Pt-NC-1 284.60 285.52 287.22 

Pt-NC-2 284.72 285.51 287.84 

Pt-NC-3 284.74 285.49 288.13 

Pt-NC-4 284.76 285.6 287.89 

PtCo-NC-1 284.67 285.53 287.74 

PtCo-NC-2 284.72 285.47 287.90 

PtCo-NC-3 284.67 285.51 288.03 

PtCo-NC-4 284.68 285.5 287.94 

 

Table 9. Fitting results of the N 1s XPS data.  

sample Pyridinic (eV) Pyrrolic (eV) Graphitic 

(eV) 

Oxidized 

(eV) 

Pt-NC-1 398.17 399.5 400.92 402.36 

Pt-NC-2 398.19 399.36 401.07 402.84 

Pt-NC-3 398.42 399.47 401.05 402.25 

Pt-NC-4 398.39 399.53 401.08 402.14 
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PtCo-NC-1 398.37 399.79 401.03 402.30 

PtCo-NC-2 398.49 399.84 401.06 402.25 

PtCo-NC-3 398.56 399.87 401.04 402.57 

PtCo-NC-4 398.57 399.85 401.06 402.73 

 

In Raman measurements, similar D and G bands are clearly defined in all samples, 

further confirming successful carbonization of the resin precursors, and the fact that 

the D to G band intensity ratio is similar among the samples indicates a rather 

consistent carbon matrix (Figure 19). 
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Figure 19. Raman spectra of the Pt-NC and PtCo-NC samples. The D and G bands 

can be readily identified with a similar band intensity ratio in all samples, suggesting 

a rather consistent carbon matrix. 

 

 

 

Figure 20. Proposed structures of the PtCo-NC samples based on the experimental 

characterization. Pt, Co, N and C are denoted by orange, green, blue and black, 

respectively. 

 

4.3.3 Electrocatalytic activity.  

The electrocatalytic activity towards ORR is then assessed and compared. From 

Figure 23a, one can see that all samples exhibit apparent electrocatalytic activity 
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towards ORR in 0.1 M HClO4 at the catalyst loading of 0.16 mg cm−2. Yet, the 

activity of the Pt-NC series increases with samples prepared at increasing PtCl4 feeds, 

from Pt-NC-1 to Pt-NC-4. Specifically, Pt-NC-1, which consists of only isolated Pt 

single atoms and shows no voltammetric features for hydrogen adsorption/desorption 

(Figure 21), exhibits a relatively low activity, with a half-wave potential (E½) of 

+0.72 V vs RHE, in comparison to +0.74 V for Pt-NC-2 and +0.82 V for Pt-NC-3, 

suggesting a large Pt domain is preferred for ORR. Pt-NC-4 is the best among the 

series, with E½ = +0.87 V and obvious hydrogen adsorption/desorption features 

(Figure 21). Interestingly, with the incorporation of Co into the samples, the ORR 

activity is enhanced drastically. For instance, PtCo-NC-1 shows an E½ of +0.77 V, ca. 

50 mV more positive than that of Pt-NC-1. PtCo-NC-2 and PtCo-NC-3 also show a 

positive shift of 40 and 50 mV, as compare to Pt-NC-2 and Pt-NC-3, respectively. 

This enhancement can be ascribed to the Pt-Co coupling (no nanoparticle contribution 

in these samples). PtCo-NC-4 exhibit an even higher shift of 60 mV to +0.93 V, most 

likely because the well-known Pt-Co alloying contribution 55-57. As a reference, the 
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sample containing only Co shows a very poor activity, indicating minimal 

contribution from Co SAs or Co NPs (Figure 22).  

Figure 21. CV curves of the Pt-NC and PtCo-NC samples in 0.1 M HClO4 at the scan 

rate of 50 mV s-1. Note that only Pt-NC-4 and PtCo-NC-4 show apparent hydrogen 

adsorption/desorption voltammetric features, whereas the other samples display only 

featureless responses, consistent with the formation of only Pt isolated atoms/few-

atom clusters in the latter, as compared to Pt NPs in Pt-NC-4 and PtCo-NC-4. 
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Figure 22. ORR LSV curve and charge transfer number of Co,N-codoped C 

nanowires. This shows that the ORR activity is poor with Co doping alone, and the 

ORR activity of the Pt-NC and PtCo-NC series is primarily due to Pt. 

Moreover, the electron transfer number (n) involved in ORR of all samples are 

estimated to be over 3.95 (Figure 23b), suggesting that ORR adopted the 4-electron 

pathway on these catalysts, O2 + 4H+ + 4e → 2H2O, and the ORR activity is not 

limited by the second step (eq. 2), which supports the conclusion that the first step 

(eq. 1) is most likely the RDS (Figure 1). Remarkably, the PtCo-NC-3, Pt-NC-4 and 

PtCo-NC-4 samples all outperform commercial 20 wt% Pt/C, despite a significantly 

lower Pt loading (ca. 1 to 5 wt%). Figure 23c depicts the Tafel plots of the two series 

of samples. Indeed, the PtCo-NC samples show a smaller Tafel slope than the Pt-NC 

counterparts, indicating superior electron-transfer kinetics in the former. Among 

them, PtCo-NC-3 shows a mass activity (at +0.9 V) that even exceeds the DOE 2020 

target, with a low Tafel slope of 77.4 mV dec-1. The results are summarized in Table 

10. 

Table 10. Summary of the ORR activity 

sample Eonset  

(V vs 

RHE) 

E1/2  

(V vs RHE) 

n at 

+0.7 V 

Jk at +0.85V 

(mA cm-2) 

Jk at +0.85V 

(A mg-1) 

Tafel slope  

(mV dec-1) 

Pt-NC-1 0.88 0.72 3.98 0.26 0.65 146.9 

Pt-NC-2 0.93 0.74 3.96 0.43 0.63 121.4 

Pt-NC-3 0.98 0.82 3.98 2.56 1.13 92.4 

Pt-NC-4 1.01 0.87 4.00 5.9 0.76 73.5 

PtCo-NC-1 0.94 0.77 3.98 0.61 1.5 106.3 

PtCo-NC-2 0.96 0.78 3.98 0.71 0.88 107.4 
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PtCo-NC-3 1.00 0.87 3.99 6.43 4.16 77.4 

PtCo-NC-4 1.03 0.93 3.96 19.75 1.93 53.7 

20% Pt/C 0.99 0.86 3.92 2.83 0.09 79.5 

 

From Figure 23d, one can see that the mass activity (at +0.85 V) of both the Pt-NC 

and PtCo-NC series exhibits a peak-shaped variation with the Pt content. Note that 

this Pt concentration range corresponds to a structural evolution from Pt isolated 

atoms to clusters and nanoparticles (Figure 20). The results suggest that a minimum 

threshold of the Pt domain size needs to be reached for effective ORR 

electrocatalysis, and the incorporation of Co can significantly enhance the ORR 

performance by the unique Pt-Co coupling. Among the series, PtCo-NC-3 stands out 

as the best among the series, with a mass activity of 4.16 A 𝑚𝑔𝑃𝑡
−1 at +0.85 V, 48 

times better than that of commercial Pt/C.  
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Figure 23. Electrocatalytic performance in oxygen reduction reaction. (a) LSV curves 

of (dashed curves) Pt-NC and (solid curves) PtCo-NC samples in 0.1 M HClO4, and 

the corresponding (b) charge transfer number and (c) Tafel plots. In panel (c), the star 

marks the DOE 2020 target. (d) Mass activity of the samples and 20% Pt/C at +0.85 

V vs RHE. 

 

It should be noted that in the above measurements, the overall catalyst loading was 

kept constant at 0.16 mg cm−2 among the Pt-NC and PtCo-NC series, corresponding 
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to a clear variation of the Pt content in the catalysts, which has been known to impact 

the catalytic activity 58. Thus, we carried out further measurements with the series of 

samples at a consistent Pt loading and compared the ORR performance. Figure 24 

show the corresponding electrochemical data with the series of Pt-NC and PtCo-NC 

samples at the same Pt loading of ca. 3 µg cm-2. Specifically, in comparison to the 

studies in Figure 23a, the catalyst loadings of Pt-NC-2 and PtCo-NC-2 were increased 

by 4 times, whereas the loadings of Pt-NC-4 and PtCo-NC-4 were reduced by 60% 

and that of commercial Pt/C by 90%. One can see that the E½ of Pt-NC-2 and PtCo-

NC-2 exhibited a positive shift of 20-40 mV, while E½ of Pt-NC-4 and PtCo-NC-4 

shifted negatively by 40 mV and that of commercial Pt/C by 170 mV. These 

observations suggest that the ORR activity decreased in the order of PtCo-NC-4 > Pt-

NC-4~PtCo-NC-2 > Pt-NC-2 >> Pt/C, consistent with the results obtained from 

Figure 23a where the catalyst loadings were the same but the Pt contents were 

different, and further highlight the significant contribution of Pt-Co clustering to the 

enhancement of the ORR activity.  
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Figure 24. ORR polarization curves of the series of samples at the same Pt loading of 

ca. 3 µgPt cm-2. In comparison to the those in Figure 23a, the catalyst loading of Pt-

NC-2 and PtCo-NC-2 was increased by a factor of 4 to 0.64 mg cm-2; the loading of 

Pt-NC-4 and PtCo-NC-4 was reduced by 60% at 0.064 mg cm-2; and the  loading of 

commercial 20% Pt/C was reduced by 90% to 0.016 mg cm-2.  

The stability of the samples was then tested. PtCo-NC-2 was found to exhibit a 

negative shift of only 30 mV after 5000 voltammetric cycles, a performance 

comparable to that of PtCo-NC-4 (Figure 25). This indicates that the stability of Pt 

single atoms/few-atom clusters was similar to that of small nanoparticles, and 

drastically better than that of commercial Pt/C [4, 15]. Yet in poisoning tests (Figure 

26), the samples displayed markedly different behaviors. For PtCo-NC-4, which 

mainly contained PtCo nanoparticles, the ORR activity was drastically reduced upon 

the addition of SCN-, whereas minimal impacts were observed after EDTA treatment. 

By contrast, for PtCo-NC-2 (consisting of few-atom clusters and single atoms), the 
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ORR electrocatalysis was significantly impeded by both SCN- and EDTA. Note that 

SCN- nondiscriminatorily poisoned single atoms, few-atom clusters and 

nanoparticles, whereas EDTA attacked predominantly single metal atoms. Therefore, 

the observed discrepancy of the poisoning effects further confirms the significant 

contribution of PtCo single atoms/few-atom clusters to the ORR activity in ultralow 

Pt-loading PtCo-NC. 

 

Figure 25. Stability tests of select samples. The catalyst loading of PtCo-NC-2 is 0.64 

mg cm-2 (or 3 µgPt cm-2), and that of PtCo-NC-4 is 0.16 mg cm-2  (or 10 µgPt cm-2).  
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Figure 26. Poisoning test of (a) PtCo-NC-2 and (b) PtCo-NC-4. The NaSCN 

poisoning tests were carried out in 0.1 M HClO4 with 10 mM NaSCN. The EDTA 

poisoning tests were measured in 0.1 M HClO4 after the catalysts were treated in a 

solution of 1 M KOH and 10 mM EDTA at 60 °C overnight. The catalyst loading of 

PtCo-NC-2 was 0.64 mg cm-2 (or 3 µgPt cm-2), and that of PtCo-NC-4 0.16 mg cm-2  

(or 10 µgPt cm-2).  

 

4.4 Experimental section 

Synthesis of tellurium nanowires. Tellurium nanowires (Te NWs) were prepared by 

following a procedure described previously 59. For a typical experiment, 0.1844 g of 

Na2TeO3 and 2g of polyvinylpyrrolidone (PVP) were dissolved in 65 mL of nanopure 

water under vigorous stirring, into which were then injected 3.3 mL of N2H4 and 6.7 

mL of ammonia. The solution was transferred to a 100 mL Teflon lined autoclave 
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container and heated at 180 C for 3 h. The autoclave was cooled down naturally and 

stored in a 4 C refrigerator for further use. 

 

Synthesis of Te nanowires coated with melamine-formaldehyde resin. The preparation 

of core-shell nanofibers (Te-MF) consisting of Te nanowires coated with a melamine-

formaldehyde (MF) resin shell has been detailed previously 32, 38. In brief, 10 mL of 

Te NWs was centrifuged at 3000 rpm for 2 min with the addition of acetone as a 

precipitation agent. After washing with water and ethanol for 3 times, Te NWs were 

dispersed in 10 mL of water. Separately, 0.126 g of melamine in 10 mL of water was 

added into a 50 mL round-bottom flask, and the solution was heated at 90 C under 

magnetic stirring, into which were then injected the Te NWs solution, 20 μL of 0.2 M 

NaOH, and 0.53 mL of formaldehyde. The solution was heated at 90 C for 7 h before 

being cooled down naturally. The product was collected by centrifugation at 

5000 rpm for 5 min, washed with water and ethanol, and dried in a freeze dryer for 

24 h. 

 

Synthesis of Pt and PtCo doped carbon nanowire. In a typical experiment, 100 mg of 

the Te-MF nanofibers obtained above was dispersed into 30 mL of nanopure water 

under magnetic stirring at 350 rpm and heated at 50 C, into which was then added a 

varied amount of PtCl4 (0.5, 1, 2, and 6 mg). The reaction was run 24 h, and the color 

of the solution was found to change from blue to pale white. The solids were then 

collected by centrifugation, and rinsed with water for several times. The obtained 
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product was equally divided into two parts. One part was directly dried with a freeze 

drier, while the other was mixed with a certain amount of CoCl2•6H2O (0.25, 0.5, 1, 

and 3 mg), and dried with a freeze drier. The mixtures were placed in a tube furnace 

and heated at a 900 C for 3 h under a nitrogen flow of 200 cc min−1. The resulting 

samples were denoted as Pt-NC-y or PtCo-NC-y with y = 1, 2, 3 and 4. 

 

Characterization. Transmission electron microscopic (TEM) images and electron 

energy loss spectroscopic (EELS) data were acquired with a Nion U-HERMS200 

microscope operated at 60 kV. High-angle annular dark field-scanning transmission 

electron microscopic (HAADF-STEM) studies were carried out with a probe semi-

angle of 35 mrad at a spatial resolution of 0.11 nm. For EELS measurements, half 

convergence angle was set at 20 mrad, and a current was set at 150 pA with a 

dispersion of 0.268 eV channel−1. The integral time for spectral collection of the Pt 

signals was 2 s, and that of C, N signal was 12 s. High-resolution TEM (HRTEM) 

studies and elemental mapping based on energy-dispersive X-ray spectroscopy (EDS) 

were acquired with a FEI Tecnai G2 TF20 transmission electron microscope operated 

at 200 kV. Inductively coupled plasma-optical emission spectrometry (ICP-OES) 

measurements were carried out with a SPECTRO BLUE SOP instrument. X-ray 

diffraction (XRD) studies were performed with a SmartLab 9 KW XRD system. 

Raman spectra were collected with a Laser Microscopic Confocal Raman 

Spectrometer. X-ray photoelectron spectroscopic (XPS) data were acquired with a 

PHI-5702 XPS instrument. 
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X-ray absorption spectroscopy (XAS). Co K-edge and Pt L3-edge XAS data were 

collected at the CLS@APS (Sector 20-BM) beamline at the Advanced Photon Source 

(operating at 7.0 GeV) in Argonne National Laboratory, Chicago, IL, USA. Solid 

powder samples were loaded onto a Kapton tape and folded to ensure adequate 

signals. Samples were measured in the fluorescence mode simultaneously with each 

element foil reference. All measurements were conducted at room temperature and 

ambient pressure. Extended X-ray absorption fine structure (EXAFS) data was 

transformed and normalized into k- and R-space using the Athena program following 

conventional procedures. A k weighting of 2 was used to obtain all FT-EXAFS 

spectra. The k-range used for each sample is as follows: 3.9–8.7 Å−1 for Pt-NC-1, 

2.5–10.0 Å−1 for Pt-NC-3, 3.0–10.7 Å−1 for PtCo-NC-1-Co, 2.6–11.0 Å−1 for PtCo-

NC-1-Pt, 3.3–11.8 Å−1 for PtCo-NC-3-Co, 3.4–10.3 Å−1 for PtCo-NC-3-Pt. The R-

range used for each element is as follows: 1.0-3.0 Å for Pt-NC-1, 1.0–3.4 Å for Pt-

NC-3, 1.0–3.0 Å for PtCo-NC-1-Co, 1.0-2.4 Å for PtCo-NC-1-Pt, 1.0–3.4 Å for 

PtCo-NC-3-Co, 1.0–3.6 Å for PtCo-NC-3-Pt. Self-consistent multiple-scattering 

calculations were performed using the FEFF6 program to obtain the scattering 

amplitudes and phase-shift functions used to fit various scattering paths with the 

Artemis program. In the fitting of PtCo-NC-1 Co K-edge, the E0 values were 

correlated together to minimize the number of independent values, allowing reliable 

fitting results to be obtained. For the PtCo-NC-3 sample the Co K-edge and Pt L3-
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edge were fitted simultaneously. The Pt-Co and Co-Pt bond distances were 

correlated, as well as the E0 and σ2 values for each individual element. 

 

Electrochemistry. Electrochemical measurements were carried out with a CHI 710 

electrochemical workstation in a conventional three-electrode configuration. A 

Ag/AgCl electrode in 0.1 M KCl was used as the reference electrode and a graphite 

rod as the counter electrode. The Ag/AgCl reference was calibrated against a 

reversible hydrogen electrode (RHE) and all potentials in the present study were 

referenced to this RHE. To prepare catalyst inks, 4 mg of the catalysts obtained above 

were added into 1 mL of ethanol and 10 μL of nafion solution under sonication to 

form a homogeneous dispersion. Ten μL of the ink was then dropcast onto a clean 

glassy carbon disk electrode (surface area 0.246 cm2) at the catalyst loading of 

0.16 mg cm−2. iR compensation was set at 90% of solution resistance in all 

measurements. The number of electron transfer is calculated by 𝑛 =
4𝑖𝑑

𝑖𝑑+
𝑖𝑟
𝑁

, where id 

and ir are the disk and ring currents, respectively and N is the collection efficiency of 

the ring electrode (0.37). The ORR performance was also tested with the series of 

samples at the same Pt loading of ca. 3 µg cm-2. NaSCN poisoning test was carried 

out in a solution of 0.1 M HClO4 and 10 mM NaSCN. EDTA poisoning test was 

carried out after treating the catalyst samples with 10 mM EDTA and 1 M KOH at 60 

°C overnight. 
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Computational method. Computation studies were carried out with open-source plane 

wave code Quantum ESPRESSO 60. A two-dimensional 8 x 8 supercell was built with 

a vacuum thickness set at 14 Å to avoid interaction between periodic images. The 

ultrasoft pseudopotential 61 was adopted with kinetic and charge density cutoff energy 

at 40 Ry and 240 Ry, respectively. A 2 x 2 x 1 Monkhorst-Pack K-point grid was 

sampled to converge the total energy to 10-3 eV. Marzari-Vanderbilt smearing 62 was 

adopted with 0.01 Ry. For the geomatic relaxation, the electronic energy was 

converged to 10-6 Ry and force converge to 10-4 a.u., respectively. Density functional 

perturbation theory (DFPT) 63 was employed to compute the vibration frequencies of 

surface species for zero-point energy (ZPE) and entropy contribution, similar as 

previous work 32, 38. Atomic charge was analyzed based on Bader charge partitioning 

scheme 64. 

 

4.5 Conclusion 

In summary, two significant findings were obtained in this study. First, Pt~9 clusters 

were found to represent the threshold domain size of platinum towards ORR 

electrocatalysis in acid, whereas smaller clusters exhibited only limited ORR activity, 

as compared to conventional nanoparticles and bulk forms. Second, the 

electrocatalytic activity of few-atom Pt clusters can be markedly enhanced by 

clustering with Co atomic species, as clearly manifested in both theoretical 

calculations and experimental measurements, and Pt2~7 clusters doped with Co 
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atoms were found to be the optimal sample, with a mass activity that was almost 50 

times that of commercial Pt/C. This was accounted for by the formation of Pt-Co 

bonding interactions that facilitated the adsorption of important oxygen intermediates. 

Results from this study highlight the fundamental significance of atomic alloying in 

diminishing the threshold size of precious metal catalysts to the few-atom cluster 

level. The minimization of catalyst cost and remarkable enhancement of 

electrocatalytic performance is anticipated to play a critical role in the eventual 

practical implementation of electrochemical energy technologies. 
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Chapter 5 Charge transfer induced activity enhancement  

-Examples of oxygen vacancy doped TiO2 enhance the activity of ethanol oxidation 

catalyzed by Pd nanoparticles, and black phosphorus donate electrons to loaded Pt, 

Ag and Au nanoparticles for ORR activity change 

Reproduced with the permission from (Bingzhang Lu, Bin Yao, Graham Roseman, 

Christopher P. Deming, Jia En Lu, Glenn L. Millhauser, Yat Li and Shaowei Chen, 

"Ethanol oxidation reaction catalyzed by palladium nanoparticles supported on 

hydrogen-treated TiO2 nanobelts: Impacts of oxygen vacancies", ChemElectroChem, 

2017, 4, 2211) © 2017  WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; and 

(Yi Peng, Bingzhang Lu, Nan Wang, Jia En Lu, Chunhong Li, Yuan Ping, Shaowei 

Chen, "Oxygen Reduction Reaction Catalyzed by Black Phosphorus-Supported Metal 

Nanoparticles: Impacts of Interfacial Charge Transfer", ACS Appl. Mater. Interfaces, 

2019, 11, 24707.) © 2019 American Chemical Society   
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5.1 Abstract 

Nanocomposites based on Pd nanoparticles deposited onto TiO2 nanobelts were 

successfully prepared by chemical reduction of Pd(II) precursors and the catalytic 

activity towards ethanol oxidation reaction (EOR) was examined and compared 

within the context of TiO2 oxygen vacancies formed by thermal annealing at 

controlled temperatures (400, 500, or 600 C) in a hydrogen atmosphere. 

Transmission electron microscopic measurements showed that the Pd nanoparticles 

(about 5 nm in diameter) were clustered somewhat on the surfaces of hydrogen-

treated TiO2 nanobelts (Pd/hTiO2), but distributed rather evenly on the untreated ones 

(Pd/TiO2). X-ray photoelectron spectroscopic studies suggested electron transfer from 

Ti to Pd in the Pd/hTiO2 samples, as compared to Pd/TiO2. This was accounted for by 

the formation of oxygen vacancies in TiO2 nanobelts, the concentration of which 

increased with increasing thermal annealing temperature, as evidenced in electron 

paramagnetic resonance measurements. Significantly, voltammetric and 

electrochemical impedance measurements showed markedly enhanced 

electrocatalytic activity of Pd/TiO2 and Pd/hTiO2 hybrids towards EOR in alkaline 
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media, as compared to commercial 20 wt.% Pd/C, and the activity increased 

drastically with the concentration of oxygen vacancies, within the context of onset 

and peak potentials, anodic peak current density, electron-transfer kinetics and 

stability. This was most likely because oxygen vacancies facilitated the formation of 

hydroxyl species on the oxide surface that played a critical role in the oxidation of 

ethanol to acetate. 

5.2 Introduction 

Direct ethanol fuel cells (DEFCs) represent a unique fuel cell technology that has 

been attracting extensive interest, largely because of the remarkable energy density of 

ethanol (8.01 KWh/Kg), ready availability of ethanol by fermentation, low toxicity, 

and ease of storage and transportation, as compared to other fuels such as hydrogen, 

methanol and formic acid.1 In addition, ethanol has a large molecule weight that can 

minimize the "crossover" effect.2-4 While both acid and alkaline electrolytes have 

been used in DEFCs, the electron-transfer kinetics of both ethanol oxidation at the 

anode and oxygen reduction at the cathode has been found to be faster in alkaline 

media than in acidic media.5 In general, there are two major pathways of ethanol 

oxidation in alkaline media. One involves 12-electron, complete oxidation of ethanol 

to 𝐶𝑂3
2− , and the other is a 4-electron process, where ethanol is oxidized into 

acetaldehyde and acetate only.6 Certainly, to maximize fuel cell efficiency, the former 

pathway is desired; however, it is challenging to break the C-C bonds. Thus, 

developing catalysts for effective oxidation of ethanol has remained an important 
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research topic of alkaline DEFCs. Currently, platinum-based nanoparticles have been 

the catalysts of choice for DEFC reactions.7 Yet, because of high costs and limited 

reserves, the practical applications of Pt-based catalysts have been markedly 

hampered; in addition, platinum-based catalysts are known to be prone to CO 

poisoning.8 

Within such a context, palladium-based nanoparticles have been used as an effective 

alternative for the electrocatalytic oxidation of ethanol, largely because of its apparent 

EOR activity and tolerance against CO poisoning.9, 10 Two strategies are generally 

employed to improve the use of the catalysts (and thus to reduce the costs) and to 

enhance the activity. One is to prepare binary or trinary alloys, where the activities 

may be enhanced by the electronic effects and/or geometrical strains. For example, 

Jeon et al. prepared a series of graphene-supported PdxNi100-x alloy nanoparticles and 

found that the Pd50Ni50 sample exhibited the best activity among the series toward 

ethanol oxidation, with acetic acid being the primary product.11 Jiang et al. used P 

dopants to successfully increase EOR performance of PdNi alloys and observed that 

acetate was the final product.12 In another study,13 Li and coworkers grew PdCo 

nanotubes on carbon fiber cloth, and the resulting nanocomposites exhibited 

enhanced EOR activity and resistance against CO poisoning, as compared to the 

monometallic Pd counterparts. The other strategy involves the use of appropriate 

materials as the catalyst supports, which may exert synergistic effects on the 

electronic structure of the metal catalysts as well as enhance the durability of the 

catalysts. These include, for instance, N-doped carbon,14 molybdenum carbide,15 
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tungsten carbide,16 titanium nitride,17 etc. In addition, transition-metal oxides have 

also been used as catalyst supports,18-23 primarily because of their low costs, high 

natural abundance, low toxicity and high durability in alkaline media.24 Among these, 

in contrast to other metal oxides such as Al2O3 and SiO2, TiO2 is a reducible oxide 

and can generate oxygen vacancies upon controlled chemical reduction, which may 

be exploited as a unique variable in the manipulation of the electrocatalytic activity of 

the metal nanoparticles towards ethanol oxidation.25-29 Note that for ethanol oxidation 

on palladium catalysts, it is generally accepted that the dissociative adsorption of 

ethanol onto the catalyst surface is a rapid process, and the rate-determining step is 

the desorption of the ethoxi moieties (CH3COads) by adsorbed hydroxyl groups 

(OHads) on the Pd surface, forming acetate as the final product.12, 30 This may be 

facilitated by using oxygen-deficient TiO2 as the supporting substrate, where oxygen 

vacancies are known to be advantageous for the formation of OHads species.31, 32 

Additional benefits may arise from the strong metal-support interactions that 

manipulate the bonding interactions between palladium and carboneous 

intermediates.25 This is the primary motivation of the present study. 

Herein, a facile wet chemistry method was employed to deposit palladium 

nanoparticles on TiO2 nanobelts. Oxygen vacancies in TiO2 were produced by 

thermal treatment at elevated temperatures in a hydrogen atmosphere, and evaluated 

by electron paramagnetic resonance measurements. Electrochemical measurements 

showed that the resulting nanocomposites exhibited apparent electrocatalytic activity 
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towards ethanol oxidation, which was markedly enhanced with oxygen vacancies, in 

comparison to commercial Pd/C catalysts. 

5.3 Result and Discussion 

 

Figure 1. Representative TEM images of (A) Pd/TiO2 and (B) Pd/hTiO2-600. Insets 

show the corresponding TEM images at higher magnification. Panel (C) is a high-

resolution TEM image of Pd/TiO2 hybrids that depicts the lattice fringes.  

Figure 1 depicts the representative TEM images of the (A) Pd/TiO2 and (B) 

Pd/hTiO2-600 nanobelt hybrids, respectively. One can see that the TiO2 nanobelts 

exhibited a width of ca. 70 nm and length ranging from a few hundred nm up to 

microns, along with well-defined lattice fringes (Figure 1C) where the interplanar 

distances of 0.23 nm and 0.35 nm were consistent with the d-spacings of the (004) 

and (101) crystalline planes of anatase TiO2, respectively.33 From Figure 1A, one can 

see that in Pd/TiO2, a number of palladium nanoparticles of about 5 nm in diameter 

were rather uniformly distributed on the TiO2 nanobelt surfaces, with no apparent 

 

C 
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agglomeration. In contrast, for the Pd/hTiO2-600 sample in Figure 1B, the Pd 

nanoparticles could be identified only on a certain section of the TiO2 nanobelts, 

forming a bamboo-like structure of the resulting hybrids. This is likely because after 

hydrogen treatment, the TiO2 nanobelt surface was (partially) reduced, and the 

sections with enhanced electron density served as the preferred binding sites for Pd 

deposition. Furthermore, one can see that the palladium nanoparticles also exhibited 

well-defined lattice fringes where the interplanar spacing of 0.22 nm is in good 

agreement with the separation of the (111) crystalline planes of fcc Pd (Figure 1C).23 

Consistent behaviors were observed with Pd/hTiO2-400 and Pd/hTiO2-500. 

The formation of Pd/TiO2 and Pd/hTiO2 nanocomposites was also evidenced in XPS 

measurements. From the survey spectra in Figure 2A, the Pd 3d electrons can be 

readily identified at ca. 335 eV, Pd 3p electrons at 562 eV, Ti 2p electrons at 458 eV 

and O 1s electrons at 531 eV (along with C 1s electrons of residual carbon at around 

285 eV) for both Pd/TiO2 and Pd/hTiO2 hybrids. In high-resolution scans, one can see 

from panel (B) that the Pd 3d electrons exhibited a doublet at 340.6 and 335.3 eV for 

Pd/TiO2, corresponding to a spin-orbit coupling of 5.3 eV, consistent with those of 

metallic Pd;34 and the binding energies are about 0.4 eV lower for Pd/hTiO2 at 340.2 

and 334.9 eV. From panel (C), the doublet for Ti 2p3/2 and 2p1/2 electrons can be 

found at 458.8 and 464.5 eV for Pd/TiO2, with a spin-orbit coupling of 5.7 eV, in 

good agreement with Ti(IV) in TiO2;
35, 36 yet in Pd/hTiO2 the binding energies are 

somewhat higher at 459.0 and 464.8 eV. This suggests charge transfer from Ti to Pd, 

likely due to the formation of oxygen vacancies by hydrogen treatment of the TiO2 
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nanobelts. For O 1s electrons in panel (D), Pd/TiO2 exhibited two peaks at the 

binding energies of 530.1 and 532.6 eV, which may be ascribed to oxygen in TiO2 

and hydroxyl groups adsorbed on the TiO2 surfaces, respectively.37 For Pd/hTiO2, 

whereas the binding energy of surface hydroxyl groups remained invariant at 532.6 

eV, the TiO2 oxygen binding energy is somewhat higher at 530.3 eV, suggesting that 

the TiO2 nanobelts indeed became oxygen-deficient after hydrogen treatment.38 In 

addition, based on the integrated peak areas, the Pd mass contents in the 

nanocomposites were found to be rather consistent at 13.3 wt.% for Pd/TiO2 and 15.1 

wt.% for Pd/hTiO2.  

 

Figure 2. (A) XPS survey spectra and high resolution scans of (B) Pd 3d, (C) Ti 2p 

and (D) O 1s electrons of Pd/TiO2 and Pd/hTiO2-600 nanocomposites.. 

 

Binding Energy eV 
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EPR studies further supported the notion that oxygen vacancies were formed in the 

nanocomposites that had been subjected to hydrogen treatment. As shown in Figure 3, 

one can see that the as-produced TiO2 nanobelts (black curve) exhibited only a 

featureless profile within the magnetic field strength of 3360 to 3385 G, and a similar 

response was observed after Pd deposition (red curve), suggesting that NaBH4 

reduction (for the synthesis of Pd nanoparticle) did not cause marked changes of the 

TiO2 structures. Yet, a well-defined resonance emerged at ca. 3370 G after hydrogen 

treatment (green curve), and the resonance became increasingly intensified with 

increasing thermal treatment temperature from 400 to 600 C (aqua blue, magenta, 

and blue curves), with the corresponding g value estimated to be 2.001.39 This 

suggests the formation of unpaired electrons being trapped in TiO2, as a result of 

partial reduction of TiO2 by hydrogen treatment,40-44 and the concentration of oxygen 

vacancies increased with increasing thermal annealing temperature, consistent with 

the results in XPS measurements (Figure 2).  
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Figure 3. EPR spectra of TiO2 nanobelts, Pd/TiO2, and Pd/TiO2-T nanocomposites  

Significantly, the nanocomposites prepared above exhibited apparent electrocatalytic 

activity towards ethanol oxidation. Figure 4 shows the cyclic voltammograms of the 

nanocomposites in 1 M KOH with and without 0.1 M ethanol at the potential sweep 

rate of 50 mV/s, using commercial 20 wt.% Pd/C as the reference. It can be seen that 

in 1 M KOH alone, all samples exhibited a cathodic peak at +0.634 V, arising from 

the reduction of palladium oxide formed during the anodic scan. From the integrated 

peak area,45 the effective electrochemical surface area (ECSA, Table 1) of the 

nanocomposite catalysts was estimated to be 5.29 m2/gPd for Pd/TiO2, 14.2 m2/gPd for 

Pd/hTiO2-400, 6.15 m2/gPd for Pd/hTiO2-500, and 11.00 m2/gPd for Pd/hTiO2-600, in 

comparison with 18.35 m2/gPd for Pd/C, likely due to the smaller size of the Pd 

nanoparticles in Pd/C than those in the nanocomposites (Figure 1). 
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Figure 4. Cyclic voltammograms of a glassy carbon electrode (0.196 cm2) modified 

with a calculated amount of Pd/TiO2, Pd/hTiO2 and Pd/C. The data in panel (A) were 

acquired in 1 M KOH only, and those in panel (B) were in a solution containing 1 M 

KOH along with 0.1 M ethanol. The potential scan rate is 50 mV/s. The catalyst 

loading is 100 μg for Pd/TiO2 and Pd/hTiO2 nanocomposites, and 50 μg for Pd/C. 

 Table 1. Summary of the EOR performance of Pd/TiO2, Pd/hTiO2-600 and 

Pd/C 
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Sample Pd/TiO

2 

Pd/hTiO2-

600 

Pd/C 

Loading wt% by 

XPS 

13.3 15.1 20 

Onset  (V vs. RHE) 0.456 0.377 0.46

9 

Ea (V vs. RHE) 0.769 0.728 0.73

0 

Ja (mA/cm2) 0.68 0.88 0.17 

Ec (V vs. RHE) 0.703 0.687 0.69

2 

Jc (mA/cm2) 1.25 1.31 0.37 

Ja/Jc 0.50 0.44 0.40 

ECSA (m2/gPd) 5.29 11.00 18.3

5 

Rct (W, at +0.7 V) 1557 468 1328 

 

With the addition of 0.1 M ethanol in the electrolyte solution, drastic differences were 

observed. From Figure 4B, one can see that all samples exhibited a clearly defined 

oxidation peak in both the anodic and cathodic scans at approximately the same 

electrode potentials, suggesting apparent electrocatalytic activity towards ethanol 

oxidation. Yet, a close analysis showed that the performance actually varied among 
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the series of the nanocomposites. For instance, for the Pd/TiO2 nanocomposites, in 

the anodic scan, nonzero oxidation currents started to emerge at ca. +0.456 V, and 

reached a maximum at +0.769 V with a peak current density of 0.68 mA/cm2; in the 

reverse potential scan, the oxidation peak appeared at +0.703 V with a current density 

of 1.25 mA/cm2. Yet when TiO2 nanobelts were subjected to hydrogen treatment 

prior to Pd nanoparticle deposition, the resulting nanocomposites exhibited markedly 

enhanced EOR activity. For instance, the onset potential, anodic peak potential, and 

anodic peak current density are +0.396 V, +0.767 V, and 0.65 mA/cm2 for Pd/hTiO2-

400, +0.408 V, +0.748 V, and 0.70 mA/cm2 for Pd/hTiO2-500, and +0.377 V, +0.728 

V and +0.88 mA/cm2 for Pd/hTiO2-600. Apparently, Pd/hTiO2-600 stood out as the 

best among the series (Table 1). Remarkably, these nanocomposites all exhibited a 

drastically better performance than commercial 20 wt.% Pd/C, where the onset 

potential was identified at +0.464 V, anodic peak at +0.734 V (peak current density 

0.17 mA/cm2), and cathodic peak at +0.694 V (peak current density 0.37 mA/cm2). 

These results are summarized in Table 1, from which one can see that the EOR 

performance increased in the order of Pd/C < Pd/TiO2 < Pd/hTiO2-400 < Pd/hTiO2-

500 < Pd/hTiO2-600. A similar trend was observed with the mass activity, where the 

anodic mass activity of Pd/hTiO2-600 (59.75 mA/mgPd) was about twice that of 

Pd/TiO2 (33.06 mA/mgPd) and Pd/C (25.42 mA/mgPd), as showed in Figure 5. 
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Figure 5. Mass-normalized voltammograms of Pd/TiO2, Pd/hTiO2-600 and Pd/C in 1 

M KOH + 0.1 M EtOH. Potential scan rate 50 mV/s. 

Mechanistically, the electrochemical oxidation of ethanol is generally believed to 

involve the following steps,12, 30  

 

Pd + CH3CH2OH→Pd-(CH3CH2OH)ads     (1) 

Pd-(CH3CH2OH)ads + 3OH →Pd-(CH3CO)ads + 3H2O + 3e  (2) 

Pd-(CH3CO)ads + Pd-(OH)ads→(Pd-CH3COOH)ads + Pd  (3) 

(Pd-CH3COOH)ads + OH- →Pd + CH3COO- + H2O    (4) 

where adsorption of ethanol molecules on the Pd surfaces is a critical first step (1); 

the adsorbed ethanol then undergoes three-electron oxidation into ethoxi (2), which 

reacts further with surface hydroxyl groups to produce acetate (3); and the acetate 

then desorbs from the electrode surface as the final product (4). In the anodic scan, 
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the reaction kinetics was initially enhanced at increasingly positive electrode 

potentials, reached a maximum and then decreased with a further increase of the 

electrode potential because of the formation of palladium oxide, which passivated the 

catalyst surface. In the reverse (cathodic) scan, the palladium oxide was 

electrochemically reduced, leading to the formation of a “clean” catalyst surface that 

exhibited obvious electrocatalytic activity towards ethanol oxidation. Thus, a higher 

ratio of the anodic to cathodic peak currents (Ja/Jc) suggests the generation of less 

poisoning intermediates on the Pd surface.11 From Figure 4B, the ratio was estimated 

to be 0.50 for Pd/TiO2 and 0.44 for Pd/hTiO2-600, both higher than that (0.40) of 

Pd/C (Table 1), again, suggesting that the efficiency in the electrocatalytic oxidation 

of ethanol increased in the order of Pd/C < Pd/TiO2 < Pd/TiO2. 

In the present study, the fact that the electrocatalytic activity of Pd/TiO2 and Pd/hTiO2 

nanocomposites was markedly better than that of Pd/C suggests a synergistic 

interaction between TiO2 and Pd nanoparticles in ethanol oxidation reaction process. 

This can be accounted for by the strong interactions between TiO2 and Pd, as TiO2 

favored the formation of (OH)ads which helped strip absorbed ethoxi intermediates 

from the Pd surface, and the impacts were enhanced with oxygen-deficient TiO2, 

leading to improved activity in ethanol oxidation.31, 32, 46 In the present study, 

Pd/TiO2-600 outperformed others in the series because of its highest concentration of 

oxygen vacancies (Figure 3). 

Table 2. Summary of EOR performance of relevant Pd-based catalysts in recent 

literature  
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sample Onset potential 

V vs. RHE 

Peak potential 

V vs. RHE 

Peak current Particle size 

Pd/Au47 0.44 0.85 2.28 A/mgPd+Au (1 M KOH, 1 M 

EtOH) 

10 nm 

Pd/CNT48 0.50 0.90 0.58 A/mgPd (0.5 M KOH, 0.5 M 

EtOH) 

2 nm 

Pd/polyhedron49 0.387 0.747 2 A/mgPd (1 M KOH, 0.5 M EtOH) 2 nm 

Pd/NiCoOx
50 0.443 0.903 0.43 A/mgPd (0.1 M KOH, 0.5 M 

EtOH) 

5 nm 

Pd/PEDOT51 0.470 0.770 3.4 mA/cm2(1 M KOH, 1 M 

EtOH) 

3.6 nm 

Pd/MgO52 0.407 0.777 85 mA/cm2(1 M KOH, 1 M EtOH) 10 nm 

Pd/hTiO2-600 0.377 0.728 0.88 mA/cm2(1 M KOH, 0.1 M 

EtOH) 

5 nm 

 

Significantly, the EOR performance of Pd/hTiO2-600 was highly comparable to, and 

in some cases even better than, results reported in recent studies with relevant Pd-

based nanocomposites (Table 2). For instance, Cai et al. deposited a Pd monolayer on 

the surface of ca. 10 nm Au nanoparticles, and the catalysts showed an onset and 

peak potential at +0.44 V and +0.85 V, respectively, in a solution of 1 M KOH and 1 

M EtOH, where the peak current was estimated to be 2.28 A/mgPd+Au, greater than 

that of commercial palladium black.47 Lin et al. deposited 2 nm Pd nanoparticles on 

carbon nanotubes and observed a peak current of 0.58 A/mgPd in 0.5 M KOH and 0.5 

M EtOH.48 Gao et al. deposited 2 nm Pd nanoparticles on polyhedrin and the resulting 

nanocomposites showed the onset and peak potentials at +0.387 V and +0.747 V, 
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respectively.49 Lei et al. prepared a nanocomposite by depositing 5 nm Pd and 

NiCoOx nanoparticles on carbon substrates, and the onset and peak potentials were 

identified at +0.443 V and +0.903 V, along with a peak current of 0.43 A/mg in the 

solution of 0.1 M KOH and 0.5 M EtOH.50 Xu et al. loaded 3.6 nm Pd nanoparticles 

on 50 nm poly(3,4-ethyl-enedioxythiophene) particles, and the nanocomposite 

exhibited onset and peak potentials at +0.407  and +0.777 V.51 Shen et al. used MgO 

as a support to load 10 nm Pd nanoparticles and found that the current density (85 

mA/cm2) was 3.4 times greater than that of Pd/C in 1 M KOH and 1 M EtOH. The 

onset and peak potentials were identified at +0.407 and +0.777 V, respectively.52 

 

Figure 6. Chronoamperometric curves at +0.7 V with the same electrodes in Figure 4 

in 1 M KOH and 0.1 M EtOH. 
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Durability is another important parameter in the evaluation of catalyst performance. 

Figure 6 depicts the chronoamperometric profiles of the various catalysts when the 

electrode potential was stepped from +0.1 V to +0.7 V (vs. RHE). It can be seen that 

the current density of the Pd/hTiO2-600 sample remained the highest at all times (up 

to 1200 s). For instance, even after 1000 s of continuous operation, the Pd/hTiO2-600 

still showed a current density of 0.16 mA/cm2, which was more than twice those of 

Pd/C (0.06 mA/cm2) and Pd/TiO2 (0.07 mA/cm2).  

The electron-transfer kinetics of ethanol oxidation at these nanocomposites was then 

examined by electrochemical impedance measurements. Figure 8 shows the Nyquist 

plots of ethanol oxidation catalyzed by the series of nanocomposites at +0.7 V. It can 

be seen that all samples show a semicircle, which was fitted well by the equivalent 

circuit depicted in the figure inset. From the fittings, the charge-transfer resistance 

(Rct) was estimated to be 1557 W for Pd/TiO2 and 1328 W for Pd/C, and markedly 

lower for the Pd/hTiO2 series: 1081 W for Pd/hTiO2-400, 813 W for Pd/hTiO2-500, 

and 468 W for Pd/hTiO2-600. Similar trends were observed at other electrode 

potentials (Figure 7). This is consistent with results in the voltammetric 

measurements (Figure 4) where the EOR activity increased with increasing thermal 

annealing temperature, due to the enhanced generation of oxygen vacancies that 

facilitated the formation of hydroxyl species needed for the oxidation of ethanol to 

acetate.  
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Figure 7. Cyclic voltammograms (red curves) and charge transfer resistance (Rct, 

blue curves) of Pd/TiO2, Pd/hTiO2, and Pd/C catalysts in 1 M KOH and 0.1 M EtOH. 

CV scan rate 50 mV/s. 

 

Figure 8. Nyquist plots of Pd/TiO2, Pd/hTiO2–T, and Pd/C electrodes at +0.7 V (vs. 

RHE). Symbols are experimental data and curves are fits by the equivalent circuit 

depicted in the inset, where RW is the solution (uncompensated) resistance, Rct is the 

charge-transfer resistance, and Cdl is the electrode double-layer capacitance. 
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5.4 Experiment 

Materials 

P25 titanium dioxide (TiO2, Alfa Aesar), sodium hydroxide (NaOH, Fisher 

Scientific), hydrochloric acid (HCl, 37% v/v, Fisher Chemical), hydrogen gas 

(ultrahigh purity, Praxair), palladium(II) chloride (PdCl2, Acros), trisodium citrate 

dehydrate (Fisher Scientific), sodium borohydride (NaBH4, >98%, Acros), ethanol 

(EtOH, HPLC grade, Fisher Chemicals), and Pd/C (20 wt.%, ca. 4.6 nm in 

diameter,53 Alfa Aesar) were used as received. Water was supplied from a Barnstead 

Nanopure water system (18.3 MW cm). 

Synthesis of TiO2 nanobelts 

TiO2 nanobelts were synthesized by adopting a hydrothermal process reported 

previously.54 Briefly, 0.1 g of commercial P25 was mixed with 20 mL of a 10 M 

NaOH aqueous solution, followed by hydrothermal treatment at 200 C in Teflon-

lined autoclave for 2 d. The obtained product was washed with Nanopure water for 

several times, affording sodium titanate nanobelts. These were then dipped in a 0.1 M 

HCl aqueous solution for 24 h and washed thoroughly with deionized water to 

produce hydrogen titanate nanobelts. Anatase TiO2 nanobelts were obtained by 

annealing the hydrogen titanate at 600 C for 1 h in ambient. Further annealing of 

the obtained anatase TiO2 nanobelts was carried out in a hydrogen atmosphere at 

varied temperatures (400, 500 or 600 C) for 1 h, affording hydrogen-treated TiO2 

nanobelts which were denoted as hTiO2-T with T being the annealing temperature.38 

Synthesis of Pd/TiO2 and Pd/hTiO2 nanocomposites 
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In a typical synthesis of the Pd/TiO2 nanocomposites, 5 mg of the TiO2 nanobelts 

obtained above was dispersed in 10 mL of Nanopure water under sonication for 30 

min to form a homogeneous suspension. Then, 525 μL of 10 mM H2PdCl4 and 10 mL 

of 0.525 mM trisodium citrate were added under magnetic stirring for 2 h. After that, 

5 mL of 30 mM NaBH4 was added in a dropwise fashion at the controlled 

temperature of 10 C under vigorous stirring, and the solution was found to exhibit 

an apparent color change from orange to dark brown, signifying the formation of Pd 

nanoparticles. The solution was stirred for another 2 h and centrifuged at 3000 rpm 

for 5 min. The product was collected and washed by water and ethanol for several 

times and dried in a vacuum oven at room temperature overnight, affording Pd/TiO2 

nanocomposites. Palladium nanoparticles were also deposited on hTiO2-T nanobelts 

in a similar fashion. The resulting nanocomposites were referred to as Pd/hTiO2-T.  

Characterization  

The morphologies of the nanocomposites were characterized by transmission electron 

microscopy (TEM), with a Philips CM300 scope operated at 300 kV. Elemental 

composition and electronic structures were characterized by X-ray photoelectron 

spectroscopy (XPS) measurements with a PHI 5400/XPS instrument equipped with 

an Al Kα source operated at 350 W and 10-9 Torr. Electron paramagnetic resonance 

(EPR) measurements were carried out with a Bruker EMX EPR spectrometer at the 

X-band frequency (~ 9.4 GHz) using an ER 4122SHQE resonator. All spectra were 

recorded using a power of 1 mW, a modulation amplitude of 1 G, and a modulation 

frequency of 100 KHz. 
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Electrochemistry 

Electrochemical tests were carried out with a CHI 440 electrochemical workstation in 

a conventional three-electrode configuration, with a glassy carbon working electrode, 

a Ag/AgCl reference and a Pt wire counter electrode. The Ag/AgCl reference was 

calibrated against a reversible hydrogen electrode (RHE) and the potentials in the 

present study were all reported with respect to the RHE. The glassy carbon electrode 

was first polished with 0.05 mm Al2O3 slurries to a mirror finish, and cleaned in 

dilute HNO3 to remove residual Al2O3, followed by extensive rinsing with Nanopure 

water. To prepare catalyst inks, a calculated amount of the nanocomposites obtained 

above was suspended in ethanol at a concentration of 10 mg/mL. Then, into 1 mL of 

this suspension was added 4 mg of carbon black and 10 L of Nafion under 

sonication for 30 min. 10 L of the suspension was dropcast onto the polished glassy 

carbon electrode surface, onto which was then added 5 L of 20% Nafion. The 

electrode was dried in ambient before being immersed into electrolyte solutions for 

data acquisition. Electrochemical impedance measurements were performed with a 

Gamry Reference 600 electrochemical workstation within the frequency range of 100 

mHz to 100 kHz and the AC amplitude of 5 mV. 

5.5 Conclusion 

In this study, a series of nanocomposites were prepared by depositing Pd 

nanoparticles onto TiO2 nanobelts. Whereas Pd nanoparticles were rather 

homogeneously distributed on the as-prepared TiO2 nanobelts, clustering of the 
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nanoparticles was observed when the nanobelts were subjected to thermal annealing 

in a hydrogen atmosphere, due to partial reduction of Ti(IV) to Ti(III) and the 

generation of oxygen vacancies, as confirmed by XPS and EPR measurements. This 

was found to facilitate electrocatalytic oxidation of ethanol in an alkaline solution. In 

fact, the electrocatalytic activity was found to increase with increasing concentration 

of oxygen vacancies in the nanocomposites, which might be ascribed to the ready 

generation of surface-adsorbed hydroxyl groups that were needed for the oxidation of 

ethanol to acetate. Within the context of onset potential, anodic and cathodic peak 

potentials, peak current density and electron-transfer kinetics, the sample prepared 

with TiO2 thermally treated at 600 C stood out as the best catalyst among the series, 

with a performance markedly better than that of commercial Pd/C as well as leading 

results in recent literature on relevant catalysts. The results highlight the significance 

of structural defects of supporting substrates in the manipulation and engineering of 

nanoparticle electrocatalytic activity in ethanol oxidation. 

 

5.6 Discussion about black phosphorus donate electrons to metal nanoparticles 

and ORR activity change 

Similarly, the black phosphorus can donate electrons to the metal loaded on it and 

influence their catalytic activity. 

Based on the structural models displayed in Figure 10, one can see from Figure 9 that 

interfacial charge transfer did occur from BP to metals, with 0.23, 0.12, and 0.02 
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electron gained per metal atom of Pt, Au and Ag, respectively. Note that this trend is 

consistent with the change of metal binding energy in XPS measurements, which is 

0.53, 0.21 and 0.15 eV for Pt, Au and Ag, respectively, as compared to the carbon-

supported counterparts.  

Figure 9. DFT calculations of charge transfer from BP to supported metal 

nanoparticles: (top) front view, and (bottom) top view. (a-b) Pt-BP; (c-d) Au-BP; (e-f) 

Ag-BP. The cyan area indicates electron loss and the yellow area indicates electron 

gain. The isosurface value is 0.003 e/au3. 
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Figure 10. Structural models of M-BP for DFT calculations: (top) front view, and 

(bottom) top view. (a-b), Pt-BP; (c-d), Au-BP; (e-f), Ag-BP. 

From Figure 11a, one can see that in comparison to M-CB, the mass activity at the 

potential of +0.8 V can be seen to increase by 99% for Ag-TLBP and 164% for Au-

TLBP, but decreased by 50% for Pt-TLBP. Similarly, the E1/2 of Ag-TLBP and Au-

TLBP shifted positively by 46 mV and 90 mV, respectively, while Pt-TLBP shifted 

negatively by 47 mV, compared to the respective M-CB counterpart (Figure 11b). 

These can all be ascribed to interfacial charge transfer from TLBP to the supported 

metal nanoparticles that has been quantified by XPS measurements and DFT 

calculations (Figure 11c,d). Such a correlation between the ORR performance and 

electronic property can be understood within the “volcano plot” framework. As 

shown in Figure 11e, an increased electron density of Pt pushes the ORR activity 

further downhill, as the binding to oxygen species became too strong; whereas for Au 
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and Ag, increasing electron density pushes the ORR activity uphill due to enhanced 

binding to the oxygen intermediates.55-58 
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Figure 11. Comparative summary of ORR performance between M-TLBP and M-CB 

(or TLMP). Changes of (a) kinetic current density (Jk) at +0.8 V, (b) half-wave 

potential (E1/2), and (c) binding energy (DBE) of the Pt 4f7/2, Au 4f7/2 and Ag 3d5/2 

electrons between M-TLBP and M-CB, and P 2p3/2 electrons between M-TLBP and 

TLBP. (d) Schematic illustration of the effects of BP on the metal ORR performance 

within the “volcano plot” framework (note the axes are not in scale). 
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Chapter 6. TiO2 functionalized with alkyne ligand for efficient charge transfer: 

a powerful tool for injecting electrons from ligand to metal oxide 

Reproduced with the permission from (Yi Peng, Bingzhang Lu, Feng Wu, Fengqi 

Zhang, Jia En Lu, Xiongwu Kang, Yuan Ping, and Shaowei Chen, "Point of Anchor: 

Impacts on Interfacial Charge Transfer of Metal Oxide Nanoparticles", J. Am. Chem. 

Soc., 2018, 140, 15290.) © 2018 American Chemical Society 
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6.1 Abstract 

Photo-induced charge transfer at the molecule/semiconductor interfaces are essential 

for their diverse applications in photocatalysis and optoelectronics. Currently most 

efforts have been concentrated on chromophore molecular engineering which bound 

to metal oxide by hydroxylic or carboxylic anchors, while generally, the limited 

interfacial electronic coupling between these anchoring groups and cores represents a 

major bottleneck that limits the performance. However, exploring new anchoring 

groups has long been ignored. Herein, acetylene derivatives are demonstrated as new, 

effective capping ligands for the surface functionalization of metal oxide 

nanoparticles, as exemplified with TiO2, RuO2, and ZnO. Experimental studies and 

first-principles calculations suggest the formation of M-O-C≡C- core-ligand linkages 

that lead to effective interfacial charge delocalization, in contrast to 

hopping/tunneling by the conventional M-O-CO- interfacial bonds in the carboxyl-

capped counterparts. This results in the formation of an interfacial state within the 

oxide bandgap and much enhanced sensitization of the nanoparticle 

photoluminescence emissions as well as photocatalytic activity, as manifested in the 

comparative studies with TiO2 nanoparticles functionalized with ethynylpyrene and 

pyrenecarboxylic acid. These results highlight the significance of the unique 
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interfacial bonding chemistry by acetylene anchoring group in facilitating efficient 

charge transfer across the oxide-ligand interface and the fundamental implication in 

their practical applications. 

6.2 Introduction 

In recent decades, metal oxide nanoparticles have been attracting extensive interest 

primarily because of their unique optical and electronic properties that can be 

exploited for diverse applications, such as catalysis, optoelectronics, bioimaging, and 

biodiagnosis.1-5 The materials properties can be readily manipulated by deliberate 

functionalization with select molecules/ions involving a variety of oxide-ligand 

interfacial linkages.6-11 It should be noted that in these earlier studies, the metal oxide 

nanoparticle-anchor interactions entail mostly non-conjugated linkages, which limit 

the electronic coupling between the nanoparticle core and functional moieties of the 

capping ligands, resulting in inefficient interfacial charge transfer by 

hopping/tunneling.12 For instance, carboxylic acids represent the most widely used 

surface capping ligands for metal oxide nanoparticles,13-20 and several structural 

models have been proposed to account for the interfacial bonding interactions 

between COOH and metal oxide surface, with the exact structural configuration under 

active debates.21 Phenolic hydroxide derivatives have also been used for metal oxide 

surface functionalization through ether-like M-O-R interfacial bonds.22-29 However, 

due to their non-conjugated nature of the chemical bond, interfacial charge transfer 

remains limited. More recently, pyridine and tetrazole moieties have been used as 
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anchors onto metal oxide nanoparticle surfaces by strong coordination between the N 

lone pair electrons and Lewis acid sites of the metal oxides; yet the electrons are 

found to be mostly localized on the heterocycle anchor, rather than delocalized to the 

metal oxides, leading to inefficient interfacial charge transfer.30, 31  

An immediate question arises. Can the interfacial electron transfer be enhanced by the 

formation of conjugated covalent linkages? Note that for metal nanoparticles, 

extensive research has indeed demonstrated that effective intraparticle charge transfer 

occurs between the particle-bound functional moieties via conjugated metal-ligand 

interfacial bonds.32-36 For instance, acetylene derivatives can self-assemble onto 

transition-metal nanoparticle surfaces, forming metal-vinylidene (M=C=CH-) π 

bonds,37 where the electronic coupling (Hab) between the electron donor and acceptor 

states has been found to significantly increase, as compared to that with saturated 

interfacial linkages.38 In a more recent study,39 photo-gated intraparticle charge 

delocalization was observed with acetylene-functionalized TiO2 nanoparticles, 

suggesting that the oxide-acetylene interfacial bonds behaved analogously to metal-

vinylidene conjugated linkages. Yet, thus far, the exact chemical nature of the metal 

oxide-acetylene bonds has remained largely elusive; and more significantly, it 

remains unclear whether this is a generic phenomenon among a wide range of 

transition metal oxides. The issues are further compounded by two possible anchoring 

sites of the metal oxides (i.e., the metal and oxygen sites). Resolving the nature of 

these bonds and their effect on interfacial charge transfer are the primary motivation 

of the present study. 
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Herein, stable TiO2 nanoparticles were prepared by the functionalization of acetylene 

derivatives, and used as the initial illustrating example to unravel the chemical 

structure of the interfacial bonding interactions and the impacts on the nanoparticle 

optical and electronic properties. Results from FTIR and 1H NMR measurements, in 

conjunction with density functional theory (DFT) calculations, suggested the 

formation of Ti-O-C≡C- interfacial bonds. Steady-state photoluminescence (SSPL) 

measurements exhibited an additional emission band beyond the band edge emission, 

suggesting the formation of an interfacial state (IS) between the TiO2 conduction 

band (CB) and valence band (VB). This was confirmed in DFT calculations where the 

formation of IS was due to charge transfer from the acetylene moiety (C≡C) of the 

alkyne ligands to TiO2 based on Bader charge analysis and charge density 

redistribution. By contrast, no such IS was formed with the conventional anchors of 

carboxylic ligands where interfacial charge transfer was blocked. To further illustrate 

the efficient charge transfer via the Ti-O-C≡C- interfacial bonds, ethynylpyrene was 

employed to functionalize TiO2 nanoparticles (TiO2-EPy). Results showed that the IS 

emission was readily sensitized by the pyrene groups, as manifested in both steady-

state and time-resolved photoluminescence measurements, in sharp contrast with the 

pyrenecarboxylic acid-functionalized (TiO2-PyCA) counterpart, leading to much 

better photocatalytic performance towards methylene blue degradation with TiO2-EPy 

than with TiO2-PyCA. Similar conjugated interfacial bonding interactions, and hence 

interfacial charge transfer, were observed with other transition metal oxides, such as 

RuO2 and ZnO. Taken together, these results suggest that the unique oxide-acetylene 
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interfacial bonding interaction can be exploited as a new, powerful variable in the 

manipulation of the optical and electronic properties of metal oxide nanoparticle, a 

critical step towards their diverse practical applications. 

6.3 Result and Discussion 
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TiO2 nanoparticles were used as the initial illustrating examples. Four samples were 

prepared by a two-phase hydrothermal method using titanium(IV) n-propoxide as the 

precursor along with select organic capping ligands:39 two functionalized with 

acetylene derivatives such as n-octyne (TiO2-HC8) and ethynylpyrene (TiO2-EPy), 
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and the other two capped with carboxylic derivatives such as oleic acid (TiO2-OA) 

and pyrenecarboxylic acid (TiO2-PyCA), as schematically illustrated in Figure 1A. 

The morphology of the TiO2 nanoparticles was first examined by TEM 

measurements. Figure 1B depicts a representative TEM image of the TiO2-HC8 
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nanoparticles, where individual nanoparticles can be readily resolved. In high-

resolution TEM measurements (Figure 1C), the nanoparticles can be seen to exhibit 

well-defined lattice fringes, where the interplanar spacing of 0.35 nm is consistent 

with that of anatase TiO2 (101) (JCPDS75-1537).40 Furthermore, statistical analysis 
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based on more than 100 nanoparticles showed that the nanoparticles mostly fell 

within the narrow size range of 3.5 to 4.5 nm in diameter, with an average of 4.0 ± 

0.4 nm, as manifested in the core size histogram in Figure 1D.  

Figure 1. (A) Schematic illustration of four organically functionalized TiO2 
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nanoparticles: TiO2-HC8, TiO2-OA, TiO2-EPy, and TiO2-PyCA. (B-C) 

Representative TEM images of TiO2-HC8 nanoparticles, and (D) the corresponding 

core size histogram. 

The structures of the organic capping layers were then investigated by FTIR and 1H 

NMR measurements. Figure 3A depicts the FTIR spectra of TiO2-HC8 and TiO2-EPy 

nanoparticles, along with those of octyne and EPy free monomers. Both nanoparticle 

samples can be seen to exhibit well-defined vibrational bands at 2958, 2924, 2872 

and 2850 cm-1, characteristic of the C-H stretches of CH2 and CH3 and consistent 

with those of monomeric octyne, suggesting that the octyne ligands were indeed 

successfully bounded onto the TiO2 nanoparticle surface. The TiO2–EPy sample also 

exhibited a vibrational band at 3040 cm-1, due to the H-C= vibration of the pyrene 

rings,41 confirming the incorporation of EPy ligands on the TiO2 nanoparticle surface. 

Additionally, one can see that octyne and EPy monomers exhibited a prominent 

vibrational band at 3313 and 3297 cm-1, respectively, due to the terminal ≡C-H 

stretch.42, 43 This vibration vanished altogether for TiO2-HC8 and TiO2-EPy, 

suggesting ready cleavage of the ≡C−H bond when the acetylene derivatives were 

bound onto the TiO2 surface. This also indicates that the nanoparticle samples were 

spectroscopically clean, and free of excess ligands. Consistent results were obtained 

in 1H NMR measurements. Figure 3B shows the 1H NMR spectra of the TiO2-HC8 

and TiO2-EPy nanoparticles in CD2Cl2, where the broad peak at 0.89 ppm is due to 

terminal methyl protons of the octyne ligands, whereas the peaks at 1.28 and 1.54 

ppm to the methylene protons. For the TiO2-EPy sample, an additional broad peak 
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can be identified at 7.35-8.65 ppm for the pyrene ring protons.41 In addition, based on 

the integrated peak areas, the mole ratio between the octyne and EPy ligands on the 

TiO2 surface was estimated to be 1:0.66. Also, the fact that only broad peaks were 

observed and the terminal ≡C-H protons cannot be seen in the nanoparticle samples 

(3.43 ppm for EPy and 2.87 ppm for octyne)41, 44 further confirms the absence of free 

ligands in the nanoparticle samples, in good agreement with results from FTIR 

measurements in Figure 3A. Besides these broad peaks, these are several sharp peaks 

at 2.34 ppm (methyl protons), 7.15 and 7.24 ppm (phenol protons) are from residual 

toluene 45. 

To understand the interfacial structure of acetylene-capped TiO2, we carried out DFT 

calculations with a fully relaxed five-layer symmetric TiO2 slab model. The TiO2 slab 

is in anatase phase with the (101) lattice surface exposed, according to the 

experimental results in Figure 1C. To simplify the calculation, the simplest ligand -

C≡C-CH3 was used, and the optimized structure of the supercell and slab surface is 

shown in Figure 3C and its inset. In the stable configuration, the carbon atom was 

found to bind to the oxygen atom, instead of the titanium atom, on the TiO2 surface, 

forming a Ti-O-C≡C- interfacial linkage. Note that when we placed the ligand onto 

the titanium site as the initial configuration, it eventually migrated to the oxygen site 

after geometric relaxation (Figure 2), suggesting that a Ti-C≡C- interfacial bond is 

energetically unfavorable. Moreover, one can see that in Ti-O-C≡C-, the C-O bond 

length is 1.289 Å, which is intermediate between a carbon-oxygen single bond (1.43 

Å) and double bond (1.23 Å); concurrently, the C≡C bond length became somewhat 
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elongated to 1.217 Å, as compared to that of a free monomer (1.20 Å), whereas the C-

C bond shrank slightly to 1.452 Å from 1.47 Å for a Csp3-Csp single bond.46 Taken 

together, these results suggest that the formation of Ti-O-C≡C- interfacial linkage was 

likely facilitated by partial charge transfer of the π-electrons in C≡C to TiO2, leading 

to shortened and strengthened C-O and C-C bonds at the core-ligand interface. 

 

Figure 2. Interfacial structures of alkyne-modified TiO2: (a) when the ligands are 

placed on Ti atoms initially, and (b) the corresponding structure after relax 

calculation where the ligands moved to the O atoms spontaneously. This suggests that 

the O atom, rather than the Ti atom, in TiO2 is the anchoring site, forming a Ti-O-

C≡C-, instead of Ti-C≡C-, interfacial bond.  
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Figure 3. (A) FTIR spectra of octyne, EPy, TiO2-HC8, and TiO2-EPy. (B) 1H NMR 

spectra of TiO2-HC8 and TiO2-EPy nanoparticles in CD2Cl2. (C) Configuration of the 

TiO2-alkyne interface, with the atoms in blue, red, brown and white for Ti, O, C, and 



 324 

H, respectively. Inset is the overall configuration of a five-layer TiO2 model with 

symmetric ligands on the surface. 

The apparent electronic coupling between the acetylene moiety and TiO2 

nanoparticles leads to new optical properties of the nanoparticle, as manifested in 
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UV-vis and photoluminescence measurements. Figure 5A depicts the UV-vis 

absorption spectrum of the TiO2-HC8 nanoparticles, where the bandgap was 

estimated to be about 3.51 eV from the Tauc plot (Figure 5A inset).47 Note that this 

was somewhat larger than that of bulk anatase TiO2 (3.2 eV), likely due to quantum 

confinement effect, as the average size of the TiO2 nanoparticles was smaller than the 

Bohr exciton radius (2.35 nm).48 Figure 5B shows the corresponding SSPL profiles. 

One can see that at the excitation (λex) of 254 nm, the emission (λem) peaked at 355 

nm (red-shaded). At increasing λex (e.g., 294 and 304 nm), an additional emission 

peak emerged at around 420 nm (2.95 eV, aqua-shaded), and the intensities of these 

two emission peaks reached the maxima at λex1 = 295 nm and λex2 = 355 nm, 

respectively. Interestingly, for TiO2-OA nanoparticles that exhibited a very similar 

band gap energy (ca. 3.2 eV), only a single emission peak was observed at λem = 375 

nm within a similar range of λex. Therefore, for the TiO2-HC8 nanoparticles, the 

emission at λem1 = 355 nm was likely due to the band-edge emission of TiO2, where 

the energy (3.49 eV) is very close to the band-gap estimated by UV-vis measurements 

(3.51 eV); while the second emission at λem2 = 420 nm suggests the formation of an 

interfacial state (IS), due to electronic interactions between the acetylene moiety and 

TiO2, as schematically illustrated in Figure 5C.  

This is, in fact, confirmed by results from DFT calculations. Figure 5D depicts the 

plot of density of states (DOS) for a TiO2 slab. One can see that the band gap (2.2 eV) 

between the valence band (VB, zone I) and conduction band (CB, zone IV) was 

somewhat underestimated, as compared to the experimental results from Figure 5A 
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(this is due to the well-known self-interaction errors at the standard PBE level; 

consistent results were obtained by employing a higher level of theory such as DFT 

with hybrid functionals HSE06, as shown in Figure 4).49-51 Yet, upon the adsorption 

of acetylene derivatives onto the TiO2 surface, new states are generated within the 

band gap (zones II and III), consistent with the experimental SSPL results, where a 

new emission band emerged at 420 nm (Figure 5B) (from Figure 4 one can see that 

the experimental band gap of bulk TiO2 was well-reproduced by using more accurate 

HSE06 hybrid functional to calculate the electronic structure of functionalized TiO2 

slabs). Furthermore, from the PDOS (projected density of states) plots of the 2p 

orbitals of C2 (red), C1 (green), and O (blue) atoms and the 3d orbitals of Ti (pink) 

atom in Figure 5D, one can see that the IS is mainly composed of the 2p orbitals of 

sp-hybridized carbon (C≡C) and O atoms, with minor contributions from the 3d 

orbitals of the adjacent Ti atom. Consistent results can be obtained from the plots of 

charge density distribution within different energy windows, zone I (Figure 5E), zone 

II (Figure 5F), zone III (Figure 5G), and zone IV (Figure 5H). From Figure 5E, it is 

clear that the major contribution to the valence band (zone I) is from the O atom, 

whereas contributions to the conduction band (zone IV) are primarily from the Ti 

atom, which is also manifested by the pink curve (Ti-3d) in Figure 5D. Consistent 

with PDOS plots in Figure 5D, the IS can be seen from Figure 5F-H to be mainly due 

to the sp-hybridized carbon, with additional contributions from adjacent oxygen and 

titanium atoms.  
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Figure 4. Total density of states (TDOS) calculated by HSE and PBE of (a) TiO2-

alkyne (b) TiO2-carboxy structures. 

 

Figure 5. (A) UV-vis spectra of TiO2-HC8. Inset is the corresponding Tauc plot, 

where α is the absorbance and hν is the photon energy. (B) SSPL spectra of TiO2-

HC8 at various excitation wavelengths. The shadowed ones represent maximal 

emissions at select excitation wavelengths. (C) Schematic illustration of the band 

structure of TiO2-HC8 based on the SSPL results. (D) Total density of states (TDOS) 

plot of TiO2-C≡C-CH3 (black curve) and projected density of states (PDOS) plot of 

the 2p orbitals of C2 (red), C1 (green), and O (blue) atom, and the 3d orbital of the Ti 

(pink) atom. The corresponding energy-resolved charge density distributions are 

included in panel (E) for zone I, panel (F) for zone II, panel (G) for zone III, and 
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panel (H) for zone IV. The isovalue is 0.1 e/au3 for panels (E) and (H), and 0.005 

e/au3 for panels (F) and (G). 

The emergence of IS due to the formation of Ti-O-C≡C- interfacial bond was further 

evidenced by comparing the DOS profiles of pristine and organically modified TiO2 

slabs. From Figure 8, one can see that (i) the bandgap of the TiO2 slab remained 

almost unchanged regardless of surface modification, and (ii) the alkyne-

functionalized TiO2 slab exhibited apparent states within the bandgap (green curve), a 

behavior unseen in pristine TiO2 (black curve) or TiO2 slabs modified with carboxyl 

(red curve) or alkane (blue curve). Note that the results for carboxy-modified TiO2 are 
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consistent with those of TiO2-OA, suggesting the formation of Ti-O-C(OH)- linkage 

in TiO2-OA,52 a leading structural model postulated in the literature,53-55 while 

alkane-functionalized TiO2 cannot be verified by experiments due to the lack of 

effective synthesis methods. Nevertheless, these results clearly suggest that the 

formation of IS within the TiO2 bandgap is due to the unique Ti-O-C≡C- interfacial 

bonding interactions. 

Further insights into the interfacial bonding chemistry can be obtained from analysis 

of charge distributions within the nanoparticles. From Figure 10A, one can see that 

there is a large cyan area around the C≡C carbon atoms and adjacent oxygen atom, 

indicating a significant electron loss from this region; whereas several yellow areas 

can be identified all over the TiO2 slab, suggesting electron gain of the Ti and O 

atoms (of TiO2). This signifies strong spontaneous charge delocalization from the 

acetylene moiety to TiO2. By contrast, no obvious charge delocalization was observed 

with carboxy-functionalized TiO2. From Figure 10B, it can be seen that almost all the 

yellow and blue areas are confined to the ligand, indicating that charge delocalization 

from the ligand to TiO2 was impeded. This result is in coincidence with the Bader 

charge analysis (Table 1), where the Bader charge of TiO2-alkyne is ca. 1.2 electron 

per ligand from alkyne to TiO2, while charge transfer is negligible with only ca. 0.01 

electron per ligand from TiO2 to carboxy for the TiO2-carboxy counterpart. This 

reflects virtually barrierless charge transfer at the TiO2-alkyne interface, whereas at 

the TiO2-carboxy interface, an appreciable driving force is needed to facilitate 

hopping/tunneling charge transfer across the TiO2-ligand interface. Note that the level 
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of theory and the slab models used in the above calculations were validated by 

comparing results using slab models of various layers of TiO2 with HSE06 exchange 

correlation functional (Figure 7 and Table 1), which showed excellent agreement with 

the experimental band gap of TiO2. In addition, constrained DFT calculations56 of 

TiO2-alkyne and TiO2-carboxy clusters (Figure 6) show that the electronic coupling 

(Hab) between TiO2 and the end ligand of the former is ca. 5 times that of the latter, 

indicating that indeed the Ti-O-C≡C- bonding linkage significantly facilitated 

interfacial charge transfer.  

 

Figure 6. Optimized geometrical structures by CDFT calculation of (A) Ti(OH)3-O-

C≡C-CH=CH2, and (B) Ti(OH)3-OOC-CH=CH2. The extra electron is placed and 

localized on -CH=CH2 and -Ti(OH)3, respectively, for the calculations of electronic 

coupling (Hab) between the two sites. Within CDFT, an external potential is added to 

the self-consistent potential entering the Kohn-Sham equations, and its strength is 

varied self-consistently in order to localize a desired integer number of charges N0 on 

a specified site. Inset shows the potential energy surface of charge transfer from TiO2 
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to ligand (e.g., EPy) through an anchor group (i.e., -COO-or -C≡C-). Hab is the 

electronic coupling between TiO2 and ligand EPy, which is larger with -C≡C-than 

with -COO-and results in a lower barrier WH for excited electron or hole transfer 

from TiO2 to Epy.  

Note that PL and photocatalysis involve excited states. In the present study, since we 

are mainly interested in charge (electron or hole) transfer between TiO2 and ligands 

(e.g., EPy) bridged by different anchor groups (instead of an electron-hole 

recombination process), we can still use a Marcus’ theory type of picture for 

simplicity, as shown in Figure 6 inset (the exact shape and relative position of 

potential energy surfaces can be different but does not affect the conclusion here).  

The physical justification for this picture is the following: after an electron is excited 

from the valence to conduction bands leaving a hole in the valence band, electron 

transfer occurs in the conduction band and hole transfer in the valence band. In 

principle, the system is still neutral. If we consider that electron and hole transfers are 

relatively uncorrelated (i.e., neglect electron hole interaction), we can add an electron 

to the system which will occupy the lowest conduction band/unoccupied state and 

compute the charge transfer rate between TiO2 and ligand; or we can add a hole to 

the system which will stay at the valence band for hole conduction. The charge 

transfer direction is determined by the relative band alignment between TiO2 and the 

specific ligand (e.g., EPy). In our CDFT calculation (Figure 6), we added an excess 

electron to the system to simulate the process of excited electron transfer between 

TiO2 and ligand bridged by anchor groups.  
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When we change the anchor group from -COO-to -C≡C-(Ranchor in Figure 6 inset), 

the electrons become delocalized due to the formation of conjugated interfacial bonds 

that causes a large electronic coupling (HAB in Figure 6 inset) between TiO2 and 

EPy. If the overall potential energy surfaces of TiO2 and Epy are not strongly 

modified by the anchor group (i.e., 𝜆 and Δ𝐺0 are unchanged when we change the 

anchor groups, which is a reasonable assumption considering the relatively small size 

of the anchor group compared to TiO2 and ligands), the charge transfer barrier (𝑊𝐻) 

will diminish, because  

𝑊𝐻=(𝜆+Δ𝐺0)
2/4𝜆−(|𝐻𝐴𝐵|+(𝜆+Δ𝐺0)/2−√(𝜆+Δ𝐺0)

2/4+|𝐻𝐴𝐵|2) Eq.1  

which is based on a generalized Landau-Zener theory that correctly provides both the 

small coupling 𝐻𝐴𝐵 limit (nonadiabatic charge transfer in the Marcus’ theory) and 

the large coupling limit (adiabatic charge transfer in the transition state theory).  

In the CDFT calculation (Figure 6), we found the electronic coupling between TiO2 

and Epy (HAB, which is computed with one extra electron to represent the excited 

electron transfer process) is five times larger with the -C≡C-anchor group than with -

COO-. Based on the Eq. 1, WH will be much smaller, and the charge transfer rate (k) 

will be much larger due to the exponential dependence of k on WH Eq. 2 

𝑘=𝜅𝑒𝑙𝜈𝑛exp (−𝑊𝐻/𝑘𝐵𝑇) Eq.2  

In other words, the results that we obtained in ground state charge transfer 

demonstrate that conjugated interfacial bonding interactions indeed improve charge 

delocalization across the oxide-ligand interface, which is essentially related to the 
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enhanced electronic coupling between TiO2 and EPy bridged by -C≡C-, in 

comparison to -COO-. 

 

Figure 7. (a) Three-layer fixed bottom model with two ligands on the surface, and (b) 

3, (c) 5, (d) 9-layer relaxed surface model with alkyne ligands on the surface. (e) The 

corresponding total density of states (TDOS) profiles of the various models. 

 

Table 1. Bader charge of TiO2-alkyne and TiO2-carboxy by PBE and HSE06 

Exchange 

collection 

functional 

Charge of alkyne (e) Charge of carboxylic acid (e) 

on TiO2 isolated difference on TiO2 isolated difference 

PBE 13.60 14.80 -1.20 29.77 29.75 +0.02 

HSE06 13.67 14.81 -1.14 29.77 29.76 +0.01 
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Figure 8. Total density of states (TDOS) and interfacial configurations of a 

pristine TiO2 slab, and a slab functionalized with carboxy (-COOH), alkyne (-C≡C-), 

and alkane (-CH2-CH2-) ligands. 
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This is actually a general phenomenon for a wide range of transition-metal oxides, as 

manifested in further studies with RuO2 and ZnO. These two oxides were chosen 

because of the unique electronic structures of the metal centers, zinc(II) with a full d-

electron subshell and ruthenium(IV) with a half-full d-electron subshell, in 

comparison with Ti(IV) in TiO2 that has an empty d-electron subshell. From DFT 

calculations, it can be seen that (i) both oxide nanoparticles also showed a stable 

structure with the alkyne ligands bonded to the oxygen atoms, instead of the metal 

atoms (ZnO-alkyne in Figure 9A, and RuO2-alkyne in Figure 9B), consistent with 

results for TiO2-alkyne (Figure 10A); and (ii) there is an apparent charge transfer of 

1.10 and 1.43 electrons from the alkyne ligand to ZnO and RuO2 (cyan area), 

respectively, also comparable to that (1.2 electrons) for TiO2-alkyne. By contrast, 

charge transfer from carboxylic ligands to ZnO and RuO2 was negligible at only 0.06, 

and 0.64 electron (Figure 9C-D), respectively, very similar to that (0.01 electron) for 

TiO2-carboxy (Figure 10B). Taken together, these results suggest that (i) acetylene 

derivatives can indeed serve as effective capping ligands for the surface 

functionalization of a wide range of metal oxide nanoparticles, and (ii) apparent 

charge transfer occurs between the acetylene moiety and metal oxide, due to the 

formation of conjugated M-O-C≡C- interfacial bonds, in contrast to conventional 

capping ligands (e.g., carboxylic derivatives) where charge transfer across the core-

ligand interface is negligible. This may have significant implication in practical 

applications of these oxide nanomaterials, as demonstrated below. 
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Figure 9. Charge transfer between ligands and metal oxide slabs: (A) ZnO-alkyne, 

(B) RuO2-alkyne, (C) ZnO-carboxy, and (D) RuO2-carboxy. The cyan area indicates 

electron loss, and yellow area indicates electron gain. The isosurface value is 0.003 

e/au3. 
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Figure 10. Charge transfer between ligand and TiO2 slab: (A) TiO2-alkyne (B) TiO2-

carboxy. The cyan area indicates electron loss and yellow area indicates electron gain. 

The isosurface value is 0.003 e/au3. 

One can envisage that if a suitable electron donor is bound onto a metal oxide 

nanoparticle via the M-O-C≡C- linkage, effective charge transfer occurs from the 

electron-donating moiety to the metal oxide, leading to the emergence of new optical 

and electronic properties. By contrast, such interfacial charge transfer will be 
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impeded with a carboxy anchor. In the present study, pyrene is used as a molecular 

probe to highlight the significance of such interfacial bonding contacts in the 

manipulation of nanoparticle interfacial charge transfer and optical and electronic 

properties. Two samples, TiO2-EPy and TiO2-PyCA were prepared and compared 

(Figure 1A). Figure 11A depicts the UV-vis absorption spectra of EPy and TiO2-EPy. 

It can be seen that EPy monomers exhibited four prominent peaks at 314, 328, 343 

and 360 nm, due to the So → Sn transitions of the pyrene π electrons;57 consistent 

absorption features can also be observed with TiO2-EPy, though with a slight red-

shift of 4 to 7 nm, likely due to enhanced interactions between the pyrene moieties, as 

they were in close proximity on the nanoparticle surface, akin to the situation of 

pyrene-containing polymers.58 Furthermore, in comparison to TiO2-HC8, one can see 

that TiO2-EPy showed a diminishment of the effective bandgap to 2.94 eV (Figure 

11A inset), suggestive of enhanced absorption in the visible range, as compared to 

pristine TiO2. This is likely because electronic transition involving the IS became 

dominant as a result of the formation of Ti-O-C≡C- interfacial bonds.  
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Figure 11. (A) UV-vis spectra of monomeric EPy, TiO2-HC8, and TiO2-EPy. Inset 

shows the corresponding Tauc plots. (B) Normalized steady-state excitation and 

emission spectra of monomeric EPy, TiO2-HC8, and TiO2-EPy. (C) Schematic 

illustration of the charge transfer process at the Ti-O-C≡C-Py interface. (D) TRPL 

decay profiles of monomeric EPy, TiO2-HC8 and TiO2-EPy. The grey curve is the 

background of the instrument response function (IRF). Symbols are experimental data 

and solid curves are exponential fits. The fitting results are summarized in the inset 

table. (E) UV-vis spectra of a MB solution before and after UV photoirradiation for 

15 min using TiO2-EPy or TiO2-PyCA as catalysts. The inset shows the photographs 



 341 

of the solution at different times (in min). (F) Variation of MB peak absorbance with 

photoirradiation time. Symbols are experimental data and lines are linear regressions. 

This distinction is also manifested in SSPL measurements. Form Figure 11B, it can 

be seen that monomeric EPy exhibited three characteristic emissions at 382, 402, and 

425 nm,57 and rapidly decayed in intensity with an increase of the excitation 

wavelength. By contrast, TiO2-EPy displayed only a single, broad emission centered 

at λem = 420 nm, independent of the excitation wavelength. Note that this emission 

peak position is the same as λem2 of TiO2-HC8 (Figure 5B), suggesting that it arose 

from the radiative recombination of CB electrons and IS holes of TiO2 (Figure 5C). In 

addition, the photoluminescence quantum yield (φ) of TiO2-EPy was estimated to be 
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36.6%, using quinine sulfate in 0.1 M H2SO4 as the standard (φ = 54%),59 which is 

markedly higher than that of TiO2-HC8 (6.9%). This can be accounted for by charge 

donation from the pyrene group to TiO2 CB and the subsequent radiative decay to the 

IS holes, leading to marked sensitization of the TiO2 IS emission, consistent with 

results from UV-vis (Figure 11A) and DFT calculations (Figure 5D). Based on the 

above data, the electronic structure of TiO2-EPy is schematically illustrated in Figure 

11C. For comparison, TiO2-PyCA nanoparticles, where the pyrene moiety was 

anchored onto the TiO2 surface by the COOH moiety (Figure 1A), no apparent 

variation was observed of the SSPL profile. 

The electron transfer dynamics from pyrene to the TiO2-alkyne interface (Ti-O-C≡C-) 

were also investigated by time-resolved photoluminescence (TRPL) measurements. 

Figure 11D shows the normalized decay profiles after pulsed laser excitation at 337 

nm for the series of samples (the grey curve is the background of the instrument 

response function, IRF). Note that at this excitation, the emission of TiO2-HC8 and 

TiO2-EPy is dominated by λem2 (Figure 5B). The data may be fitted by either single- 

or double-exponential decay kinetics,60 𝐼(𝑡) =  𝐴1𝑒
−

𝑡

𝜏1 + 𝐴2𝑒
−

𝑡

𝜏2 , 𝐼(𝑡) =  𝐴1𝑒
−

𝑡

__1 +

𝐴2𝑒
−

𝑡

__2 , where A1 + A2 = 1, and the fitting parameters were listed in the inset to 

Figure 11D. For monomeric EPy, the data were fitted by a single exponential 

function, and the decay lifetime (𝜏) was estimated to be ca. 16.52 ns, consistent with 

results observed earlier with pyrene derivative,57 due to the recombination of Sn 

excited electrons to S0 holes of pyrene. TiO2-HC8 nanoparticles also showed a single 

decay lifetime, which was markedly shorter at 1.18 ns for the recombination of 
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excited electrons at CB to IS holes. The fact that both EPy and TiO2-HC8 showed 

only a single photoluminescence pathway is consistent with results from the SSPL 

measurements (Figure 11B). For TiO2-EPy nanoparticles where the TiO2 cores were 

functionalized with a mixed monolayer of octyne and EPy ligands, the data were 

fitted by a double-exponential equation, and two lifetimes were identified at 𝜏 1 = 1.66 

ns and 𝜏 2 = 9.76 ns. The long component is consistent with the slow decay of pyrene, 

while the short lifetime was close to that of TiO2-HC8 and might be attributed to the 

fast decay of IS. Moreover, the contributions of the fast and slow decay components 

were estimated to be 98.4% and 1.6%, respectively, suggesting that the dominant 

pathway for electron transfer entailed excited electrons on TiO2 CB to IS. Again, this 

is in agreement with the SSPL results, where the quenching of pyrene emission and 

the enhancement of IS emission was accounted for by the efficient electron transfer 

from pyrene to TiO2 CB. Additionally, the average lifetime ⟨𝜏⟩ can be calculated by 

⟨𝜏⟩ =
𝐴1𝜏1

2+𝐴2𝜏2
2

𝐴1𝜏1+𝐴2𝜏2
, and was found to be 2.37 ns for TiO2-EPy, which is 

somewhat higher than that of TiO2-HC8. Furthermore, the electron transfer rate 

constant (ket), which can be estimated by 𝑘𝑒𝑡 =
1

⟨𝜏⟩𝑇𝑖𝑂2−𝐸𝑃𝑦
−

1

⟨𝜏⟩𝐸𝑃𝑦
 , was 3.61 × 108 

s 1, indicating fast charge-transfer kinetics from pyrene to TiO2 CB. For comparison, 

TiO2-PyCA, where the pyrene moiety was anchored onto the TiO2 surface by a 

carboxyl linker instead (Figure 1A), the lifetime remained almost invariant, as 

compared to that of monomeric PyCA (τ= 6.13 ns), because of impeded charge 

transfer at the core-ligand interface. 
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In theoretical simulation, we applied phenylacetylene as a simplified representation of 

EPy in TiO2-EPy to bind onto the surface of a TiO2 slab (Figure 12A). The DOS plot 

(Figure 12B) suggests that IS remained visible, and an additional gap state emerged 

due to the conjugation between the phenyl ring (representing EPy) and the CC 

moiety. By contrast, no obvious IS was formed with aromatic derivatives that 

featured a COOH anchor.52 These results are in complete agreement with the 

experimental data presented above.  

 

Figure 12. (A) Interfacial configuration and (B) DOS of a phenylacetylene-modified 

TiO2 slab. 

Such unique interfacial bonding interactions markedly impact the nanoparticle 

photocatalytic activity, as manifested in the photocatalytic degradation of methylene 

blue (MB) by TiO2-EPy and TiO2-PyCA. Figure 11E depicts the UV-vis spectra of a 

MB solution (10 mg/L) containing 0.4 mg/L of the catalysts before and after 15 min’s 



 345 

UV photoirradiation (365 nm, 16 W/cm2). It can be seen that MB was almost 

completely degraded in 15 min by TiO2-EPy, while only 55% by TiO2-PyCA (Figure 

11E inset). In fact, from Figure 11F, one can see that the degradation rate constant for 

TiO2-EPy (0.208 min-1) is ~ 4 times that for TiO2-PyCA (0.054 min-1) and ~ 15 times 

that for TiO2-HC8 (0.014 min-1). This indicated that the enhanced photocatalytic 

performance of TiO2-EPy is sensitized by pyrene groups though the acetylene 

linkage. 

6.4 Experiment and Calculation 

Chemicals. n-Octyne (HC8, 98%, Alfa Aesar), ethynylpyrene (EPy, 96%, Alfa 

Aesar), oleic acid (OA, Spectrum), pyrenecarboxylic acid (PyCA, 97%, TCI 

America), titanium(IV) n-propoxide (99%, ACROS), tert-butylamine (99%, 

ACROS), quinine sulfate (Sigma-Aldrich), and methylene blue (MB, 95%, Acros) 

were used as received without any further purification. Solvents were purchased at 

the highest purity available from typical commercial sources and also used as 

received. Water was deionized with a Barnstead Nanopure Water System (18.3 

MΩ•cm).  

Synthesis of alkyne-functionalized TiO2 nanoparticles. Alkyne functionalized TiO2 

nanoparticles were synthesized via a two-phase hydrothermal approach.39 Briefly, 50 

L of tert-butylamine was dissolved in 5 mL of water and the solution was 

transferred into a 20 mL Teflon-lined stainless-steel autoclave. Separately, a mixture 

of octyne (0.5 mL), titanium(IV) n-propoxide (75 mg) and toluene (5.0 mL) was 
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transferred to the autoclave slowly to form a two-phase reaction system. The 

autoclave was sealed and heated at 180 C for 12 h. After it was cooled down to room 

temperature, the toluene layer was collected and dried by rotatory evaporation. The 

products were rinsed by methanol for 6 times to remove excess free ligands, and the 

obtained purified products were denoted as TiO2-HC8, which were readily soluble in 

nonpolar solvents, such as CH2Cl2, CHCl3, toluene, THF, etc. 

Pyrene-functionalize TiO2 nanoparticles were prepared in the same manner, except 

that 12 mg of EPy was added into toluene layer along with octyne, such that the 

resulting TiO2 nanoparticles were capped by a mixed monolayer of octyne and EPy 

(and denoted as TiO2-EPy).  

Two control samples were also prepared by adopting the same procedure. In the first 

one, 0.5 mL of oleic acid was used in place of octyne to synthesize oleic acid-

protected TiO2 (TiO2-OA) nanoparticles. The other entailed the addition of 0.5 mL of 

oleic acid and 12 mg of PyCA to synthesize PyCA and oleic acid co-protected TiO2 

(TiO2-PyCA) nanoparticles.  

Characterizations. TEM measurements were carried out with a Philips CM300 

microscope operated at 300 kV. FTIR spectra were collected with a PerkinElmer 

FTIR spectrometer (spectral resolution 4 cm-1), where the samples were prepared by 

casting the nanoparticle solutions onto a ZnSe disk. 1H NMR measurements were 

carried out by using concentrated nanoparticle solutions in CD2Cl2 with a Varian 

Unity 500 MHz NMR spectrometer. UV-vis and SSPL spectra were acquired with a 

PerkinElmer Lambda 35 UV-vis absorption spectrometer and PTI fluorospectrometer, 
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respectively. TRPL decay spectra were collected on a Horiba QM-3304 instrument at 

the pulsed laser excitation of 337 nm in the time-correlated single-photon counting 

(TCSPC) mode. 

Photocatalysis. In the photocatalytic degradation of MB by TiO2-EPy and TiO2-

PyCA, 20 mg of the catalysts prepared above was added into 50 mL of an aqueous 

solution (10 mg/mL) of MB, corresponding to a catalyst loading of 0.4 mg/mL. The 

solution was under magnetic stirring in the dark for 30 min to reach an adsorption 

equilibrium, prior to photoirradiation with a UV lamp (365 nm, 16 W/cm2). An 

aliquot of the solution was taken out in the time interval of 2.5 min and a UV-vis 

spectrum was recorded until there was no change of the UV profile. 

Computational Methods. DFT calculations were performed with the open source 

planewave code, Quantum ESPRESSO.61 1 × 3 supercells were built for TiO2 (101) 

of five layers in thickness. The vacuum thickness was set at 12 Å to avoid interactions 

between periodic images. The slab models included ligands with inversion symmetry 

to avoid net dipoles in the cell. The ultrasoft pseudopotential62 was adopted with a 

kinetic cutoff energy of 40 Ry and charge density cutoff of 240 Ry for the Perdew-

Burke-Eernzerhof (PBE) calculations. The optimized norm-conserving 

Vanderbilt (ONCV) pseudopotential63 was adopted with a kinetic cutoff energy of 90 

Ry and charge density cutoff of 360 Ry for the Heyd-Scuseria-Ernzerhof (HSE06) 

hybrid functional calculations.64 The proportion of Hartree-Fock (HF) exchange is set 

to 22%. The 4 × 2 × 1 and 2 × 2 × 1 Monkhorst-Pack K-point is used for PBE and 

hybrid functional calculations, respectively. The Marzari-Vanderbilt smearing65 was 
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adopted at the smearing of 0.001 Ry for all calculations except for pristine TiO2. The 

electronic energy was converged to 10-8 Ry and force was converged to 10-4 a.u. 

Energy resolved charge density distribution was analyzed by open source code 

JDFTx.66 

6.5 Conclusion 

Results presented herein clearly demonstrate that acetylene derivatives can serve as 

effective capping ligands for metal oxide nanoparticles, and the resulting M-O-C≡C- 

interfacial linkages lead to markedly enhanced electronic coupling between the ligand 

 electrons and metal-oxide cores, whereas interfacial charge transfer is significantly 

impeded with conventional anchor groups such as the carboxy moiety. This suggests 

that with a deliberate manipulation of the nanoparticle interfacial point of anchor, the 

optical and electronic properties of the metal-oxide nanoparticles can be controlled at 

an unprecedented level of sophistication, a variable that has remained largely 

unexplored thus far. This will have significant implication in their diverse practical 

applications, such as photocatalysis, photovoltaics, and photodynamic therapeutics. 
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Chapter 7 Summary and perspective 

Taken together, the central dogma of electrocatalytic performance is established, 

which contains 4 levels of design and understand of electrocatalysis: material 

synthesis, characterization and activity measurement; active sites identification; 

reaction mechanism understanding and exploration; electronic structure analyzing and 

manipulating. For rational synthesis of an electrocatalyst, the strategy loop is 

established with combination of theoretical and experimental works. The charter 2-6 

introduces specific works on this loop. 

Chapter 2 introduces a novel nitrogen and iron-based carbon nanowires with its 

excellent ORR activity suppress Pt/C in alkaline electrolyte. The active sites are 

identified as neighboring carbon of nitrogen atoms and the iron atoms of a FeN4 

structure embed in carbon matrix. In addition, the Stone Wales FeN4 structure is the 

leading configuration with the best activity, it also can create nanowrinkles as proved 

in another work. The source of activity is also found. On one hand, the nitrogen atom 

with its great electronegativity can withdraw the electrons from neighboring carbon, 

causing a spin density on it. This process is in favor of the adsorption of oxygenic 

intermediate species. On the other hand, the d-orbitals of iron in the FeN4 sites can 

provide great opportunity for binding of intermediate species. 

Chapter 3 introduces a novel nitrogen and ruthenium-based carbon nanowires for 

HER in alkaline electrolyte. As one of best catalysts among all reported, its activity is 

much better than the commercial Pt/C, which is considered as best HER catalyst 
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previously. The most probable active site is RuC2N2, instead of RuN4 or Ru 

nanoparticles. This site can provide ruthenium and carbon atoms to perform water 

dissociation efficiently, which process plays important part in HER in the alkaline 

electrolyte. 

In chapter 4, starting from theoretical calculation, it is discovered the Pt single atom 

and few atom clusters (< 0.9 nm in diameter) on the nitrogen doped carbon have 

difficulty in ORR, due to their inert properties for oxygen adsorption. Moreover, it is 

demonstrated the Co dopants in the Pt few atom clusters can have significant activity 

enhancement. The source of this enhancement is also assigned to the enhanced 

density of states near fermi level. Experimentally, the series Pt or PtCo based carbon 

nanowires was synthesized and confirmed what theoretical calculation predicted. 

Among all of the samples, the one containing active species with PtCo 2-7 atom 

clusters shows the best mass activity and 48-fold enhancement compared to 

commercial Pt/C.  

Chapter 5 introduces examples for interfacial charge transfer induced electrochemical 

activity change. The oxygen vacancy doped TiO2 can donate electrons to Pd 

nanoparticles and enhance their activity toward ethanol oxidation reaction; In another 

work, the black phosphorus can donate electrons to Pt, Au and Ag nanoparticles, 

causing ORR activity decay for Pt and enhancement for Au and Ag.  

Chapter 6 introduce a new way of manipulating the electronic structure of TiO2 by 

alkyne functionalization. The unique -C≡C-O linkage can not only create a new state 
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inside of band gap, and also provide efficient one-way channel for electron 

transferring from ligand into TiO2 surface. 

These works contain every aspects of the strategy loop for electrocatalyst as 

introduced above. Based on the central dogma, the future research project can be 

developed from novel material synthesis, active sites identification, reaction 

mechanism exploration and electronic structure manipulation.  

For the first aspect, new material system and novel fabrication techniques can be 

developed.  

As an example of new material system, single atom electrocatalysts have a promising 

outlook toward a wide range of reactions with their very high atomic utilization, 

much cheaper price and high sensitivity to the coordinating structure. However, 

except Pt or Ru single atoms for HER and Fe or Co single atom for ORR, other single 

atom material and reaction are not reported extensively. This is because the activity 

cannot be anticipated or discovered straightforwardly due to the high complexity of 

the geometrical and electronic structure of single atoms. Thus, it’s worth exploring 

and examining the electrochemical behavior of a certain single atom coordination 

system, in order to lay a solid foundation for summarizing the principles. For 

example, Ru or Ir single atoms loads on metal oxide can form Ru (Ir)-O-metal bond, 

which exhibit promising activity for OER. More materials with such coordination 

structures can be designed in order to attempt to achieve a high OER activity. In 

another example, Pt, Pd and Rh single atoms on metal or metal oxide may have high 
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activity for fuel oxidation reaction. Many novel catalysts can be prepared through this 

direction. 

As an example of novel material fabrication techniques, in our current research 

project, the induction heating method has shown great outlook for synthesis materials. 

Compare to traditional hydrothermal method and tube furnace pyrolysis method, it 

has great advantage. Firstly, the induction heating method has very high efficiency, 

with its ultra-fast temperate increasing and decreasing rate (~103 K/s). Thus, the 

material can be prepared within several seconds. In comparison, the traditional 

heating method need 2-10 hours. This method provides unlimited opportunity for 

high-throughput screening of plentiful materials. Secondly, the induction heating can 

reach an ultrahigh temperature (up to ~2200 °C), way beyond the limit of 

hydrothermal method (up to ~ 200 °C) and tube furnace (up to 1200 °C). In this way, 

some new chemical structures maybe obtained in an ultrahigh temperature. Thirdly, 

the induction heating with fast quenching method can make it possible to achieve a 

certain phase that only exist in high temperature, such as the Au-Ni alloy 

nanoparticles, which is impossible to obtain in a traditional heating method due to 

strong phase segregation. Up to recent, it has been successfully prepared several 

electrodes with ultrahigh OER activity by induction heating method. I anticipate this 

method will be adopted widely for preparation nanomaterial in the foreseeable future. 

For the level of active site understanding and reaction mechanism study, the works 

can be carried out from catalyst surface structure characterization, intermediate 

species identify and theoretical mechanism proposing. Specifically, the OER on metal 
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oxide surface has great complexity. So, the surface morphology and coordination 

change should be carefully examined by operando HRTEM and XAS. Moreover, the 

lattice oxygen change and other intermediate binding can be record by isotope 

labelling or other new developed methods. With these measurements, the reaction 

pathway can be better proposed and push forward the theoretical work for better 

simulation. Besides, the gap between the theoretical active sites activity and actual 

sample activities need further attention, such as local pH effect, reaction transition 

state barrier, solvent effect, diffusion problem, etc.  

For the level of manipulation activity, more works can be done to observe charge 

transfer induced activity change and summarize the general principles. Moreover, 

new methods for interfacial charge transfer can be also developed, such as novel 

ligand functionalization or synthesis alloying nanoparticles. For example, in our latest 

study, it is revealed the alkyne ligands can withdraw the electron of an Ir surface 

hence increase the activity of HER and OER. 

 




