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ABSTRACT 

NANOSTRUCTURED MATERIALS AS EFFECTIVE 

CATALYSTS FOR OXYGEN REDUCTION REACTIONS (ORR) 

Ke Liu 

Fuel cells are clean and efficient power sources which can convert 

chemical energy of hydrogen and oxygen into electricity. The Gibbs free energy 

of hydrogen fuel cells can be as high as -273.13 kJ mol
-1

, and the theoretical 

energy conversion efficiency is high as well. However, the cathode oxygen 

reduction reaction (so-called ORR reaction) is kinetically slow and regarded as 

bottleneck of fuel cell technology. Thus extensive efforts have been spent on 

developing efficient catalysts where oxygen molecules can be reduced to water 

efficient and fast. In this thesis, the research efforts are focused on developing 

various nanostructured materials as efficient ORR catalysts. In detail, the 

research mainly focuses on two directions: first, develop Pt-based ORR catalysts 

with improved ORR activities compared to commercial Pt/C catalysts; second, 

develop non-precious but highly-efficient ORR catalysts. 

Commercial Pt/C catalysts are one of the best ORR catalysts due to their 

good balance of activities and stabilities. However, the price of Pt is high and its 

reserve is limited, thus efforts should be spent in improving specific activity of 

Pt-based ORR catalysts aiming to decrease usage of Pt and the cost on catalysts. 

Recently it’s reported that deliberate manipulation chemical functionalization of 
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metal nanoparticles can significantly increase their electrocatalytic activities. 

Inspired by those work, acetylene derivatives were adopted to functionalize 

surface of Pt nanoparticles in the first project, in order to explore different metal-

ligand interfacial bonding interactions on the nanoparticle electrocatalytic 

activity. It’s revealed that specific activity of Pt nanoparticles after ligand 

functionalization was all markedly better than that of commercial Pt/C catalysts, 

which was accounted for by the deliberate manipulation of the electronic 

structure of the Pt nanoparticles. 

Besides organic ligand functionalization, graphene-based materials were 

reported capable of decreasing surface electron density of Pt, which is believed 

beneficial for the electrocatalytic activity. In the second project, Pt nanoparticles 

were deposited on graphene quantum dots, a relatively new member of graphene-

based materials, producing Pt/GQD composite as evidenced by TEM and XRD 

measurements. In comparison with commercial Pt/C catalysts, the Pt/GQD 

composite showed markedly enhanced catalytic activity in oxygen reduction 

reaction, with an onset potential 70 mV more positive than that of Pt/C, a specific 

activity that was almost nine times higher, and excellent long-term stability. 

Although it’s proven effective to improve ORR activity of Pt-based 

materials by ligand functionalization and introducing interactions between 

graphene quantum dots, the high price of Pt still drives efforts spent in 

developing non-precious efficient ORR catalysts. Compared with Pt, copper is 

inexpensive candidate materials with good conductivity, and polycrystalline 
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copper electrode is reported to exhibit apparent electrocatalytic activity in oxygen 

reduction reaction. It’s also suggested that partial oxidation of copper surfaces 

might be crucial for ORR activities, so alkyne-capped copper nanoparticles were 

prepared hoping to realize control oxidation on the surface and their catalytic 

activities were evaluated. Electrochemical studies showed that the as-prepared 

alkyne-capped copper nanoparticles exhibited much better activity in oxygen 

reduction than those poly- or single-crystalline copper electrodes, yet low-

efficient 2e pathway is dominant for those copper-based materials. 

To further improve ORR activity of copper-based material, graphene 

quantum dots, which contain both significant portion of sp
2
 carbon and wealthy 

structural defects, were introduced to support copper nanoparticles. Cu/GQD 

nanocomposites with varied defect concentrations exhibited significantly 

electrocatalytic activities towards oxygen reduction reaction, where highly-

efficient 4e pathway is dominant for those composite catalysts. It’s also figured 

out that there is an optimal defect concentration where both metal-sp
2
C 

interactions and surface defect mediations contribute most to the ORR activities. 

For non-precious ORR catalysts, their long-term stabilities are more 

concerned than the catalytic activities. Although metal-sp
2
C interactions are 

reported able to stabilize the overall structure, carbon-based supports can be 

oxidized at high potentials, hampering the stability under long-time cycle tests. 

TiO2 is quite stable in extreme conditions (strong acidic or alkaline solutions) and 

can resist high oxidizing potentials. It’s also reported that there are strong metal-
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support interactions between TiO2 and metal centers. Herein, copper 

nanoparticles were directly grown on surface of TiO2 and selected organic 

ligands were also attached on surface of copper nanoparticles, producing both 

Cu/TiO2 and CuHC10/TiO2 nanoparticles. Electrochemical studies demonstrated 

that both Cu/TiO2 and CuHC10/TiO2 are able to catalyze oxygen reduction 

reactions following an almost four-electron reduction pathway. CuHC10/TiO2 

exhibited the best ORR activity with a high current density and long-term 

stability after 4000 cycles at high potentials. 
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1.1 Background 

Fuel cells, particularly hydrogen fuel cells, are clean and efficient power 

sources which can convert chemical energy of hydrogen and oxygen into 

electricity producing only water as finally product. Driven by the high Gibbs free 

energy (-273.13 kJ mol
-1

), the fuel cell reaction is thermodynamically favorable 

and the energy conversion efficiency of fuel cell is much higher than that of 

internal combustion engine. Combining its experimental-friendly process, high 

theoretical energy as well as energy conversion efficiency, fuel cells have the 

potential to alleviate a series of environmental problems associated with fossil 

foil based energy production, such as air pollution and green-house emission etc. 

As electrochemical power sources, fuel cells have wide applications in stationary 

power plant, automobiles, and portable electronics. For automobile applications, 

most efforts are focused on polymer electrolyte membrane fuel cells (PEMFC) 

due to their low operation-temperatures, short start-up and transient-response 

times
1
.  

However, PEMFCs face two main obstacles on the way to realize large-

scale commercialization: cost and lifetime. One significant portion of cost on 

PEMFCs arises from expensive anode and cathode catalysts most of which are 

based on Pt nanoparticles dispersed on carbon black supports, which can 

contribute to 56% of the cost in fuel cell stack according to a United States 

Department of Energy’s (DOE) study in 2007
2
. Actually for H2-fed anode 

electrodes the Pt loading can be as low as 0.05 mgPt/cm
2
 due to excellent activity 
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towards hydrogen oxidation reactions
3
, however the real challenge lies in 

decreasing current Pt loading of ca. 0.4 mgPt/cm
2
 for the cathode because of 

complex and sluggish oxygen reduction reactions (ORR) involved
4
. Actually the 

cathode loadings are desired to be < 0.1 mgPt/cm
2
 and US DOE 2017

5
 targets for 

catalysts aim for a total (anode plus cathode) loading of 0.125 mgPt/cm
2
. If that 

goal can be realized, each vehicle only needs 8 g of platinum group metals
6
 and 

the cost on catalysts can be significantly reduced.  

For automotive applications, durability of fuel cell cathode 

electrocatalysts is an even more severe challenge. Serious degradation on cathode 

catalysts is possible during long-term operation considering platinum-particle 

dissolution and sintering, carbon-support corrosion and membrane thinning
7
. 

Even during the short times when H2/air waves move through the flow fields 

during start-up or shut-down
8
, there is still high tendency that the carbon supports 

are oxidized when the cathode reach high enough potentials. State-of-the-art 

catalysts can be durable for 2,500 h’s operation, however DOE 2017 targets to 

extend that time to 5,000 h
9
 including hundreds of thousands of load cycles and 

tens of thousands of start-up and shut-down events.  

1.2 Oxygen Reduction Reactions (ORR) 

Oxygen reduction reaction (ORR) plays a very important role in advanced 

electrochemical energy conversion devices, such as fuel cells and metal-air 

batteries
10

. With kinetics of the cathode ORR six or more orders of magnitude 

slower than that of anode hydrogen oxidation reactions, it is crucial to improve 
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activities of cathode catalysts based on the understanding of the ORR catalytic 

mechanism. 

Although the understanding of the ORR mechanism at the atomic-level is 

in early stage, it is well known that each oxygen molecules require four net 

coupled proton and electron transfers to be reduced to water completely, among 

which several elementary steps are involved. The oxygen molecules can be 

directly reduced to water (in acidic solution) or to OH- (in alkaline solutions) via 

a favored four-electron pathway; another pathway is the low-efficient two-

electron pathway which partially reduces oxygen molecules to hydrogen peroxide; 

more complex pathway is also possible when the two-electron and four-electron 

pathways proceed in series or parallel.  
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Figure 1.2.1 General scheme of possible oxygen reduction reaction pathways. 

Reprinted with permission from J. Electroanal. Chem.(1976, 69, 195-201). Copyright 

©1976 Elsevier Sequoia S.A., Lausanne. 
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Following those branched ORR pathways above, several different 

intermediates can be formed, including O*, HO* and HOO* (where O*, HO* 

and HOO* are oxygen, hydroxyl, and superhydroxyl groups adsorbed on active 

sites)
11

. Those adsorbed oxygenated species are suggested to be the crucial step 

of ORR and decisive process for determining the catalyst performance
12

.  Yet 

those intermediates make it challenging to elucidate the reaction mechanisms 

experimentally since they could not be easily probed in situ
13

.  Some studies 

show that adsorption energies of the oxygenated species are proportional to each 

other
14

, which stems from a more universal correlation between the adsorption 

energies of any adsorbates bound similarly to a surface
15

. Especially taking 

consideration that those oxygenated species bind to the surface via the oxygen 

atom
16

, a surface that binds O* strongly is also expected to bind HO* and HOO* 

strongly. 
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Figure 1.2.2 Theoretical plot of free energies of adsorption of OOH*, OH* and 

O*, ΔGOOH*, ΔGOH* and ΔGO*, respectively, as a function of ΔGOH* for (111), 

(100) and (211) pure metal surfaces (shown with filled squares),
14a, 16

 as well as 

Pt overlayers on Pt-alloy surfaces (shown with open circles).
17

 Reprinted with 

permission from Energy. Environ. Sci. (2012, 5, 6744-6762). Copyright © 2012 

Royal Society of Chemistry. 
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Such scaling relationship makes it possible to consider only one 

oxygenated specie’s adsorption energy to determine the catalytic trends. DFT 

calculations were conducted to obtain oxygen binding energy for a number of 

interesting metals and a volcano shape
12a

 appeared which showed that Pt and Pd 

are the best catalysts for ORR, although the two metals fall on the left side of the 

volcano shape and there was some room for activity improvements. As shown by 

Figure 1.2.3, metals fall on the left side bind oxygen too strongly, the rate of 

which depends on the removal of adsorbed O and OH species; metals lying on 

the right side bind oxygen too weakly, and the transfer of electrons and proton to 

adsorbed O2 is the rate-determining step
18

.  The volcano plot indicates that there 

was some room for improvement on ORR activities of Pt-based catalysts, and the 

catalyst which binds oxygen more weakly than Pt by about 0.2 eV should behave 

better in oxygen reduction reactions. Furthermore, a microkinetic model was 

developed for ORR by calculating the activity on materials with a varying OH 

binding energy
19

, and similar volcano shape was found which is consistent with 

the previous volcano plot and scaling relationship between different oxygenated 

species. Actually over 100 years ago Sabatier already proposed that the optimal 

catalyst for a given reaction is the one which exhibits intermediate binding to its 

intermediates
20

, and the volcano plot is widely used in both gas-phase 

heterogeneous catalysis and electrocatalysis.
12a, 14b, 21
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Figure 1.2.3 Trends in oxygen reduction activity plotted as a function of the oxygen 

binding energy. Reprinted with permission from J. Phys. Chem. B (2004, 108, 17886-

17892). Copyright © 2004, American Chemical Society. 
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1.3 Activity of Pt cathode catalysts 

As stated in previous section, platinum nanoparticles are mostly used 

cathode materials for sluggish oxygen reduction reactions
22

. However the high 

price and limited reserve of Pt hinder its extensive application, and lead efforts 

spent in developing Pt-based catalysts with improved mass activity which can 

result in decreased usage on Pt and lower cost. Manipulating surface electronic 

structure of Pt can induce changes in adsorption behavior of reaction 

intermediates, specifically a shift of surface-oxide formation to higher 

potentials
23

, which is believed to be beneficial for the high ORR activity
24

.  

1.3.1 facet-controlled Pt nanocrystals 

Ways to manipulate electronic structure of Pt are various and synthesizing 

facet-controlled Pt nanocrystals is one promising route, since studies of single-

crystal Pt electrodes revealed dependence of ORR activities on different crystal 

facets
25

. For example, ORR activity of Pt (+0.9 V vs RHE) in 0.1 M HClO4 

decreases in this order: 110 > 111 > 100
26

, while different trends in H2SO4 (110 > 

100 > 111) and KOH (111 > 110 > 100)
27

. When extended to nanoparticulate 

form, improved activities over commercial Pt catalysts were observed, such as 

(100)-terminated Pt nanocubes by Sun
28

 et al. Although there are both 

experimental and theoretical evidence that undercoordinated sites are inactive for 

ORR on Pt
10c, 29

 because those open facets (steps, edges and kinks) are believed 

to bind adsorbates such as HO* more strongly, Pt nanocrystals with high-index 

facets, such as (730), (210), and (520) by applying a square-wave potential to 
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polycrystalline Pt microspheres
30

 or Pt concave nanocubes with (510), (720), and 

(830) by simple reduction method
31

, show enhanced ORR activity per unit 

surface area compared with those bounded by low-index planes such as (100) and 

(111). Currently mechanisms of such counter-intuitive observations are not clear, 

and the steps or other undercoordinated sites are found meaningless for ORR 

activity of Pt nanoparticles
16, 32

.  

1.3.2. Alloying Pt with transition metals 

Alloying Pt with less noble solute metal, e.g. Co, Ni, Fe, Cu or Y, is an 

effective way to manipulate surface electronic properties of platinum and thus 

oxygen adsorption properties. Vast majority of research has focused on Pt and its 

alloys, due to very acidic and oxidizing operation conditions of PEM fuel cell 

under which conditions almost all other metals are unstable. For Pt-alloys based 

ORR catalysts, the surface layer is almost always composed of pure Pt
23, 33

, 

which can provide kinetic stability against the dissolution of the solute metal. The 

Pt overlayer catalysts can be fabricated via UPD
34

 (under potential deposition), 

(electro)chemical dealloying/leaching methods or thermal annealing methods. 

The leached structure was denoted as a “Pt-skeleton” surface
33d

 which was first 

reported by Watanabe and co-workers and then by other following groups
23, 33b, 35

. 

The surface of the “Pt-skeleton” structure is atomically rough and composed of 

Pt atoms with low/no lateral coordination, and such structures maintain good 

ORR activities if the Pt shell is thin enough. On the other hand, the annealed 

structure was denoted as a “Pt-skin” surface. Driven by the lower surface energy 
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of Pt relative to the solute metal, an order surface can be formed with segregation 

of a pure Pt atomic layer on top of the solute metal in the second layer
36

. For both 

Pt-skin and Pt-skeleton surfaces two effects are involved, ligand effects and 

strain effects
37

, which can modify the electronic structure of the Pt overlayer to 

weaken the binding strength of reaction intermediates
12b

. Ligand effects work as 

the electronic of the Pt surface atoms is modified by solute metal atoms of a 

different composition in the second atomic layer, while strain effects occur when 

Pt overlayer is compressed laterally. In most cases, it’s difficult to distinguish 

relative contributions of the two effects because they usually occur in parallel. 

However it’s clear that they both can modify the surface electronic properties of 

the platinum and corresponding different chemisorption properties. 

1.3.3 Modifying surfaces of Pt with foreign species 

Apart from controlling exposed facets of Pt nanocrystals or alloying Pt 

with transition metals, modify surfaces of Pt with selected foreign species
38

, such 

as molecules, ions, organic or inorganic compounds can also benefit their ORR 

activities. Zhang
39

 modified Pt nanoparticles with Au clusters where activity and 

surface area of Pt were well maintained under harsh fuel cell work environment 

possibly due to raised oxidation potential of Pt via Au clusters. Organic ligands 

are widely used in synthesis of metal nanoparticles to control particle size, 

structure and stability
40

, although many approaches such as UV-ozone
41

, 

plasma
42

, potential cycling
43

, calcination
44

 and chemical treatment
45

 have been 

applied to remove those surfactants so that the surface of catalysts is “clean”. 
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However some studies showed that modifying surfaces of metal with selective 

ligands can tune the selectivity of electrocatalysts or block the adsorption of 

poisoning species or tune the bonding interactions with respective reactants. For 

example, Markovic
46

 modified platinum with calix[4]arene molecules and such 

catalysts exhibited high selectivity towards hydrogen oxidation reaction while 

suppressed oxygen reduction reaction meantime. The same group also developed 

cyanide-modified Pt(111) as ORR catalysts
47

, where the electrostatic repulsive 

interactions between electronegative CNad adlayer and the negative SO4
2-

 or 

PO4
3-

 lead to suppressed adsorption of existent anions, and thus showed a 25-/10-

fold increase in H2SO4/H3PO4 electrolytes compared with unmodified surfaces. 

Modification of electrode surfaces with aryl groups via reduction of diazonium 

salts has been studied extensively
48

 providing a unique structural framework for 

fundamental studies of catalysis, and recently this strategy has been extended to 

metal nanoparticles. Zhou
49

 synthesized chlorophenyl-stabilized platinum 

nanoparticles by co-reduction of H2PtCl4 and 4-chlorophenyl diazonium, and the 

Pt-ArCl nanoparticles exhibited an ORR mass activity up to 2.8 times higher than 

that of “naked” commercial Pt/C catalysts. Such enhanced catalytic activity was 

suggested to be correlated with the impeded adsorption of oxygenate species on 

the Pt surfaces, although the exact fundamental mechanism is not clear. Studies 

of the impacts of the electron-withdrawing capability of substituents on ORR 

were also conducted
50

 by stabilizing Pt nanoparticles with para-substituted (R= -

CF3, -F, -Cl, -OCF3 and –CF3) phenyl groups. It’s demonstrated that the electron-
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withdrawing capability of the substituents (manifested by the Hammet substituent 

constant σ) correlates with the ORR activity, and the higher σ usually means 

higher ORR activity. It’s also suggested that the electronegative ligands can 

weaken the oxygen adsorption energy and thus improve the catalytic activity. 

1.3.4 Strong metal-support interactions 

Carbon black is most commonly used support for ORR catalysts
51

, 

however carbon is easy to be oxidized at high electrode potentials and Pt particles 

can be de-attached from the carbon support leading to activity losses
52

. What’s 

more, the interactions between carbon and metal nanoparticles are not sufficient 

to stabilize the overall structure, which may lead to migration and aggregation of 

supported metal particles during long-term operation
53

.  Carbon materials with a 

higher graphitic character, such as carbon nanofibers, nanotubes, nanohorns, and 

graphenes, can better resist the high oxidizing potentials
54

 and wealthy π sites on 

graphitized carbon surface can interact strongly with metal particles stabilizing 

the whole structure. On the other hand, research efforts have also been directed to 

support Pt nanoparticles with non-carbonaceous and more stable materials, such 

as TiO2
55

, TiC
56

, ITO
57

, RuO2-SiO2
58

, WC
59

, WOx
60

, and TaB2
61

, where the 

strong metal-support interactions (SMSI) can tune the electronic states of the Pt 

nanoparticles and hence affect the activity and stability
62

.  

1.4 Stability 

Compared with the probably limited enhancements in ORR activity, the 

long-term stability of catalysts is equally important or even more urgent and their 
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degradation limits the useful lifetime of a PEMFC
63

. As to the nanostructured Pt-

based catalysts, they can undergo dissolution of Pt following which Pt tends to 

redeposit on larger nanoparticles via the Ostwald ripening mechanism
64

 or in the 

membrane, as well as the corrosion of the carbon support at high potentials which 

can lead to detachment of Pt nanoparticles or loss of electrical contact
65

. In 

summary, dissolution of platinum and carbon corrosion are two primary 

degradation processes, where the former is the precondition for secondary 

degradation phenomena such as Ostwald ripening or platinum deposition in the 

ionomer and the latter can be the cause for secondary processes such as platinum 

particle detachment or agglomeration
66

. 

1.4.1 Platinum dissolution 

Platinum dissolution can occur on nanoparticulate or extended platinum 

surface, and it seems to be more significant on small nanoparticles
67

. The 

dissolution potential of bulk Pt is above ~1 V. Compared with bulk Pt, the 

average cohesive energy of a Pt atom in a nanoparticle is lower
68

, and the 

dissolution potential of a nanoparticle will decrease following a shrinked size
69

. 

Moreover, the Pt dissolution is enhanced at high potentials
70

 during potential 

cycling, such as during the start-up and shut down of a fuel cell
52b

. There are also 

debates on whether the dissolution of Pt occurs directly from the metallic phase
1
 

as shown below,  

 Pt → Pt
2+ 

+ 2e
-  

                                                                                               (1.4.1) 

or includes the formation of platinum oxides followed by its subsequent chemical 
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dissolution or reduction
71

 like indicated below,  

Pt + xH2O → PtOx + 2xH
+
 + 2xe

-
                                                                   (1.4.2) 

PtOx + 2xH
+
 → Pt

2x+
 + xH2O                                                                          (1.4.3) 

PtO2 + 4H
+
 + 2e

-
 → Pt

2+
 +2H2O                                                                      (1.4.4) 

However, some recent studies shed light in distinguishing the corrosion of 

platinum during an anodic and a cathodic process and suggest that platinum 

dissolution is associated with formation of platinum oxides and subsequent 

reduction or the opposite direction
68b, 72

. First, surface roughening was observed 

where an initially ordered Pt terrace becomes corrugated after a few cycles 

between 0.05 V and 1.5 V
73

, and it’s further suggested that the first step in the 

roughening process occurs at anodic potentials where subsurface oxides form
74

. 

When it approaches to cathodic potentials, the Pt terraces become more 

corrugated where subsurface oxides are suggested to be reduced with Pt atoms 

destabilized, and the corrugation continues with roughening and growth of step 

edges upon repeated cycling between 0.1 and 1.3 V. Evidence for subsurface 

oxide formation on Pt was provided based on electrochemical measurements
75

, 

and X-Ray absorption spectroscopy (XAS) also offer more direct evidence for 

it
76

. To sum up, surface roughening and subsurface oxide formation play 

significant roles in the dissolution of Pt, and corresponding efforts should be 

spent in alleviating those processes. 

1.4.2 Ostwald ripening 

Apart from re-deposition in the membrane of PEMFCs due to reduction 
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by permeated hydrogen
77

, the dissolved platinum species are also readily 

deposited on larger particles driven by the tendency of reduced surface energy. 

That significant particle growth and according degradation mechanism is the 

Ostwald ripening, during which small particles shrink while large particles 

become even larger. There are two types of Ostwald ripening, including 3D 

Ostwald ripening
78

 where the dissolved platinum species travel through the 

electrolyte prior to reduction and deposition and 2D Ostwald ripening if platinum 

atoms are believed to diffuse along the carbon support
79

. 

1.4.3 Agglomeration 

Another possible reason for increased size of platinum nanoparticles in 

the catalyst layer is their strong tendency of agglomeration, which decrease 

utilization of platinum as regards to the mass. First, the original neighboring 

particles after synthesis may coalesce immediately driven by potential of reduced 

surface energy
80

. On the other hand, original separated particles may migrate 

over the support and come into contact with other particles, forming large 

agglomerated particles. In that case, the closer the interparticle distance is, the 

higher probability of the agglomeration is, which means higher particle density or 

higher platinum content
52c, 65, 81

 increase the probability of agglomeration. What’s 

more, the adjacent particles may coalesce with each other due to shrinkage of the 

carbon support during corrosion process of carbon and thus weakened 

interactions between platinum and carbon support
82

. 
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1.4.4 Corrosion of carbon support 

Apart from the dissolution of platinum, carbon corrosion is another 

primary degradation process which can result in detachment of platinum particles 

and agglomeration of adjacent particles. Thermodynamically carbon can be 

oxidized to CO2 above +0.207 V vs RHE
83

, while from the kinetics perspective 

that oxidation process can occur when higher than +1.2 V vs RHE
84

. At elevated 

temperatures it’s suggested that the corrosion of carbon can be initiated by the 

corrosion of disordered carbon sites in the core of the carbon particles
85

, and 

resulting shrinked structure has been recently observed in electrochemical 

studies
86

. At room temperature, harsh potential conditions can result in severe 

carbon corrosion and thus lead to shrinkage of the support structure similarly
87

. 

To alleviate that carbon corrosion issue, one possible approach is to strengthen 

the metal-carbon interactions via introducing carbon structures with higher sp
2
 

carbon content, such as graphene
88

, multi-walled carbon nanotubes
89

, ordered 

mesoporous or nanoporous carbons
90

, activated carbon nanofibers
91

, hollow 

graphitic spheres
92

, and carbon aerogels
93

, and superior stability was observed. 

Another possible solution is to utilize transition metal oxides as supports such as 

TiO2, WO3, NbO2, and TaO2
94

, which is well known for stability under harsh 

conditions, low cost and abundance, yet their low electronic conductivity needs 

to be increased either via introducing oxygen vacancies or doping elements. 

Alternatively, some commercial catalyst manufactures, for example 3M, has 

developed nanostructured thin film catalysts where a Pt thin film is deposited on 
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nanostructured non-conducting whiskers
95

. Such platinum nanostructures have a 

mass activity comparable to the conventional commercial catalysts but much 

higher stability. 

1.4.5 Particle detachment 

As stated in previous section, carbon corrosion can lead to a weakening of 

the interactions between particles and support, and such weakening of the 

particle-support interaction can initiate particle detachment as well as 

agglomeration which usually occur in parallel after carbon corrosion
96

. The 

complete loss of platinum particles originating from the particle detachment has 

been visualized by electron microscopy
97

. Also severe carbon corrosion can 

impair the structural integrity of the catalyst layer, and reduce the porosity 

resulting in mass transport limitations for the reactants
98

. 

1.5 Dissertation Outline 

The dissertation research described herein primarily focuses on 

developing efficient catalysts for oxygen reduction reactions (ORR), where one 

direction is to improve catalytic activities of Pt-based nanoparticles via ligand 

functionalization and the other direction is to develop inexpensive Cu-based 

nanomaterials as efficient ORR catalysts. As-prepared Pt nanoparticles or Cu-

based nanomaterials will be characterized by microscopy techniques such as 

transmission electron microscopy (TEM), spectroscopic techniques like UV-Vis, 

photoluminescence, 
1
H nuclear magnetic resonance (NMR), FT-infrared, Raman 

spectroscopy, and X-ray photoelectron spectroscopy (XPS) and electrochemical 
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techniques for instance cyclic voltammetry (CV), electrochemical impedance 

spectroscopy (EIS), and rotating ring-disk electrode (RRDE) technique. 

Within the context of developing nanostructured materials as efficient 

ORR catalysts, the rest of the dissertation consists of the following chapters: 

In chapter 2, experimental details such as the chemicals used, the methods 

of nanoparticle synthesis, and characterization of electrochemical properties will 

be included. 

In chapter 3, synthesis of platinum nanoparticles functionalized with 

acetylene derivatives will be reported. FTIR measurements and 

photoluminescence spectroscopy will be conducted to investigate adsorption of 

the acetylene ligands onto the Pt nanoparticle surface and intraparticle charge 

delocalization between the acetylene moieties as well. Electrocatalytic activities 

of those nanoparticulate catalysts will be evaluated, and compared with that of 

commercial Pt/C catalysts to see the effects of ligand functionalization. 

In chapter 4, nanosized graphene quantum dots were prepared by acid 

etching of carbon fibers and used to support platinum nanoparticles via 

thermolytic reduction of platinum chloride in ethylene glycol. ORR activity of 

the Pt/G nanocomposites will be evaluated and compared with that of 

commercial Pt/C. 

In chapter 5, stable alkyne-capped copper nanoparticles were prepared by 

chemical reduction of copper acetate with sodium borohydride in the presence of 

alkyne ligands. FTIR and photoluminescence spectroscopic measurements will 
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be used to evaluate the successful attachment of the alkyne ligands onto the 

nanoparticle surface, and oxidation degree of alkyne-capped copper nanoparticle 

surfaces will be detected by XPS measurements. Electrochemical performance of 

the alkyne-capped copper nanoparticles will be studied also. 

In chapter 6, graphene quantum dots were introduced to support copper 

nanoparticles and the surface defect concentrations of different Cu/GQD 

nanocomposites will be quantified by XPS measurements. Electrochemical 

techniques will be utilized to compare the catalytic activities of the Cu/GQD 

nanocomposites before and after careful tuning surface defect concentrations via 

hydrothermal treatments. 

In chapter 7, TiO2-supported copper nanoparticles were prepared by a 

hydrothermal method where copper nanoparticles with or without the passivation 

of 1-decyne were chemically grown onto TiO2 surfaces (denoted as 

CuHC10/TiO2 and Cu/TiO2 respectively). XPS measurements will be conducted 

to confirm anticipated strong metal-support interactions, and electrochemical 

performance of both samples will be compared with that of TiO2 nanocolloids 

and other non-Pt catalysts reported in the literature. 
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2.1 Chemicals Required 

Platinum chloride (PtCl2, 98% Alfa Aesar), 1-decyne (HC10,TCI 

America), 1-dodecyne (HC12, AROS, 98%), 1-tetradecyne (HC14, Wako), 1-

hexadecyne (HC16, Alfa Aesar, 90%), 4-ethylphenylacetylene (EPA, 99%, 

Fisher Scientific), 4-tert-butylphenylacetylene (BPA, 90+%, Fisher Scientific), 

1,2-propanediol (ACROS), sodium acetate trihydrate (NaOAc∙3H2O, MC&B), 

commercial Pt/C catalyst was purchased from Alfa Aesar (20 wt.%, 

HiSPEC
TM

3000, Johnson Matthey), pitch carbon fibers (Fiber Glast 

Development Corporation), sodium carbonate (Na2CO3, ≥99.5%, Sigma Aldrich), 

ammonia (28 wt.% in water, ACROS), perchloric acid (HClO4, 70 wt.%, 

ACROS), sulfuric acid (H2SO4, Fisher Scientific), nitric acid (HNO3, Fisher 

Scientific), high-purity O2 (99.993%, Airgas), copper acetate (Cu(OAc)2∙H2O, 

99.9%, Alfa Aesar), sodium borohydride (NaBH4, ≥98%, ACROS), copper oxide 

nanopowders (CuO, 99%, dia. ~40 nm, SkySpring Nanomaterials), cupric sulfate 

pentahydrate (CuSO4·5H2O, ≥98.0%, Fisher Scientific), 3-Chloroaniline (99%, 

ACROS), titanium(IV) n-butoxide (99%, ACROS), oleic acid (Fisher Scientific), 

and Nafion 117 solution (Fluka) were all used as received. Solvents were 

purchased at the highest purity available from typical commercial sources and 

also used without further treatment. Water was deionized with a Barnstead 

Nanopure water system (18.3 MΩ•cm). Ultrapure N2 and O2 were used for the 

deaeration of the electrolyte solutions and oxygen reduction reactions, 

respectively. 
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2.2 Particles Synthesis 

2.2.1 Platinum nanoparticles functionalized with acetylene derivatives 

Pt nanoparticles stabilized by acetylene derivatives were prepared by 

adopting a previous procedure for the synthesis of alkyne-capped ruthenium 

nanoparticles
1
. Briefly, in a typical reaction, 0.28 mmol of PtCl2 was dissolved in 

2 mL of concentrated HCl and heated at 60 °C for 30 min, into which NaHCO3 

was added until no bubbling was observed. The resulting Na2PtCl4 and 2 mmol 

of NaOAc were then mixed in 200 mL of 1,2-propanediol and the solution was 

heated to 165 °C for 1 h under vigorous stirring. The solution turned dark brown 

signifying the formation of nanometer-sized platinum colloids. Upon cooling to 

room temperature, the solution was split equally into six round-bottom flasks into 

which a calculated amount of an acetylene derivative dissolved in toluene was 

added. The self-assembly of the ligands onto the platinum surface led to the 

effective extraction of the nanoparticles into the toluene phase, as manifested by 

the color appearance. The toluene part was collected, dried with a rotary 

evaporator and rinsed extensively with ethanol to remove excessive ligands. For 

alkyne-capped nanoparticles, they were denoted as PtHCx with x being the 

number of carbon atoms in the corresponding monomeric alkyne ligands; and for 

those stabilized by 4-ethylphenylacetylene and 4-tert-butylphenylacetylene, they 

were referred to as PtEPA and PtBPA, respectively. 
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2.2.2 Graphene Quantum Dots (GQD) 

The GQDs were prepared by following a literature procedure
2
. In brief, 

0.30 g of carbon fibers was added into a mixture of concentrated H2SO4 (60 mL) 

and HNO3 (20 mL). The solution was sonicated for 2 h and stirred for 24 h at 

120 °C. The mixture was then cooled and diluted with Nanopure water (800 mL) 

with the pH adjusted to about 8 by Na2CO3. The solution was then dialyzed in a 

dialysis bag (cutoff molecular weight 2000 Da) for 3 d, affording purified GQDs. 

These GQDs were then used as supporting substrates for platinum nanoparticles, 

as detailed below. 

2.2.3 GQD-Supported Platinum Nanoparticles (Pt/G) 

In a typical reaction, PtCl2 (26.6 mg, 0.1 mmol) was dissolved in 2 mL of 

hydrochloric acid under heating. The solution was then condensed to about 1 mL 

and added into 100 mL of ethylene glycol, along with 80 mg of GQDs prepared 

above under magnetic stirring. The pH was adjusted to 10 by concentrated 

ammonia, and the mixture was heated at 165 °C for 30 min, where black 

precipitates appeared in the flask as a result of thermolytic reduction of Pt(II) by 

ethylene glycol to form GQDs-supported platinum (Pt/G) nanoparticles. The 

precipitates were collected, washed extensively with Nanopure water, and dried 

in a vacuum oven at 80 °C for 12 h. The product contained 20 wt% of Pt, similar 

to that of commercial Pt/C catalysts. 
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2.2.4 Alkyne-capped copper nanoparticles 

In a typical synthesis, 0.1 mmol of copper acetate was dissolved in 2 mL 

of water, into which was added a 10-fold molar excess of 1-decyne dissolved in 

10 mL of ethanol and 50 mL of dichloromethane. This solution was kept either in 

an ice-water bath or at ambient temperature, into which was added dropwise 1 

mmol of NaBH4 (37.8 mg) dissolved in 2 mL of water under vigorous stirring 

and N2 protection. In both syntheses, the original blue solutions were found to 

turn green, light yellow, brown and finally black during the course of NaBH4 

addition. After three hours of magnetic stirring, the solutions were dried under 

rotary evaporation and the solids were washed with methanol five times to 

remove excessive ligands and reaction byproducts, affording purified 1-decyne-

protected copper nanoparticles that were denoted as CuHC10-IB and CuHC10-

RT, respectively. The nanoparticles were found to be readily dispersible in apolar 

solvents such as CH2Cl2, CHCl3, THF, toluene, etc, but insoluble in polar 

solvents like alcohols, acetone, and acetonitrile. 

2.2.5 GQD-Supported Copper Nanoparticles (Pt/G) 

The GQDs were prepared by following a literature procedure
2-3

 like in 

section 2.2.3 and as-prepared GQDs were used for the preparation of Cu/GQD 

nanocomposites. In a typical reaction, a calculated amount of CuSO4 and NaOAc 

(at a 6:1 molar feed ratio of sodium acetate to Cu) were dissolved in 50 mL of 

1,2-propanediol together with a certain amount of the GQDs prepared above. The 

mixture was first subject to nitrogen bubbling for 30 min and then thermal 
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refluxing at 140 °C under continuous stirring for 1 h before the solution was 

cooled down. The black precipitates were collected and purified with a copious 

amount of acetonitrile and Nanopure water. Four samples were prepared at varied 

Cu/C atomic ratio (x) of 3.54%, 3.32%, 2.88% and 2.34%, as determined by the 

integrated peak areas of the Cu2p and C1s electrons in XPS measurements.  

2.2.6 TiO2 nanoparticles 

TiO2 nanoparticles were prepared by following a literature procedure.
4
 In 

a typical reaction, 0.05 mL of 3-chloroaniline was added into 5 mL of Nanopure 

water and then transferred to a Teflon-lined stainless-steel autoclave. Meanwhile, 

0.085 g of titanium(IV) n-butoxide and 0.5 mL of oleic acid were dissolved in 5 

mL of toluene and also transferred to the autoclave. The mixed solution was 

subject to hydrothermal treatments at 180 °C for 12 h, and the as-obtained white 

precipitates (TiO2) were collected and rinsed extensively with methanol. 

2.2.7 TiO2 supported Cu nanoparticles 

The TiO2 nanoparticles prepared above were then used for the preparation 

of Cu-TiO2 nanocomposites. In a typical reaction, a calculated amount of copper 

acetate and TiO2 nanoparticles (at a TiO2:Cu molar ratio of 4:1) was dispersed in 

THF. NaBH4 dissolved in a small amount of water was added dropwise under 

vigorous stirring and N2 protection, where the color of the solution was found to 

change quickly from blue to dark brown, signifying the formation of copper 

nanoparticles. After one hour of magnetic stirring, the solution was dried and the 
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solids were washed with a copious amount of methanol to remove reaction 

byproducts or excess ligands, affording purified nanocomposites that were 

denoted as Cu/TiO2. 

CuHC10/TiO2 was prepared in a similar fashion except that a 10-fold 

molar excess of 1-decyne was added to the solution prior to the addition of 

NaBH4. 

2.3 Instruments 

2.3.1 Microscopy 

The morphology and size of the nanomaterials were characterized by 

transmission electron microscopic (TEM, Philips CM300 at 300kV). The samples 

were prepared by casting a drop of particles solution (cone. ~1 mg/mL) onto a 

400 mesh carbon-only grid. The particle core diameter was estimated by counting 

at least 200 nanoparticles and then analyzed via Image J analysis of the TEM 

graphs. 

2.3.2 Spectroscopy 

UV-Vis spectroscopic studies were performed with a UNICAM ATI UV4 

spectrometer using a 1 cm quartz cuvette with a resolution of 2 nm. 

Photoluminescence measurements were conducted with a PTI fluorospectrometer. 

Raman spectroscopic measurements were carried out with a Delta NU 532 nm 

Raman spectrometer. FTIR measurements were carried out with a Perkin-Elmer 

FTIR spectrometer (Spectrum One, spectral resolution 4 cm
1

), where the 
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samples were prepared by casting the particle solutions onto a ZnSe disk. X-ray 

photoelectron spectra (XPS) were recorded with a PHI 5400/XPS instrument 

equipped with an Al Kα source operated at 350 W and 10
9

 Torr. Silicon wafers 

were sputtered by argon ions to remove carbon from the background and used as 

substrates. The Si 2p peak (99.15 eV)
5
 was used as the reference, and 

deconvolution of the XPS spectra was carried out by using XPSPEAK 4.1.  

2.3.3 Electrochemistry 

Electrochemical tests were carried out in a standard three-electrode cell 

connected to a CHI 710C electrochemical work station, with a Pt foil counter 

electrode and a Hg/HgO (0.1M NaOH aq.) reference electrode. The working 

electrode is a rotating ring-disk electrode (RRDE, AFE7R9GCAU from Pine 

Instrument Co.) with a glassy carbon disk (GC, diameter 5.61 mm) and a 

platinum ring. The collection efficiency (N) was determined to be 37.3% by 

RRDE measurements in 5 mM K4Fe(CN)6
+
 0.1 M Sr(NO3)2, which is consistent 

with the manufacture’s value of 37%
6
. To prepare catalyst solutions for oxygen 

reduction tests, typically 0.4 mg of the nanoparticle catalysts and 1.6 mg of 

carbon black with 4 μL of Nafion were ultrasonically mixed in 0.4 mL of ethanol. 

Then 15 μL of the catalyst inks was slowly dropcast onto the glassy-carbon disk 

electrode of the RRDE and dried under gentle N2 (corresponding to a loading of 

15 μg in total). When the electrode was dried, a dilute Nafion solution (0.1 wt.%, 

3 µL) was added onto it, prior to being immersed into electrolyte solutions for 

electrochemical measurements. 
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Prior to electrochemical tests of oxygen reduction, the catalyst films on 

the glassy-carbon electrode surface were electrochemically pretreated in a 

nitrogen-saturated electrolyte (0.1 M NaOH) by rapid potential cycling at 100 

mV/s in a desired potential window until a steady voltammogram was observed. 

The electrocatalytic activity for oxygen reduction was then evaluated in an 

oxygen-saturated electrolyte solution. The solution ohmic drop (i.e., IR drop) was 

electronically compensated. 

2.3.4 Electronic Conductivity Measurements 

Electronic conductivity of solid films of the nanoparticles was evaluated 

by using a procedure detailed previously
1
. A particle films was formed by 

dropcasting 1 μL of a concentrated particle solution in toluene (60 mg/mL) onto 

an interdigitated array (IDA) electrode (25 pairs of gold fingers of 3 mm × 5 μm 

× 5 μm, from ABTECH)
7
. At least 30 min was allowed for solvent evaporation, 

and the film thickness was found to be greater than the height of the IDA fingers. 

Conductivity measurements were then carried out in vacuum (Cryogenic 

Equipment, JANIS CO) with a CHI710 Electrochemical Workstation at different 

temperatures (Lakeshore 331 Temperature Controller). The conductivity (σ) was 

evaluated by the equation σ = (1/(49R))(L/S), where R is the ensemble resistance 

calculated from the slope of the I-V curves, L is the IDA electrode interfinger gap 

(5 μm); and S is the film cross-section area approximated by (finger height, 5 μm) 

× (finger length, 3 mm). The constant (49) reflects that there are totally 49 

junctions which are in parallel within the IDA chip. 
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3.1  Introduction 

Recent studies have shown that the material properties of organically 

capped transition-metal nanoparticles can be readily manipulated not only by the 

chemical nature of the metal cores and protecting ligands but also by the metal–

ligand interfacial bonding interactions
1
. For instance, when metal nanoparticles 

are stabilized by metal–carbon covalent bonds, the resulting nanoparticles exhibit 

much enhanced electronic conductivity of the solid ensembles as compared to the 

mercapto-stabilized counterparts, which is accounted for by the reduced metal–

ligand interfacial contact resistance and hence the extensive spilling of core 

electrons into the organic capping matrix that facilitated interparticle charge 

transfer
2
. In addition, when the ligands are bound onto the nanoparticle surface 

by conjugated chemical linkages, effective intraparticle charge delocalization 

may occur for the particle-bound functional moieties, leading to the emergence 

of unprecedented optical and electronic properties that are analogous to those of 

their dimeric forms. This has been manifested in ruthenium nanoparticles 

functionalized with carbene fragments, alkynides, as well as acetylene 

derivatives using electroactive species such as ferrocene and fluorophores such 

as anthracene and pyrene as the molecular probes
3
. 

In  more recent studies, we found that by deliberate chemical 

functionalization of Pd and Pt nanoparticles with selected aliphatic fragments 

using diazonium salts as the precursors (with the formation of M-C bonds), the 

resulting nanoparticles exhibited significant enhancement of their 
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electrocatalytic activities in  formic acid  oxidation as well  as oxygen reduction
4
. 

The somewhat unexpected behaviors were accounted for by the unique tuning 

of the electronic structures of the metal cores that impacted the bonding 

interactions with the respective reactants. Yet, the effects of other metal-ligand 

interfacial bonding interactions on the nanoparticle electrocatalytic activity 

remain largely unexplored. This is the primary motivation of the present study. 

In this study, we prepared a series of platinum nanoparticles that were 

capped by the self-assembly of acetylene derivatives, ranging from straight-

chain 1-alkynes to aromatic acetylene derivatives. In our previous study with 

ruthenium nanoparticles, we demonstrated that terminal alkynes adsorbed onto 

the nanoparticle surface forming ruthenium-vinylidene (Ru=C=CH-) interfacial 

bonds by virtue of a tautomeric rearrangement process
3g

. Similar self-assembly 

was observed with Pt nanoparticles.  The bonding interactions between the 

acetylene derivatives with Pt were then examined by FTIR, UV–vis and 

photoluminescence spectroscopic measurements. The results suggested effective 

breaking of the  C-H bond and the formation of Ptsurface-H and Ptsurface-C at 

the metal–ligand interface. With such conjugated metal–ligand bonding 

interactions, the resulting nanoparticles exhibited interesting electronic 

conductivity properties. For Pt nanoparticles functionalized with 1-alkynes or 4-

ethylphenylacetylene, temperature dependence of the ensemble electronic 

conductivity was consistent with that of semiconducting materials, whereas for 

4-tert-butylphenylacetylene-capped nanoparticles, metallic behaviors were 

mailto:@CHA
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observed instead. This discrepancy of the ensemble conductivity properties also 

led to an apparent variation of the electrocatalytic activity in oxygen reduction. 

On the basis of onset potential and kinetic current density, the 4-

ethylphenylacetylene-capped nanoparticles were found to exhibit the best 

performance among the series. This was accounted for by the combined 

contributions of (i) effective partial removal of nanoparticle surface ligands for 

ready accessibility of the nanoparticle surface by oxygen and electrolyte counter 

ions and (ii) tuning of the nanoparticle electronic structures that impacted the 

bonding interactions with oxygen. These results further demonstrate that surface 

chemical functionalization may represent a unique and effective tool   in the   

manipulation and optimization of their electrocatalytic activity. 

3.2. Results and Discussion 

3.2.1. Structural characterizations 

Fig. 1 depicts a representative TEM micrograph of the Pt nanoparticles. 

It can be seen that the nanoparticles were well dispersed without apparent 

aggregation, suggesting effective passivation of the nanoparticles by the self-

assembly of acetylene derivatives onto the Pt surface, and the resulting 

nanoparticles exhibited well-defined crystalline structures. From the TEM image, 

one can see that the lattice fringes display a spacing of 0.230 nm corresponding 

to the separation between the Pt(1 1 1)  planes. Furthermore, it can be seen that 

the size of the nanoparticles was rather uniform. In fact, the nanoparticle core 

size histogram based on a statistical analysis of more than 300 nanoparticles 



50 

 

(figure inset) shows that the nanoparticles exhibited an average core size of 

2.85 ± 0.62 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Representative TEM micrograph of PtHC10 nanoparticles prepared 

by thermolytic reduction of PtCl2. Scale bar 5 nm. Inset shows the corresponding 

nanoparticle core size histogram. 
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The structures of the capping ligands were then examined by FTIR 

measurements, as depicted in Fig. 2 with PtHC10, PtEPA and PtBPA 

nanoparticles. The spectra of PtHC12, PtHC14, and PtHC16 nanoparticles were 

similar to that of PtHC10 and hence not shown. Whereas the monomeric ligands 

(dashed curves) all  exhibited a well-defined  C-H vibrational stretch (3314 cm
-1

  

for  HC10,  and 3294 cm
-1

  for  both EPA and BPA), such a feature vanished 

completely with the nanoparticle samples (solid curves), indicating facile  

breaking of the  C-H bond when the ligands were adsorbed onto the 

nanoparticle surface. Previously Muetteries et al.
5
 carried out an ultra-high 

vacuum study of the chemical reactivity of acetylene on Pt
6
 and Pt{1 0 0} 

surfaces and found that at ambient temperature the carbon-hydrogen bond 

breaking was absent on the Pt{1 1 1} surface, whereas the process was 

detectable for Pt{1 0 0} even at 20°C with the formation of  Ptsurface-H and 

Ptsurface-C bonds. For the nanoparticles prepared above, the fact that the lattice 

fringes are well defined for the Pt(1 1 1) planes(Fig. 1) suggests that the {1 0 0} 

facets might constitute a substantial fraction of the metal core surface, which 

facilitated the breaking of the C-H bond when the acetylene derivatives were 

adsorbed onto the Pt  surfaces. Similar behaviors were observed with alkyne-

capped ruthenium nanoparticles
3g

,   where the tautomeric rearrangement of the 

acetylene moieties adsorbed on the Ru nanoparticle surface led to a dynamic 

equilibrium between the η
2
 configuration and a Ru–vinylidene interfacial 

linkage with the corresponding metal hydride as the intermediate species. 
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Notably, the disappearance of the  C-H vibrational stretches also indicates that 

the platinum nanoparticles were free of excessive unbound ligands. 

 

 

 

 

 

 

 

 

Figure 3.2. FTIR spectra of PtHC10, PtEPA, and PtBPA nanoparticles along 

with those of monomeric HC10, EPA and BPA ligands. 
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Additionally, for  EPA and BPA monomers, the spectral features of the 

ring  skeleton vibrations (C=C) at 1609 and 1460 cm
-1

 and C-H deformation at 

841 cm
-1

 are also well-defined, along with the combination and/or overtone of 

the ring deformations that emerged between 1630 and 1970 cm
-1

 and the ring C-

H vibrations at 3042 and 3089 cm
-17

. These characteristics are also very well-

defined with the PtEPA and PtBPA nanoparticles. 

The breaking of the C-H bond and the formation of the Pt-C linkage 

also led to a drastic variation of the CC vibrational stretch. From Fig.2, it can 

be seen that, for the monomeric ligands (dashed curves), the CC vibrational 

stretch can be identified at 2122 cm
-1

 for both EPA and BPA; whereas when the 

ligands were bound onto the nanoparticle surface, the CC vibrational stretch 

appears at a much lower wavenumber position, 2020 cm
-1

 for PtHC10, and 

2030 cm
-1

 for PtEPA and PtBPA. This observation strongly indicates that 

the ligands were indeed chemically bonded onto the Pt surface, and the 

decreasing bonding order (lower peak wavenumber) might be attributed to the σπ 

bonding interactions between the triple-bond moieties and the platinum metal 

cores, where effective intraparticle charge delocalization occurred between the 

particle-bound acetylene moieties. In fact, such a phenomenon has been observed 

extensively with other nanoparticles passivated by conjugated metal-ligand 

bonding interactions
3d, 3g, 8

. 

Notably, the fact that only one peak was observed for the CC vibrational 

stretch with the Pt nanoparticles prepared above is also consistent with the 
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formation of Ptsurface-H and Ptsurface-C bonds at the metal–ligand interface. Note 

that for alknyide-capped Ru nanoparticles
3d

, also one peak was observed for the 

particle bound CC bonds (i.e., with Rusurface-C interfacial bonds). However, the 

behaviors were sharply different with alkyne-capped ruthenium nanoparticles
3g

 

or with alkynes adsorbed onto Au and Ag surfaces by surface-enhanced Raman 

scattering (SERS) measurements
9
, where three peaks emerged at ca. 2056 cm

-1
, 

1976 cm
-1

, and 1950 cm
-1

 for the CC vibrational stretch, because of the 

formation of metal-vinylidene (Ru=C=CH-) linkages that display symmetric and 

asymmetric vibrational modes. 

With the formation of Ptsurface-C bonds at the metal–ligand interface, the 

Pt nanoparticles exhibited unique optical characteristics
3d

. Fig. 3 depicts the 

UV–vis absorption spectra of PtHC10 (black curve), PtEPA (red curve), and 

PtBPA (green curve) nanoparticles in CHCl3. Note that the spectra have been 

normalized to their respective absorbance at 300 nm.  It can be seen that all 

featured an exponential decay profile (the co-called Mie scattering), as 

anticipated for nanometer-sized transition-metal particles
10

.  In comparison with 

PtHC10 nanoparticles, both PtEPA and  PtBPA nanoparticles exhibited an 

additional broad absorption peak within the range of 300 and 550 nm (centered 

around 400 nm,  brown and orange curves), as manifested in the difference 

spectra in the  figure. This is likely due to intraparticle charge delocalization that 

was further extended by the participation of the phenyl π electrons
3g

. In fact, 

because of the  extended conjugation, the particle-bound phenylacetylene 
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moieties in PtEPA and PtBPA nanoparticles now  behaved analogously to 

diphenyldiacetylene (Ph-CC-CC-Ph)
11

. The resulting nanoparticles also 

exhibited interesting photoluminescence characteristics that are consistent with 

those of diphenyldiacetylene derivatives, as detailed below. 

 

 

 

Figure 3.3. UV-vis spectra of PtHC10, PtEBA, and PtBPA nanoparticles in 

CHCl3. Note that the spectra have been normalized to their respective absorbance 

at 300 nm. The difference spectra between the PtEPA (PtBPA) and PtHC10 

nanoparticles are also included in the figure (right axis). 
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Fig. 4 depicts the excitation and emission spectra of the PtHC10 (solid 

curves), PtEPA (dotted curves), and PtBPA (dashed curves) nanoparticles in 

CHCl3. Note that the fluorescence intensity has been normalized to the optical 

density at the respective excitation wavelength position. It can be seen that for Pt 

nanoparticles capped with 1-decyne (and other 1-alkynes), the excitation (λex) 

and emission (λem) peak positions can be identified at 352  nm and 430  nm,  

respectively, consistent with the results of our  previous studies with ruthenium 

nanoparticles capped with 1-alkynes
3g

  or alkynide derivatives derivatives
3d

. Yet, 

for the nanoparticles functionalized with aromatic derivatives of acetylene, λex 

and λem exhibit a significant redshift to 382 nm and 492 nm, respectively, for 

both PtEPA and PtBPA nanoparticles. This is most probably due to the 

additional contribution of the phenyl π electrons to the conjugation between the 

particle-bound acetylene moieties
11-12

, which may also account for the 

(normalized) fluorescence intensity of both PtEPA and PtBPA nanoparticles that 

is over five times greater than that of PtHC10, as depicted in Fig. 4. 
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Figure 3.4. Excitation and emission spectra of PtHC10 (solid curves), PtEPA (dotted 

curve) and PtBPA (dashed curve) in CHCl3. Note that the fluorescence intensity has 

been normalized to the optical density at the respective excitation wavelength 

position. 
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3.2.2. Electronic conductivity 

The Pt nanoparticles obtained above also exhibited interesting electronic 

properties, as reflected in the electronic conductivity measurements of the 

nanoparticle solid films. Fig. 5  depicts the current–potential (I–V) curves of (A) 

PtHC10, (B) PtEPA and (C) PtBPA nanoparticle films prepared by dropcasting 1 

μL of a 60 mg/mL particle solution in toluene onto an IDA surface. Within the 

bias voltage of -0.80 to +0.80 V, obvious ohmic behaviors (linear I–V 

responses) were observed throughout the entire temperature range of 80–300 K, 

signifying very efficient interparticle charge transfer, which might be, at least in 

part, attributed to the conjugated metal–ligand interfacial bonding interactions 

that allows extensive spilling of the metal core electrons into the organic ligand 

matrix
3g

. Furthermore, it can be seen that the conductivity of the nanoparticle 

solid films was markedly greater with PtBPA and PtEPA than that of PtHC10. 

For instance, at 300 K, the ensemble conductivity was 74.1 mS/m, 0.14 mS/m, 

and 0.051 mS/m for the PtBPA, PtEPA, and PtHC10 nanoparticles, respectively, 

consistentw ith the reduced charge transfer resistance of the aromatic spacers as 

compared with that of the saturated counterparts, which has been observed 

extensively in prior studies
13

. Note that the conductivity of these nanoparticles 

ensemble films is about 8–11 orders of magnitude lower than that of metallic 

platinum (9.52 × 10
6
 S/m at 293 K)

14
, as a result of the metal-organic hybrid 

nature of the nanoparticles. 
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Figure 3.5. Current-potential (I-V) curves of the nanoparticle solid ensembles at 

varied temperatures: (A) PtHC10, (B) PtEPA, and (C) PtBPA. Potential scan rate 20 

mV/s. Arrows denote the increase of temperature from 80 K to 300 K. 
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More interestingly, the three nanoparticles exhibited a significantly 

different variation of the ensemble conductivity with temperature. For (A) 

PtHC10 and (B) PtEPA   nanoparticles, the ensemble conductivity increased 

monotonically with increasing temperature from 80 to 300 K, indicating 

semiconducting characteristics of the nanoparticle solid films which is 

consistent with the composite nature of the nanoparticle materials. Such a 

behavior has also been observed previously with a number of organically capped 

metal nanoparticles, where interparticle charge transfer was accounted for by a 

thermally activated hopping mechanism between adjacent nanoparticles
2
. From 

the temperature dependence of the ensemble conductivity (Fig. 6), the activation 

energy for interparticle charge transfer can be estimated, which is ca. 76.3 meV 

and 46.3 meV for the PtHC10 and PtEPA nanoparticles, respectively. Note that 

for ruthenium nanoparticles functionalized by 1-alkynes of varied chain lengths, 

the activation energy for interparticle charge transfer was   also found to be 

around 70 meV
3g

. The reduced activation energy for PtEPA as compared to that 

of PtHC10, is most likely due to the lower charge transfer resistance of the 

aromatic moiety than with the saturated aliphatic chain. 

However, for the PtBPA nanoparticles (Fig. 5C), the temperature 

dependence of the ensemble conductivity was totally different. As depicted in 

Fig. 6, the nanoparticle electronic conductivity actually decreased with increasing 

temperature, a behavior typically anticipated with metallic materials
14

. In a 

previous study with biphenyl-functionalized palladium and titanium 
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nanoparticles
2
, we observed similar metallic characters in   conductivity  

measurements, which was ascribed to the M-C covalent bonding interactions 

that reduced the contact resistance at the metal–ligand interface
15

 as well as the 

π-π stacking between ligands of adjacent particles in the solid films, as a result 

of ligand intercalations that serves as an effective pathway for interparticle 

charge transfer
16

. Similar behaviors were also observed with ruthenium 

nanoparticles passivated by varied aliphatic fragments with Ru-C bonding 

interactions as a result of the strong metal–ligand interfacial bonding 

interactions
2b

. In the present study, with the conjugated Pt-C≡   interfacial 

linkage,  the metal–ligand contact resistance is anticipated to be low, leading to 

extended conjugation between the particle-bound phenylacetylene moieties (e.g., 

as manifested in the photoluminescence measurements in Fig. 3 and 4) and 

hence a reduced energetic barrier for interparticle charge transfer. 
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Figure 3.6. Variation of nanoparticle ensemble conductivity with temperature. Data 

are obtained from the slopes of the I-V curves in Fig.3.5. The left y axis is for both 

PtHC10 and PtEPA, and the right y axis for PtBPA alone. 
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Additional contributions may arise from the tert-butyl substituent group. 

Note that in nanoparticle solids, interparticle charge transfer takes place by a 

percolation pathway as the conducting metallic cores are embedded within an 

organic matrix. For straight-chain aliphatic capping ligands, because of the tight 

packing on the nanoparticle surface, charge transfer between neighboring 

nanoparticles most probably occurs by a hopping process through the molecular 

ligands, and the ensemble conductivity decreases exponentially with the ligand 

chain length because of intercalation between ligands of neighboring particles. In 

fact, this was manifested in further studies with the same Pt nanoparticles but 

capped with 1-alkynes of different chain lengths (i.e., 1-dodecyne, 1-tetradecyne, 

and 1-hexadecyne; results not shown), similar to that observed with alkyne-

capped ruthenium nanoparticles
3g

. In contrast, for aromatic ligands, the packing 

is generally less tight because of steric hindrance, in particular with branched 

substituents such as the tert-butyl group. Thus, in these nanoparticle solid films, 

interparticle charge transfer is not necessarily through the surface ligands, but 

rather, via surface defects. Such a process is likely facilitated by the tert-butyl 

moiety, as tert-butyl group is known to exhibit higher electron-donating 

capability than the ethyl one
17

.  This may explain why the PtEPA nanoparticles 

did not display the metallic characters like PtBPA, despite a similar ligand 

structure and extended chain length. Such tert-butyl effects have also been 

observed with molecular systems. For instance, recently Hankache and Wenger
18

 

examined the photoinduced electron transfer of covalent ruthenium(bipyridine)-
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anthraquinone dyads and observed that the introduction of electron-donating tert-

butyl substituents into the bipyridine ligands led to an order of magnitude 

enhancement of the electron transfer rate. 

3.2.3. Electrocatalytic activity 

In addition to an apparent difference of the ensemble conductivity, the 

above Pt nanoparticles also showed a marked variation of their electrocatalytic 

behaviors in oxygen reduction. Fig. 7 shows the steady-state cyclic 

voltammograms of a glassy-carbon disk electrode modified with a same amount 

( ~ 2 μg) of PtHC10 (solid curve), PtEPA (dotted curve), PtBPA (dashed curve) 

and commercial Pt/C (dashed-double dotted curve) nanoparticles in 0.1 M NaOH 

at a potential sweep rate of 100 mV/s, after the electrodes were subject to about 

30 potential cycles within the potential range of 0.80 V and +0.20 V (vs 

Hg/HgO). It can be seen that at all electrodes, the platinum butterfly features are 

quite well-defined. That is, in the anodic scan, a voltammetric peak emerged at ca. 

0.11 V which can be attributed to the oxidation of the Pt surface. This was then 

reduced in the cathodic scan with a peak at 0.19 V. In addition, there appear a 

pair of voltammetric waves within the potential range of 0.50 V and 0.80 V, 

which may be ascribed to hydrogen adsorption/desorption on (naked) Pt surfaces, 

and from the integrated peak areas, the effective electrochemical surface area of 

the electrode was estimated to be 22.8 m
2
/gPt (PtHC10), 21.0 m

2
/gPt (PtEPA), and 

8.1 m
2
/gPt (PtBPA). In comparison to the physical surface area based on the 

nanoparticle average core size (98.1 m
2
/gPt from Fig. 1), this represents 23.2%, 
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21.4%, and 8.3% of the Pt nanoparticle surface that was made accessible to 

electrolyte ions by the electrochemical treatments. Note that for ‘‘bare’’ 

commercial Pt/C, the effective electrochemical surface area was markedly higher 

at 61.5 m
2
/gPt, signifying that about 72.5% of the Pt nanoparticle surface was 

electrochemically accessible
4c

. 

    

 

 

 

 

 

Figure 3.7. Cyclic voltammograms of a glassy-carbon disk electrode modified with 

PtHC10, PtEPA, PtBPA and commercial Pt/C nanoparticles in a nitrogen-purged 

0.1M NaOH solution. Pt loadings were 2.44 μg (PtHC10), 1.90 μg (PtEPA), 1.90 μg 

(PtBPA), and 2.00 μg (Pt/C). Potential scan rate 100 mV/s. 
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Interestingly, the effective desorption of the capping ligands from the Pt 

nanoparticle surface happened to follow a trend opposite of the nanoparticle 

ensemble conductivity (vide ante). For the PtHC10 and PtEPA nanoparticles, 

both showed that more than 20% of the Pt surface area became accessible after 

the electrochemical treatments, whereas only 8.3% of the PtBPA nanoparticle 

surface was exposed. Note that the PtBPA nanoparticles exhibited metallic 

characters in interparticle charge transfer (Fig. 6), and thus the high electronic 

conductivity dictates that the potential drop within the nanoparticle layer would 

be significantly smaller than that in the semiconducting PtHC10 and PtEPA 

nanoparticles. Thus,   the electrochemical desorption of the capping ligands from 

the PtBPA nanoparticle surface was less effective. 

This discrepancy of the electrochemical reactivity also led to an apparent 

difference in the electrocatalytic reduction of oxygen, an important reaction 

process in fuel cell electrochemistry. Fig. 8 shows the ring and disk 

voltammograms of a gold ring-glassy-carbon disk electrode with the disk 

modified with (A) PtHC10, (B) PtEPA, (C) PtBPA, and (D) commercial Pt/C 

nanoparticles in an oxygen-saturated 0.1 M NaOH solution at varied rotation 

rates (the electrodes were the same as those in Fig. 7). It can be seen that on the 

disk electrode the cathodic currents of oxygen reduction start to emerge at +0.0 

67 V (PtHC10),   +0.077 V (PtEPA), +0.046 V (PtBPA), and +0.026 V (Pt/C), 

respectively. That is, the on- set potentials of the three acetylene-capped Pt 

nanoparticles were all somewhat more positive than that at the commercial Pt/C 
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I      
I
R 

catalysts, implying that oxygen reduction was  facilitated at the acetylene-

functionalized Pt nanoparticles as compared to the naked ones. Additionally, the 

voltammetric currents for oxygen reduction reach a plateau at potentials more 

negative than 0.40 V, and increase with increasing electrode rotation rate (from 

100    to 2500 rpm). Notably, the corresponding ring currents collected at +0.40 

V are all at least one order of magnitude smaller, indicating that the amounts of 

hydrogen peroxide (H2O2) produced during oxygen reduction were minimal. 

Importantly, from the ratio between the ring (IR) and disk (ID) currents, the 

number of electron transfer (n) in oxygen electroreduction can be estimated, n = 

N

I
I

I4

R
D

D


with N being the collection efficiency (37%)

4c
: PtHC10, 3.98; PtEPA, 3.92; 

PtBPA, 3.91; and Pt/C, 3.81
4c

, suggesting that with the four  nanoparticle 

catalysts, oxygen underwent efficient four-electron reduction to water, O2 + 

2H2O + 4e ↔ 4OH
-
. 
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Figure 3.8. RRDE voltammograms of a gold ring-glassy-carbon disk electrode 

modified with (A) PtHC10, (B) PtEPA, (C) PtBPA and (D) commercial Pt/C 

nanoparticles in an oxygen-saturated 0.1M NaOH solution. Electrode rotation rates 

are specified in the figure legends. Pt loadings were 2.44 μg (PtHC10), 1.90 μg 

(PtEPA), 1.90 μg (PtBPA), and 2.00 μg (Pt/C). Ring currents were collected by 

setting the ring potential at +0.4 V. 
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Further insights into the electron transfer dynamics of oxygen reduction 

were obtained from the analysis of the Koutecky–Levich plots (I
-1

 vs ω
-1/2

). Note 

that in rotating disk voltammetric measurements, the measured currents (I) may 

involve both kinetic(IK) and diffusion (ID) controlled contributions
19

, 

1

I
 = 

1

IK
 + 

1

 ID
 = 

1

IK
 + 

1

 Bω
1/2                                                                                   (3.1a) 

B = 0.62nAFCoD
2/3 

o ν
-1/6

                                                                                     (3.1b)    

IK = nFAkCo                                                                                                      (3.1c) 

where ω is the electrode rotation rate, n is the overall number of electron transfer, 

F is the  Faraday constant, CO is the bulk concentration of O2 dissolved in the 

electrolyte, DO is the  diffusion coefficient for O2, and  ν is the kinematic 

viscosity of the electrolyte
20

. Thus, the plots of I
-1

 versus ω
-1/2

 are anticipated to 

yield straight lines with the intercept corresponding to IK (Eq.  (3.1c)) and the 

slopes reflecting the so-called B factors (Eq. (3.1b)). Fig. 9 displays the 

Koutecky–Levich plots of oxygen electroreduction at the four nanoparticle   

catalysts. One can see that within the potential range of 0.10 V to 0.30 V, the 

experimental data can all be fitted very well with linear regressions, and the 

slopes of each nanoparticle catalyst remained approximately constant. The 

linearity and parallelism of the plots are usually taken as a strong indication of a 

first-order reaction with respect to dissolved oxygen. 
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Figure 3.9. Koutecky-Levich plots of (A) PtHC10, (B) PtEPA, (C) PtBPA and (D) 

commercial Pt/C nanoparticles in oxygen reduction in 0.1M NaOH solution. Symbols 

are experimental data acquired from Fig 3.8 and lines are the corresponding linear 

regressioins. 

 

 

 



71 

 

In addition, from the y-axis intercepts of the linear regressions, the kinetic 

currents in oxygen reduction can also be quantitatively evaluated (Eq. (1a)). 

Interestingly, when normalized to the effective electrochemical surface area as 

estimated from Fig. 3.7, the kinetic current density (JK) of the three acetylene-

functionalized Pt nanoparticles was all markedly higher than that of the 

commercial “bare” Pt/C catalysts (Fig. 10), again, suggesting that surface 

functionalization by acetylene derivatives on the Pt surface facilitated the 

electroreduction of oxygen. Additionally, one may notice that whereas the 

experimental data for PtHC10 were somewhat scattered, the kinetic current 

density of PtEPA was consistently greater than that of PtBPA within the entire 

potential range of    0.10 V to 0.30 V.  For instance, at 0.18 V, the kinetic current 

densitie ((JK) at the four   nanoparticle catalysts are 12.6 mA/cm
2
 (PtBPA), 19.1 

mA/cm
2
 (PtEPA), 12.3 mA/cm

2
    (PtHC10), and 4.1 mA/cm

2
 (Pt/C), respectively. 
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Figure 3.10.Variation of the kinetic current density (Jk) with electrode potential at 

different nanoparticle catalysts in oxygen reduction. Symbols are experimental data 

obtained from the intercepts in Fig 3.9 and normalized to the effective 

electrochemical surface areas estimated from Fig 3.7. 
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Therefore, it can be seen that on the basis of the onset potential and 

kinetic current density, of the three nanoparticle catalysts, the PtEPA 

nanoparticles exhibited the best electrocatalytic activity for oxygen reduction. 

This may be accounted for by the reaction mechanism of oxygen reduction on Pt 

surfaces. It has been known that the first electron-transfer process for the 

adsorbed oxygen molecules represents the rate-determining step
21

, 

Pt(O2,ad) + e
-
 → Pt(O

-

2,ad)                                                                                    (3.2)                                         

where oxygen is adsorbed onto the Pt surface in a linear or bridge-bonded 

configuration, involving both electron donation from the filled O2 orbitals to the 

empty orbitals of Pt  surface atoms by σ overlap, as well as back bonding 

interactions from the Pt  filled d orbitals to the  empty O2 antibonding orbitals 

(π*). Thus, it can be seen that an increase of the Pt d vacancy would facilitate 

electron donation from O2 to Pt, leading to enhanced bonding interactions 

between Pt and O2 and concurrently decreasing bonding order of O-O. 

Consequently, oxygen reduction is enhanced. Of  the  three nanoparticles under 

study above, extensive spilling of the Pt core electrons to the ligand shells is 

anticipated to occur because  of the conjugated metal–ligand interfacial bonding 

interactions, and this intraparticle charge delocalization is more effective for the 

PtEPA and PtBPA nanoparticles than for the  PtHC10 nanoparticles, as 

manifested in spectroscopic measurements presented above. Therefore, the 

effective electron density within the PtEPA and PtBPA nanoparticles is 

anticipated to be even somewhat lower than that of PtHC10, leading to enhanced 
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bonding adsorption between O2 and Pt and eventual oxygen reduction activity. 

However, the less effective desorption of BPA ligands from the Pt nanoparticles 

rendered it difficult for O2   and electrolyte counter ions to access the Pt surface 

and hence compromised the   electrocatalytic activity. Consequently, within the 

present experimental context, PtEPA represented the optimal conditions for 

oxygen electroreduction by virtue of the extensive intraparticle charge 

delocalization and relative ease of partial ligand desorption from the nanoparticle 

surface. 

3.3. Conclusion 

Stable platinum nanoparticles were prepared by thermolytic reduction of 

H2PtCl4 followed by the self-assembly of acetylene derivatives onto the bare Pt 

colloid surface. TEM measurements showed the average core diameter of the 

nanoparticles was 2.85 ± 0.62 nm.  FTIR measurements confirmed the bonding 

interactions of the acetylene ligands onto the Pt surface with the breaking of the 

≡C-H bond and the formation of Ptsurface-H and Ptsurface-C≡ at the metal-ligand 

interface, as manifested by the disappearance of the ≡C-H vibrational stretches 

and the marked redshift of the C≡C vibrational band. With the conjugated metal-

ligand interfacial bonding interactions, extended conjugation occurred between 

the particle-bound triple bonds, leading to the emergence of unique 

photoluminescence properties of the nanoparticles. Additionally, electronic 

conductivity measurements showed that for the nanoparticles stabilized by 1-

alkynes or 4-ethylphenylacetylene, the temperature dependence of the ensemble 
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conductivity exhibited semiconducting characters whereas for the 4-tert-

butylphenylacetylene-capped nanoparticles, metallic behaviors were observed 

instead. This discrepancy was accounted for by the reduced metal–ligand contact 

resistance and extensive spilling of core electrons into the organic protecting 

matrix. Furthermore, the acetylene-capped nanoparticles showed interesting 

electrocatalytic activity in oxygen reduction. On the basis of the onset potential 

and kinetic current density, all three nanoparticles exhibited improved 

performance as compared to naked commercial Pt/C catalysts; and among the 

series, 4-ethylphenylacetylene-capped nanoparticles exhibited the best 

electrocatalytic performance. This was accounted for by the deliberate 

manipulation of the Pt core electronic structure that impacted the bonding 

interactions with adsorbed oxygen and accessibility of the Pt surface by 

electrolyte counterions. The results presented herein further demonstrate the 

effectiveness of surface chemical functionalization in the manipulation and 

optimization of nanoparticle electrocatalytic activity in fuel cell electrochemistry. 
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4.1  Introduction 

Precious metals have been used extensively as effective cathode catalysts 

for oxygen reduction in proton exchange membrane fuel cells. Typically these 

materials are dispersed as nanosized particles on supporting substrates of high 

surface areas to enhance accessibility and to reduce costs. In these, it has been 

found that the electronic interactions between the metal nanoparticles and the 

supporting substrates might also play a significant role in determining the 

electrocatalytic activity as a result of the manipulation of the electronic energy of 

the metalnanoparticles and hence the interactions with oxygen
1
. In both industrial 

and academic research, carbon-based materials are one of the most commonly 

used supporting substrates, such as carbon black, carbon nanotubes, and graphene 

sheets
2
. This is largely due to their low cost, high surface area, high conductivity, 

and high chemical inertness that may facilitate electron-transfer reactions at the 

electrode surface and hence improve catalyst stability and durability. 

Among these, while a relatively new addition, graphene has attracted 

particular research interest in fuel cell electrocatalysis. In fact, a number of 

studies have been reported recently in the literature where graphene sheets are 

used as a support for the nanoparticle catalysts in oxygen reduction
3
. For instance, 

platinum nanoparticles (from 2.2 to 5.6 nm in dia.) supported on reduced 

graphene oxides (Pt/RGO) have been prepared by using perfluorosulfonic acid as 

the functionalization and anchoring reagent
4
. The catalytic performance in 

oxygen reduction was found to be enhanced by hydrogen heat treatment, which 
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was ascribed to the bifunctional effects of both improved graphitization and the 

oxygenated groups on the catalytic activity and stabilization of the metal 

nanoparticles. Inanother study
5
, graphene-supported platinum nanoparticle 

composites were prepared by a chemical co-reduction method. The platinum 

nanoparticles were between 3.30 and 4.45 nm in diameter and exhibited apparent 

electrocatalytic activity in oxygen reduction. Furthermore, a composite catalyst 

has also been prepared by using graphene-supported platinum nanoparticles 

(average diameter 3.4 nm) impregnated with ionic liquid that exhibited enhanced 

electrocatalytic activity and excellent methanol tolerance for oxygen reduction 

because of increasing oxygen-philicity and methanol-phobicity
6
. 

In these early studies, the graphene sheets are generally produced from 

bulk graphite by the Hummers method through chemical oxidation and 

exfoliation with strong acids and oxidizing reagents
7
. The obtained graphene 

sheets mostly exhibit irregular shapes and a large size dispersity (ranging from 

nanoscale to micrometer-scale), and are prone to folding and wrinkling because 

of the strong π−π interactions, thus compromising the even dispersion and ready 

accessibility of the metal nanoparticle catalysts
8
. To overcome such technical 

challenges, a recent study showed that by inserting carbon black particles 

between the RGO sheets, stacking of RGO might be minimized, hence promoting 

oxygen diffusion through the RGO sheets and enhancing the electrocatalytic 

performance of graphene-supported Pt nanoparticles (5 nm in dia.)
2a

. Such issues 

can also be resolved by using nanosized graphene sheets
9
. Recently, an effective 
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protocol was reported for the preparation of nanometer-sized graphene quantum 

dots (GQDs) where the stacked submicrometer domains of traditional pitch-based 

carbon fibers were broken down by acid treatments and chemical 

exfoliation
9c

.The size of the resulting GQDs was found to be within the range of 

1 to 4 nm with 1 to 3 layers in thickness. Because of their large surface-volume 

ratio, such GQDs are anticipated to exhibit abundant structural defects, which 

may be exploited to promote charge transfer from platinum to oxygen as well as 

to manipulate the binding of reaction intermediates on the Pt surface, as 

suggested in a recent theoretical study
10

. This is the primary motivation of the 

present study. 

In this study, we adopted the literature procedure to prepare GQDs from 

carbon fibers
9c

 and then used them as supporting substrates for platinum 

nanoparticles. The electrocatalytic activity of the resulting nanocomposites (Pt/G) 

in oxygen reduction was then examined in acid electrolyte solutions, using 

commercial Pt/C catalysts as a benchmark material for comparative study. 

Voltammetric measurements showed that while oxygen was effectively reduced 

to water at both nanoparticle catalysts, the Pt/G nanocomposites exhibited a 

markedly enhanced electrocatalytic performance with a more positive onset 

potential, higher specific activity as well as stability, as compared to commercial 

Pt/C. The results were accounted for by the intimate electronic interactions 

between the nanosized GQDs and the Pt nanoparticles that manipulated the 

dissociative adsorption of oxygen and the binding of reaction intermediates on 
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the Pt surface. 

4.2  Results and Discussion 

Note that from DLS measurements the average hydrodynamic diameter of 

the as-produced GQDs was estimated to be 14.5 ± 3.9 nm; and AFM topographic 

analysis indicated that the thickness of the graphene quantum dots ranged from 

0.5 to 2.0 nm, corresponding to one to four graphene (oxide) layers in the 

samples, consistent with TEM measurements (Supporting Information, Figure 

S1). These GQDs were then used to prepare Pt/G hybrid nanoparticles. Figure 1 

shows two representative TEM micrographs of the Pt/G nanoparticles. In panel 

(A), it can be seen that the nanoparticles were dispersed rather homogeneously on 

the TEM grid, with the majority of the nanoparticles in the narrow range of 2.5 to 

3.0 nm in diameter, as manifested in the core size histogram in the figure inset. In 

addition, statistical analysis shows that the average nanoparticle core diameter 

was 2.79±0.38 nm, slightly smaller than that of commercial Pt/C (3.30 ± 0.42 

nm)
11

. Furthermore, from high-resolution TEM studies in panel (B), clearly 

defined lattice fringes can be identified, as highlighted by yellow lines, with a 

spacing of 0.23 nm. These are consistent with the (111) crystalline planes of fcc 

Pt
11

. In addition, one may see that the Pt nanoparticles were surrounded by a low-

contrast halo, as indicated by white arrows, which might be ascribed to the GQDs 

that exhibited low crystallinity and low electron-density contrast. These results 

suggest the formation of an intimate composite structure in the Pt/G nanoparticles. 
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Figure 4.1. Representative TEM micrographs of GQD-supported Pt nanoparticles. 

Scale bar is 20 nm in panel (A) and 5 nm in panel (B). Inset in panel (A) shows the 

nanoparticle core size histogram. Yellow lines in panel (B) highlight the lattice 

fringes, and white arrows indicate the halos surrounding the Pt nanoparticles. 
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The composite nature of the Pt/G nanoparticles was further manifested in 

XRD measurements. From Figure 2, one can see that the nanoparticles (red curve) 

exhibited three well-defined diffraction peaks at 2θ = 39.85°, 46.23°, and 67.60° 

that may be assigned to the (111), (200), and (220) crystalline planes of fcc Pt, 

respectively. Additionally, the Pt/G nanoparticles also displayed two broad 

diffraction peaks centered at 2θ ≈ 25.80° and 22.67°, corresponding to a lattice 

spacing of 0.345 and 0.392 nm, respectively. Whereas both may be assigned to 

the graphite (002) planes, the somewhat larger value of the latter suggests lattice 

expansion as a result of the formation of oxygen-containing groups during the 

chemical oxidation and exfoliation of the carbon fibers
9c

. Additionally, the broad 

appearance of these peaks signifies the low crystallinity of the resulting GQDs, 

consistent with the results in TEM measurements presented in Figure 1 (B). Such 

diffraction features can also be clearly identified with the commercial Pt/C 

sample (black curve), except that the graphite diffraction peak was rather weak 

and ill-defined. 

Furthermore, the average size (τ) of the crystalline domains of the Pt 

nanoparticles can be estimated by the Debye−Scherrer equation
12

, τ = Kλ/β cos θ, 

where K is a dimensionless shape factor with a value of ∼0.9, λ is the X-ray 

wavelength (1.54059 Å for Cu−Kα), and β is the full width at half-maximum 

(fwhm) of a selected diffraction peak. Therefore, based on the fwhm of the 

Pt(111) diffraction peaks, the average size of the nanoparticle crystalline domains 

was estimated to be 1.54 nm for Pt/C and 2.62 nm for Pt/G. The fact that the size 
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of the crystalline domains of the Pt/G nanoparticles was close to their 

geometrical diameter as determined by TEM measurements (Figure 1) signifies 

that the nanoparticles were likely of single crystal structures, in agreement with 

the clearly defined lattice fringes throughout the entire nanoparticles. In contrast, 

the size of the crystalline domains of the Pt/C nanoparticles was only half of the 

physical dimensions, suggesting a polycrystalline nature of the platinum 

nanoparticles in the commercial sample. 
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Figure 4.2. XRD patterns of the Pt/G and Pt/C nanoparticles. 
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The formation of a platinum-graphene nanocomposite in Pt/G particles 

was also evidenced in XPS measurements. Figure 3 depicts the survey spectra of 

the (A) Pt4f and (B) C1s electrons of the Pt/G nanoparticles. From panel (A), the 

binding energies of the Pt4f electrons can be found at 71.22 and 74.63 eV. Both 

the doublet energies and spin−orbit coupling are consistent with those of metallic 

platinum
13

. In panel (B), deconvolution revealed four major components of the 

carbon 1s electrons: sp
2
 C at 284.53 eV (magenta curve)

14
, sp

3
 C at 285.46 eV 

(blue curve)
15

, and carbon in C−OH (286.57 eV, yellow curve) and COOH 

(289.20 eV, green curve) bonds
9c, 16

. This suggests the formation of various 

oxygenated functional moieties on the GQD surfaces. Furthermore, one may 

notice that the concentration of sp
2
 carbons is markedly lower than those of 

others, likely a result of the nanoscale dimensions of the graphene quantum dots 

and the formation of abundant oxygenated species on the graphene surface. Such 

structural defects within the GQD matrix might facilitate charge transfer between 

platinum and adsorbed oxygen and hence lead to improved electrocatalytic 

performance in oxygen reduction, as detailed below
10

.  
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Figure4.3. XPS survey spectra of the (A) Pt4f and (B) C1s electrons of the Pt/G 

nanoparticles. Symbols are experimental data and lines are deconvolution fits. 
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The electrocatalytic activity of the resulting Pt/G nanoparticles was then 

examined for oxygen reduction reactions. Figure 4 shows the steady-state cyclic 

voltammograms of a glassy carbon electrode modified with a same amount of 

Pt/G or Pt/C in 0.1 M HClO4 solution saturated with nitrogen. Both nanoparticles 

exhibited the well-defined butterfly voltammetric features of platinum in acid 

electrolytes. Of these, a pair of broad voltammetric peaks can be seen within the 

potential range of +0.6 and +1.0 V, which are ascribed to the formation of 

platinum oxide in the anodic scan and reduction of the oxide in the return sweep. 

Two additional pairs of voltammetric peaks appeared between 0 and +0.3 V. 

These are due to hydrogen adsorption/desorption on the platinum surface. Based 

on the integrated areas of these voltammetric features, the effective 

electrochemical surface area (ECSA) of the nanoparticle catalysts can be 

estimated to be 24.3 m
2
/g for Pt/G and 20.1 m

2
/g for Pt/C. In comparison to the 

geometric surface areas of the nanoparticles, this represents approximately 24.4% 

and 23.8% of the nanoparticle surface that was electrochemically accessible for 

the Pt/G and Pt/C nanoparticles, respectively. 
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Figure 4.4. Cyclic voltammograms of a glassy carbon electrode (diameter 5.61 mm) 

loaded with Pt/G and Pt/C nanoparticle catalysts in a nitrogen-saturated 0.1 M HClO4 

solution. Metal loading was 12.1 μg for both nanoparticles. Potential sweep rate 20 

mV/s. 
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The electrocatalytic activity in oxygen reduction was then examined by 

voltammetric measurements in an oxygen-saturated 0.1 M HClO4 solution. 

Figure 5 shows the RRDE voltammograms of the glassy carbon disk electrode 

modified with (A) Pt/C or (B) Pt/G nanoparticles with the electrode rotation rate 

varied from 100 rpm to 2500 rpm. There are at least two aspects that warrant 

attention here. First, at both electrodes nonzero cathodic currents at the disk 

electrode (ID) became clearly identified as the electrode potential was swept in 

the negative direction, and the currents increased with increasing electrode 

rotation rates, signifying the apparent electrocatalytic activity of both 

nanoparticles in oxygen reduction. Second, the corresponding ring currents (IR) at 

+1.5 V were about 3 orders of magnitude lower than those of the disk, suggesting 

that only minimal amounts of peroxide intermediates were produced during 

oxygen reduction and hence high efficiency of both nanoparticles in the 

electrocatalytic process. In fact, the number of electron transfer (n) during 

oxygen reduction can be estimated by the ratio between the disk and the ring 

currents
17

, 

n = 
)/NI(I

I4

RD

D


                                                                                               (4.1)          

where N is the collection efficiency (37%) of the RRDE electrode
11

,  as depicted 

in Figure 6. It can be seen that at sufficiently negative potentials, both electrodes 

exhibited n ≈ 4.00, indicating that oxygen was fully reduced into water, O2 + 

4H
+
 + 4e → 2H2O. Yet the onset potential for oxygen reduction was markedly 
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different. For Pt/C nanoparticles, the onset potential could be identified at +0.98 

V, which was consistent with results observed previously
11

. In contrast, for Pt/G, 

the onset potential was substantially more positive at +1.05 V, which is among 

the best reported so far of oxygen reduction catalyzed by platinum nanoparticles
4-

6
. Such a positive shift of about 70 mV signified the markedly improved 

performance of the Pt/G nanoparticles in oxygen reduction as compared to 

commercial Pt/C, likely a result of the electronic interactions between the 

platinum nanoparticles and the GQDs (more details below).  
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Figure 4.5. RRDE voltammograms of a glassy carbon electrode (diameter 5.61 mm) 

loaded with (A) Pt/C or (B) Pt/G nanoparticle catalysts in an oxygen-saturated 0.1 M 

HClO4 solution. Metal loading was 12.1 μg for both nanoparticles. Potential sweep 

rate was 5 mV/s; electrode rotation rates were shown in the figure legends; ring 

potential was set at +1.5 V. 
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Figure 4.6. Variation of the number of electron transfer (n) in oxygen reduction with 

electrode potential. Symbols are experimental data calculated from the RRDE 

voltammograms at 2500 rpm in Figure 4.5 by using eq 1. 

 

 

 

 



96 

 

The electron-transfer kinetics involved were then quantified by the 

Koutecky−Levich analysis (eqs 4.2)
18

, as the disk current (ID) might include both 

kinetic- (Ik) and diffusion (Id) controlled contributions, 

DI

1
 = 

kI

1
  + 

dI

1
 = 

kI

1
 + 

1

 Bω
1/2                                                                          (4.2a)                  

B = 0.62nAFCoD
2/3 

o ν
-1/6

                                                                                   (4.2b)                    

IK = nFAkCo                                                                                                    (4.2c) 

where F is the Faradaic constant (96500 C/mol), DO the diffusion coefficient of 

O2 in 0.1 M HClO4 aqueous solution (1.93 × 10
−5

 cm
2
/s), ν the kinematic 

viscosity of the solution (9.87 × 10
−3

 cm
2
/s), CO the oxygen concentration in O2-

saturated solutions (1.18 mM), ω the electrode rotation rate, k the electron-

transfer rate constant, and A the geometric surface area of the electrode
19

. Figure 

7 depicts the Koutecky−Levich plots (I
−1 

D vs ω
−1/2

) of both (A) Pt/C and (B) Pt/G 

nanoparticles within the potential range of +0.81 to +0.93 V and +0.84 to +0.99 

V, respectively. First, one can see that all experimental data exhibited good 

linearity, and the slopes were rather consistent with each nanoparticle sample. 

This indicates that at both nanoparticle catalysts the oxygen reduction proceeded 

as a first-order reaction with respective to dissolved oxygen. 
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Figure 4.7. Koutecky−Levich plots of (A) Pt/C and (B) Pt/G nanoparticles in an 

oxygen-saturated 0.1 M HClO4 solution. Symbols are experimental data acquired 

from Figure 4.5, and lines are the corresponding linear regressions. 
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In addition, from the linear regressions in Figure 7, the kinetic currents (Ik) 

could also be quantified from the y-axis intercepts (eq 2c). This is manifested in 

the Tafel plot of Figure 8. It can be clearly seen that at both nanoparticle catalysts 

the kinetic currents increased with increasingly negative electrode potentials, and 

more importantly, within the electrode potential range of +0.80 V to +1.00 V, the 

kinetic currents were significantly higher with Pt/G than with Pt/C. For instance, 

the area-specific current density (Jk, Ik normalized by the respective effective 

electrochemical surface area as determined in Figure 4) at +0.90 V was 14.52 

A/m
2
 for Pt/G and only 1.66 A/m

2
 for Pt/C. Whereas the latter is rather consistent 

with results obtained previously
11, 20

, the former represents an almost 9 times 

improvement of the electrocatalytic activity, which is most likely attributable to 

the graphene substrate support (vide infra). 

Further insights into the dynamics of oxygen reduction reactions may be 

obtained from the slope of the Tafel plot. Note that for oxygen electroreduction, 

the Tafel slopes are typically found at 60 mV/dec or 120 mV/dec, where the 

former corresponds to a pseudo two-electron reaction as the rate determining step, 

and in the latter the rate determining step is presumed to be the first-electron 

reduction of oxygen
21

. For the Pt/C nanoparticles it can be seen from Figure 8 

that the Tafel slope was about 90.5 mV/dec within the potential rang of +0.80 V 

to +0.93 V, suggesting that both processes might play an important role in the 

oxygen reduction reactions. In contrast, at the Pt/G nanoparticles, the Tafel plot 

appears to exhibit two linear segments with different slopes. At low current 
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densities (E > +0.90 V), the Tafel slope was about 76.2 mV/dec, implying that 

the oxygen reduction reactions were largely limited by a pseudo two-electron 

process, whereas at high current densities (E < +0.90 V) the Tafel slope increased 

to 129.5 mV/dec, consistent with the first-electron reduction of oxygen as the 

rate-determining step. Such an observation of dual Tafel slopes has been 

observed previously
5
, and accounted for by a double-trap kinetic model

21b
, where 

the turning point (+0.90 V in the present study) reflects the equilibrium potential 

for the dynamic transition between the surface-adsorbed reaction intermediates of 

O* and HO*. In addition, in this model, the increase of reaction rate in the low 

overpotential region (with a low Tafel slope) is attributed both to the decrease of 

the highest activation energy barrier for the forward reactions and to the increase 

of the lowest barrier for the backward reactions. In contrast, at large 

overpotentials (with a high Tafel slope), the contributions of the backward 

reaction diminish. Such a transition was not apparent with the commercial Pt/C, 

possibly because of the hydrophobic carbon black that limited the access of 

protons to the nanoparticle surface, whereas for Pt/G, the GQD substrates were 

more hydrophilic with the surface oxygenated species. 
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Figure 4.8. Variation of the kinetic current density (Jk, Ik normalized to the respective 

effective electrochemical surface area determined in Figure 4) with electrode 

potentials in oxygen reduction. Symbols are experimental data obtained from the y-

axis intercepts of the linear regressions in Figure 4.7. 
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Durability is another important parameter in the quantification and 

comparison of nanoparticle catalytic performance. The durability test of the Pt/C 

and Pt/G nanoparticle catalysts was performed in oxygen-saturated 0.1 M HClO4 

at a potential sweep rate of 200 mV/s between +0.05 and +1.1 V for 2000 cycles. 

The RDE polarization curves before (black curves) and after (red curves) the 

tests were depicted in Figure 9. It can be seen that for the Pt/C nanoparticles 

(solid curves), whereas the limiting current only showed a 3% diminishment, the 

half-wave potential showed a cathodic shift of about 33 mV from +0.840 to 

+0.807 V. Markedly smaller variations were observed with the Pt/G 

nanoparticles (dashed curves), where the limiting current decreased by less than 2% 

and the shift of the half-wave potential was only 16 mV from +0.927 V to +0.911 

V. These results indicate that the stability of the Pt/G nanoparticles was 

significantly better than that of commercial Pt/C. In fact, TEM measurements of 

the Pt/G nanoparticles after the durability test showed only a moderate increase 

(∼10%) of the particle size to 3.10 ± 0.80 nm (Supporting Information, Figure 

S3); in contrast, in a previous study with organically capped Pt nanoparticles, the 

particle core size increased by almost 100% after a similar test
11

. This enhanced 

stability of the Pt/G nanoparticles may be ascribed to the GQD layers that 

wrapped around the Pt nanoparticles forming an intimate functional composite, 

as manifested in Figure 1. 
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Figure 4.9. Polarization curves for oxygen reduction catalyzed by Pt/C (solid curves) 

and Pt/G (dashed curves) before (red curves) and after (red curves) 2000 potential 

cycles with a potential scan rate of 200 mV/s from +0.05 to +1.10 V in O2-saturated 

0.1 M HClO4. Electrode rotation rate: 1600 rpm. Other experimental conditions were 

the same as in Figure 4.5. 
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The marked improvement of the Pt/G nanoparticles in oxygen reduction 

as observed above, in comparison with commercial Pt/C, might be rationalized 

by the impacts of the nanosized GQDs on the reaction dynamics. Note that when 

the O* and HO* intermediates bind strongly to the Pt surface, high overpotentials 

are needed in oxygen reduction. Thus, ideally a balance has to be struck between 

the strength of intermediate adsorption and reaction kinetics. In a recent study 

based on density functional theory calculation of a Pt13 nanoparticles supported 

on a monovacancy defective graphene
10

, it was found that the defective graphene 

support not only lowered the activation energy for oxygen (O2) dissociation by 

promoting charge transfer from Pt to O2 but also decreased the energy barrier of 

the rate-limiting step by weakening the binding of the HO* species. In the 

present study, thanks to the large surface to volume ratio, the nanosized GQDs 

most likely carried abundant structural detects, as manifested in the XPS 

measurements (Figure 3) and the appearance of apparent photoluminescence 

emission of the GQDs (Supporting Information, Figure S2). The intimate 

interactions between the graphene support and platinum nanoparticles then led to 

deliberate manipulation of the platinum d-band center and hence the charge 

transfer dynamics of oxygen reduction
10

. 

4.3  Conclusion 

Graphene quantum dots were prepared by chemical oxidation and 

exfoliation of carbon fibers and used as a unique substrate to support platinum 

nanoparticles by ethylene glycol thermolytic reduction of Pt(II) precursors. The 
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composite nature of the resulting Pt/G nanoparticles (diameter 2.79 ± 0.38 nm) 

was examined by XRD and XPS measurements where rather substantial 

structural defects within the graphene quantum dots were observed. Significantly, 

the Pt/G nanoparticles exhibited markedly enhanced electrocatalytic activity in 

oxygen reduction as compared to commercial Pt/C nanoparticles. Specifically, 

whereas both catalysts led to full reduction of oxygen to water (i.e., n = 4), the 

Pt/G nanoparticles exhibited an onset potential (+1.05 V) of oxygen reduction 

that was about 70 mV more positive than that (+0.98 V) of commercial Pt/C 

nanoparticles. Furthermore, the specific activity of the Pt/G nanoparticle was 

almost nine times that of Pt/C, along with much improved stability. These 

remarkable characteristics may be ascribed to the unique support of graphene 

quantum dots where the structural defects led to unique manipulation of the 

dissociative adsorption of O2 and the binding of reaction intermediates O* and 

HO* on Pt surfaces. 
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Chapter 5 

 

 

Electrocatalytic activities of alkyne-functionalized copper 

nanoparticles in oxygen reduction in alkaline media 

 
 

 

 

 

 

 

Reproduced with permission from [Ke Liu, Yang Song, Shaowei Chen* ,  

“ Electrocatalytic activities of alkyne-functionalized copper nanoparticles in oxygen 

reduction in alkaline media”, J. Power Sources, 2014, 268, 469.] Copyright © 2014  

Elsevier B.V. 
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5.1  Introduction 

Proton exchange membrane fuel cells are clean and environmental-

friendly power sources
1
. For hydrogen fuel cells, with a large Gibbs free energy 

of 273.13 KJ/mol, the reaction of hydrogen and oxygen is thermodynamically 

favorable and expected to exhibit a high theoretical efficiency on energy 

conversion. However, as oxygen reduction reactions (ORR) on the cathode are 

kinetically sluggish, the reactions can proceed only at significantly large 

overpotentials and consequently compromise the overall efficiency
2
. Platinum-

based nanoparticles have been used extensively as the catalysts of choice for 

ORR
3
; and a variety of strategies have been reported in the literature to further 

improve the ORR activities, such as rational design and preparation of Pt-based 

alloys
4
 and surface engineering of Pt nanoparticles by selected organic ligands

5
. 

This is motivated by a deliberate balance between surface accessibility of active 

sites and control of electronic structures of the metal cores which may manipulate 

the adsorption and reduction of oxygen. Meanwhile, owing to the high price and 

scarcity of platinum, extensive efforts have also been  focused on Pt-free 

catalysts such as transition metal oxides and chalcogenides
6
, pyrolyzed metal 

macrocycle
7
, N-doped carbon nanostructures

8
, etc. Among these, studies on 

copper-based electrocatalysts for ORR have been relatively scarce. In fact, 

copper has been largely used as a supporting substrate or non-active component 

in the electrocatalytic reduction of oxygen
9
. Yet, using a polycrystalline copper 

electrode, Schiffrin and coworkers
10

 have shown that the electrode exhibited 



111 

 

apparent electrocatalytic activity in oxygen reduction in a borax buffer solution, 

though at a large overpotential, and
 
proposed that surface redox couples like 

Cu2O/CuO played an important role in the reduction sequence with a CE 

mechanism whereas direct electron transfer to oxygen might occur from the 

oxide-free electrode surface. Brisard et al. 
11

also observed electrocatalytic 

activity of Cu(100) and Cu(111) single-crystal electrodes in oxygen reduction in 

sulfuric acid where the reaction kinetics was impacted by the adsorption of 

(bi)sulfate ions on the electrode surface. In a more recent study
12

, it was reported 

that cuprous oxide nanoparticles might serve as efficient catalyst for oxygen 

reduction; however, no detailed mechanism was included. Nevertheless, these 

earlier work suggests that partial oxidation of copper surfaces might be a key step 

in enhancing the adsorption and eventual electroreduction of oxygen on copper. 

This is the primary motivation of the present study. 

Herein we prepared alkyne-capped copper nanoparticles by reducing 

copper acetate with sodium borohydride in the presence of alkyne ligands at two 

temperatures, 0 C and room temperature. Transmission electron microscopic 

(TEM) studies showed that as-prepared copper nanoparticles were well separated, 

suggesting effective protection of the nanoparticles by the alkyne ligands; and the 

nanoparticle diameters were found to be in the range of 4 to 6 nm. FTIR and 

photoluminescence spectroscopic measurements confirmed the bonding 

attachment of the alkyne ligands onto the nanoparticle surface most likely 

forming CuC interfacial bonds. XPS measurements revealed the formation of a 
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small amount of CuO in the nanoparticles with the concentration higher in the 

samples prepared at ambient temperature than that at 0 C. Cu2O was also 

identified in the nanoparticles, as well as in commercial CuO nanoparticles. 

Electrochemical studies indicated that the 0 C samples exhibited the best 

electrocatalytic activity in oxygen reduction among the three in 0.1 M NaOH. 

This was accounted for by the low oxide concentration within the nanoparticles 

and the ready formation of Cu2O that likely facilitated the further reduction of 

peroxide into hydroxide.  

5.2  Results and discussion 

Figure 1 depicts a representative TEM micrograph of the (A) CuHC10-IB 

and (B) CuHC10-RT nanoparticles. It can be seen that both Cu nanoparticles are 

roughly spherical and well separated, suggesting successful attachment of the 

alkyne ligands on the Cu nanoparticle surface forming stable nanoparticles. 

Additionally, statistical analysis based on more than 100 nanoparticles showed 

that the average diameter of the nanoparticles synthesized at room temperature 

(CuHC10-RT) was 4.28  0.46 nm, whereas for the nanoparticles prepared at a 

lower temperature (CuHC10-IB), the size was somewhat larger at 6.29  0.99 nm, 

as manifested in the respective figure insets. Note that for organically capped 

metal nanoparticles, the size of the nanoparticles is largely determined by two 

competing processes, nucleation of metal atoms to form the nanoparticle cores 

and passivation of the metal cores by organic capping ligands that impedes the 

core growth
13

. For mercapto-stabilized gold nanoparticles, typically the lower the 
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reaction temperature, the smaller the nanoparticle cores
14

. This is ascribed to the 

strong affinity of thiol moieties to gold surfaces and thus the reductive formation 

and nucleation of gold atoms plays a significant role in the determination of the 

eventual size of the nanoparticles. The behaviors are completely different with 

the decyne-stabilized copper nanoparticles in the present study. In the formation 

of CuHC10 nanoparticles, the adsorption of alkyne ligands onto the copper 

surface was relatively slow; thus the passivation of the growth of the copper 

nanoparticles was most likely to be enhanced at higher temperatures, leading to a 

smaller size of the nanoparticles, as observed above. 

 

 

 

 

 

 

 

 

 

 



114 

 

 

 

 

 

 

 

 

 

Figure 5.1. Representative TEM micrographs of (A) CuHC10-IB and (B) CuHC10-

RT nanoparticles. Scale bars 10 nm. Insets show the corresponding core size 

histograms. 
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The successful passivation of the copper nanoparticles by the decyne 

ligands is further manifested in FTIR measurements, as shown in Figure 2.  Note 

that the FTIR spectra were almost identical for both CuHC10-RT and CuHC10-

IB nanoparticles, so only the one of CuHC10-RT was shown here (black curve), 

along with that of the 1-decyne monomers (red curve). From the figure it can be 

see that the ≡CH vibrational stretch at 3312 cm
1 

was well-defined for the 

monomeric ligands of 1-decyne; yet this feature vanished with the nanoparticle 

samples suggesting efficient breaking of the ≡CH bond after the alkyne ligands 

were adsorbed onto the copper nanoparticle surface (the absence of this 

vibrational feature in the spectrum also indicates that the nanoparticles were free 

of excessive alkyne ligands). Additionally, for monomeric 1-decyne ligands, the 

C≡C vibrational stretch can be identified at 2120 cm
1

; yet for the CuHC10 

nanoparticles, this band appears to red-shift to 1720 cm
1

, most likely as a result 

of the cleavage of the ≡CH bond and the formation of CuC≡ interfacial 

linkages, where the conjugated metal-ligand bonds led to effective intraparticle 

charge delocalization between the particle-bound acetylene moieties and hence a 

decreasing bonding order of the C≡C moieties, as observed in previous studies
5c, 

15
. Furthermore, with this interfacial configuration, the small shoulder at 1930 

cm
1

 may be assigned to CuH bonds, which is consistent with the CuH 

vibrational stretch that was identified at 1940 cm
1 

in a previous study of 

crystalline metal hydrides
16

. Another discrepancy is the antisymmetric (d) and 

symmetric (d+) CH2 vibrational stretches which can be found at 2927  and 2856 
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cm
1

, respectively, for the monomeric ligands, but red-shifted somewhat to 2920 

and 2850 cm
1

, as a result of increasing packing order of the molecules adsorbed 

on the nanoparticle surface.  

 

 

 

 

Figure 5.2. FTIR spectra of CuHC10 nanoaprticles (black curve) and monomeric 1-

decyne ligands (red curve). 
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The formation of conjugated metal-ligand interfacial linkages is also 

evidenced in photoluminescence measurements. Figure 3 depicts the excitation 

and emission spectra of the CuHC10-RT (black curves) and CuHC10-IB (red 

curves) nanoparticles in CHCl3. It can be seen that both nanoparticles exhibited a 

pair of rather well-defined excitation and emission peaks at almost identical 

positions of λex = 416 nm and λem = 480 nm, respectively. Similar 

photoluminescence behaviors have also been observed with alkyne-

functionalized Pt and Ru nanoparticles and ascribed to the formation of 

conjugated metal-ligand bonds that led to extensive intraparticle charge 

delocalization. Therefore, the particle-bound acetylene moieties behaved 

analogously to diacetylene (C≡C‒C≡C) derivatives
5c, 17

. Yet one may notice that 

for decyne-functionalized Ru nanoparticles, the excitation and emission peak 

positions are typically found at 360 and 440 nm
17

, and for the corresponding Pt 

nanoparticles, at 352 nm and 430nm
5c

. This discrepancy may be correlated with 

the electrical resistivity of the metals (at 0 °C)
18

 that increases in the order of 

1.543  10
8

 Ωm for Cu < 7.1  10
8

 Ωm for Ru < 9.6  10
8

 Ωm for Pt, where 

the intraparticle charge delocalization is facilitated by the conducting metal cores, 

and a decreasing resistivity leads to a red-shift of the excitation and emission 

peak energies. 
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Figure 5.3. Excitation and emission spectra of CuHC10-RT and CuHC10-IB 

nanoparticles in CHCl3. 
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The chemical nature of the resulting nanoparticles was then examined by 

XPS measurements. Figure 4 (A) shows the full survey spectra of the CuHC10-

IB, CuHC10-RT, and commercial CuO nanoparticles. For all samples, the Cu2p 

electrons can be identified at the twin peaks of 933 eV and 953 eV and the C1s 

electrons at about 284 eV. Interesting, both decyne-capped copper nanoparticles 

exhibit a broad peak centered at around 570 eV, suggesting possible formation of 

cuprous oxide within the nanoparticles as the Cu LMM-2 auger transitions are 

typically found around 570 eV of metallic Cu and Cu2O, respectively
19

. In fact, 

the O1s electrons can be readily found at around 530 eV.  

High-resolution scans of the Cu2p electrons are depicted in panel (B), 

from which two main peaks may be identified at around 933 and 953 eV for all 

samples, as summarized in Table 1. These may be assigned to the Cu2p3/2 and 

Cu2p1/2 electrons, respectively, which are consistent with those of metallic 

copper and cuprous oxide, as the binding energies of the Cu2p electrons for Cu(0) 

and Cu(I) are only 0.1 eV apart
20

. This is also consistent with the appearance of 

the LMM-2 auger transitions at around 570 eV as observed above in panel (A). In 

addition, all samples exhibited a satellite peak between the two main peaks, yet at 

different positions: 946.91 eV for the CuHC10-IB nanoparticles, 943.50 eV for 

CuHC10-RT, and 941.59 eV for the commercial CuO nanoparticles. This is 

consistent with that of CuO, indicating the formation of a small fraction of cupric 

oxide in the nanoparticles, as the satellite peak is typically observed in ions with 

a partially filled 3d shell but absent in ions with a completely filled 3d shell
21

. 
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Furthermore, the increasing intensity of the satellite peaks suggests the increasing 

concentration of the Cu(II) species, as depicted in Figure 4 (B). In fact, based on 

the integrated peak areas, the ratio of Cu(II) over Cu(I) and Cu(0) combined in 

the nanoparticles is estimated to be 7.1%, 26.2%, and 50.1% in CuHC10-IB, Cu-

HC10-RT, and commercial CuO nanoparticles, respectively (Table 1). 

Note that the appearance of the satellite peak has been largely ascribed to 

the shake-up effect where the outgoing electron interacts with a valence electron 

and excites it to a higher energy level
21

.  Therefore, the observed red-shift of the 

satellite peaks, CuHC10-IB (946.91 eV) > CuHC10-RT (943.50 eV) > 

commercial CuO nanoparticles (941.59 eV), is consistent with the increasing 

content of the Cu(II) components that exhibit a vacant 3d orbital, in contrast to 

Cu(I) or Cu(0) that features a 3d
10

 electronic configuration with 4s being the 

lowest-energy empty orbital. 
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Table 5.1. Binding energies (eV) of the Cu2p
 
electrons and the ratio (xCu(II)) of 

Cu(II) over Cu(I) and Cu(0) combined in CuHC10-IB, CuHC10-RT and 

commercial CuO nanoparticles.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Cu2p3/2 Cu2p1/2 Satellite xCu(II) 

CuHC10-IB 932.93 952.78 946.91 7.1% 

CuHC10-RT 933.47 953.61 943.50 26.2% 

Commercial CuO 932.99 953.13 941.13 50.1% 
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Figure 5.4. (A) XPS survey spectra and (B) high-resolution scans of the Cu2p 

electrons of CuHC10-IB, CuHC10-RT and commercial CuO nanoparticles. In panel 

(B), black curves are the raw experimental data and color curves are the 

deconvolution fits. 
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Interestingly, the nanoparticles synthesized above were found to exhibit 

apparent electrocatalytic activity in the reduction of oxygen. Note that prior to 

electrochemical measurements, the nanoparticles-modified electrodes were 

subject to about 100 potential cycles within the potential range of +0.5 V to +0.1 

V (vs RHE) in order to desorb part of the protecting ligands and expose the 

nanoparticle cores. Figure 5 shows the steady-state cyclic voltammograms of the 

electrodes modified with the three nanoparticle catalysts in a N2-saturated 0.1 M 

NaOH solution. From the figure, one can see that at the CuHC10-IB electrode 

(black curve), two anodic peaks are well-defined at around +0.55 V and +0.84 V 

(vs RHE). The former is believed to correspond to the formation of a monolayer 

of Cu2O while the latter to the formation of a thick multilayer film of CuO, and 

the cathodic peak at around +0.60 V is likely to originate from the partial 

reduction of CuO to Cu2O
22

. Similar features can also be seen with the CuHC10-

RT electrode (red curve) and the commercial CuO nanoparticles (green curve) 

but at much lower current amplitudes. This seems to suggest more efficient 

electrochemical desorption of ligands from the CuHC10-IB nanoparticle surface 

than from CuHC10-RT, likely a result of somewhat stronger metal-ligand (dp) 

interactions in the latter with the higher Cu(II) content. 
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Figure 5.5. Cyclic voltammograms of a glassy carbon-disk electrode modified with 

15 g of CuHC10-IB (black curve), CuHC10-RT (red curve) and commercial CuO 

(green curve) nanoparticles in a nitrogen-saturated 0.1M NaOH solution. 

Nanoparticle loading is all 15 g and potential scan rate is 0.01 V/s. 
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Figure 6 depicts the RRDE voltammagrams of a platinum ring-glassy-

carbon disk electrode with the disk modified with a calculated amount of (A) 

CuHC10-IB, (B) CuHC10-RT, and (C) commercial CuO nanoparticles in an O2-

saturated 0.1 M NaOH solution at different rotation rates. It can be seen that on 

the disk electrode the cathodic currents start to increase at sufficiently negative 

potentials, indicating apparent electrocatalytic activity of the three nanoparticles 

in oxygen reduction. Yet it can be seen that the onset potential for oxygen 

reduction is different among the three nanoparticle catalysts, at +0.77 V for 

CuHC10-IB, +0.75 V for CuHC10-RT, and +0.74 V for commercial CuO 

nanoparticles, suggesting that CuHC10-IB nanoparticles was the best among the 

series. Note that at these potentials, (partial) reduction of CuO into Cu2O 

occurred, indicating unlikely involvement of CuO in oxygen reduction
10

.  
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Figure 5.6. RRDE voltammograms of a platinum ring-glassy-carbon disk electrode 

with the disk modified with (A) CuHC10-IB, (B) CuHC10-RT, and (C) commercial 

CuO nanoparticles in an oxygen-saturated 0.1 M NaOH solution. Nanoparticle 

loading is all 15 g. Electrode rotation rates are specified in the figure legends. Ring 

currents are collected by setting the ring potential at +1.3 V vs RHE. 
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Furthermore, the corresponding ring currents were all at least an order of 

magnitude lower. From the ratio of the ring current (IR) and disk current (ID), the 

number of electron transfer (n) during oxygen reduction can be estimated by n = 

4ID/(ID + IR/N), and concurrently the percentage of peroxide formed in the 

reduction products by xH2O2 (%) = 200(1  n/4), with N being collection 

efficiency (37%)
5a

, which are depicted in Figure 7. It can be seen that the 

electrode potential at which n = 2 (corresponding to the 2-electron reduction of 

oxygen into peroxide species) is markedly different, +0.83 V for CuHC10-IB, 

+0.73 V for CuHC10-RT, and +0.75 V for commercial CuO nanoparticles, again 

signifying the best performance of the CuHC10-IB nanoparticles. At more 

negative potentials, the n values increases accordingly. For instance, within the 

potential range of +0.70 V to +0.40 V, the n values were rather consistent at 2.5 ~ 

2.7 for the three nanoparticle catalysts, suggesting the formation of both peroxide 

and hydroxide as the final products of oxygen reduction. In fact, peroxides 

account for about 70% of the final products, indicating that oxygen reduction 

proceeded with a mixture of the 2- and 4-electron reduction pathways. Note that 

the reduction of Cu2O to Cu occurred in this same potential range (Figure 5), and 

it has been proposed that Cu2O might be involved in the reduction of peroxide 

intermediates with a CE mechanism
10

. At even more negative potentials (< +0.30 

V) where reduction of Cu2O to Cu is likely to take place, the n value reached 3.5 

for CuHC10-IB nanoparticles (and xH2O2 exhibited an apparent diminishment 

down to <20%), markedly higher than those for CuHC10-RT and CuO 
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nanoparticles. This indicates that the formation of peroxides as the reduction 

products became minimal, with increasing metallic characters of the catalyst 

surface. 

 

 

 

 

 

 

 

 

Figure 5.7. Variation of the number of electron transfer (n, solid curves, left y axis) 

and percentage (xH2O2, dashed curves, right y axis) of peroxide formed in oxygen 

reduction with electrode potential for CuHC10-IB (black curves), CuHC10-RT (red 

curves) and commercial CuO (green curves) nanoparticles. Symbols were 

experimental data calculated from the RRDE voltammograms at 1600 rpm in Figure 

5.6. 
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Further insights into the electron-transfer kinetics of oxygen reduction 

were revealed by Koutecky-Levich analysis, as the RRDE voltammetric currents 

include both kinetic current (Ik) and diffusion (Id) controlled contributions
23

, 

2/1

11111

BIIII kdkD

                           (5.1a) 

B = 0.62nFACODO
2/3

ν
–1/6                                                                                      

(5.1b)
      

 

Ik = nAFkCO                                       (5.1c)           

where ω is the electrode rotation rate, n is the overall number of electron transfer, 

F is Faraday   constant, CO is the bulk concentration of O2 dissolved in the 

electrolyte, DO is the diffusion coefficient of O2, and ν is the kinetic viscosity of 

the electrolyte. For all three nanoparticle catalysts, plots of I
1

 vs ω
1/2

 show good 

linearity and parallelism within the potential range of +0.80 to +0.60 V (not 

shown), indicating first order reaction with respect to dissolved oxygen. From the 

intercepts of the linear regression, the corresponding kinetic current densities (Jk, 

Ik normalized by the electrode surface area) can also be evaluated, as depicted in 

the Tafel plot of Figure 8. It can be seen that the kinetic currents within the 

potential range of +0.80 to +0.60 V increase in the order of commercial CuO < 

CuHC10-RT < CuHC10-IB, again, indicating the best electrocatalytic 

performance of the CuHC10-IB nanoparticles. 
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Figure 5.8. Tafel plots of oxygen reduction catalyzed by CuHC10-IB (black circles), 

CuHC10-RT (red diamonds) and commercial CuO (green squares) nanoparticles. 

Data are acquired from linear regressions of the Koutecky-Levich plots based on the 

original data in Figure 5.6. 
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In addition, linear regressions of the Tafel plots yield a slope of 82.7 

mV/dec for CuHC10-IB, 76.2 mV for CuHC10-RT, and 69.3 mV/dec for 

commercial CuO nanoparticles. Note that for oxygen electroreduction at 

nanoparticle catalyst surfaces, the Tafel slopes are typically found at 60 mV/dec 

or 120 mV/dec, where the former corresponds to a pseudo two-electron reaction 

as the rate determining step, and in the latter the rate determining step is 

presumed to be the first-electron reduction of oxygen 
24

. Therefore it is likely that 

oxygen reduction on the copper nanoparticle surface proceeded by the pseudo 

two-electron route. This is consistent with the above observation that peroxide 

derivatives constituted a rather large portion of the final products in the low 

overpotential regime (Figure 5.7). It is known that adsorption of O2 on 

completely oxidized surfaces is energetically unfavorable and thus a high 

overpotential is required for oxygen reduction to proceed. Within this context, the 

higher the CuO component in the copper nanoparticles, the lower the catalytic 

activity in oxygen reduction. In addition, it has been suggested that Cu2O may 

donate electrons to oxygen and serve as effective catalysts for ORR 
25

; and from 

Figure 5, one can see the voltammetric peak currents for the formation of Cu2O 

(at +0.55 V) was the highest with the CuHC10-IB nanoparticles and the lowest 

with the CuHC10-RT nanoparticles. This is in agreement with the ORR activity 

observed above. 

It should be noted that whereas the electrocatalytic performance of these 

organically capped copper nanoparticles is not as good as those typically 
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observed with Pt-based nanoparticle catalysts 
5a, 5c, 26

, the activity does show 

marked enhancement as compared with those of oxygen reduction catalyzed by 

bulk copper electrodes 
10-11, 27

. For instance, in the previous studies with a 

polycrystalline Cu or CuNi electrode 
10

, the onset potentials for oxygen reduction 

were found to be around +0.36 V (vs RHE) in a borax buffer solution; and even 

more negative onset potentials were observed with single-crystalline Cu(100) and 

Cu(111) electrodes in H2SO4 at about 0 V (vs RHE) 
11a, 27

. These are far more 

negative than those observed above with the decyne-capped copper nanoparticles. 

5.3  Conclusion 

Stable alkyne-capped copper nanoparticles were prepared by a simple 

chemical reduction procedure. TEM measurements showed that the nanoparticles 

were of 4 to 6 nm in diameter when the nanoparticles were synthesized at 

ambient temperature or at 0 C. The alkyne ligands were found to form CuC 

interfacial bonds at the metal-ligand interface, as manifested in FTIR and 

photoluminescence measurements. XPS measurements suggested the formation 

of a small amount of CuO in the nanoparticles, along with Cu2O. Electrochemical 

studies indicated that the nanoparticles exhibited apparent electrocatalytic 

activity in oxygen reduction in alkaline media, with the best performance 

observed with the samples prepared at 0 C, in terms of onset potential, the 

number of electron transfer involved, as well as kinetic current density. Whereas 

the overall performance was not as good as that of platinum-based nanoparticle 

catalysts, the results showed that nanosized copper was much more active than 
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poly- or single-crystalline bulk copper in the electrocatalytic reduction of oxygen. 

Notably, the electrocatalytic activity might be further improved by deliberate 

interfacial engineering of the copper nanoparticles by other metals or chemical 

ligands. This is the focus of ongoing work and the results will be reported in due 

course. 
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Chapter 6 

 

 

Graphene Quantum Dot Supported Copper Nanoparticles as 

Effective Catalysts for Oxygen Reduction in Alkaline Media 
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6.1  Introduction 

Oxygen reduction reactions (ORR) have long been regarded as a major 

bottleneck of the overall fuel cell performance, due to the sluggish electron-

transfer kinetics and complex reaction pathways. Therefore, extensive efforts 

have been devoted to the development of efficient catalysts so that sufficiently 

high current density can be achieved for practical applications. Towards this end, 

substrate-supported discrete nanoparticles have attracted particular attention. 

These typically include monometallic nanoparticles
1
, alloy nanoparticles,

2
 metal 

oxides nanoparticles,
3
 or transition metal chalcogenides nanoparticles

4
 that are 

supported on various substrates including metal structures,
5
 metal oxides,

6
 or 

carbon-based materials such as carbon black, standard carbon fibers, single- or 

multi-walled carbon nanotubes,
7
 and graphene sheets.

8
 These supporting 

materials play important roles in, for instance, preventing nanoparticle 

aggregation and hence increasing the corresponding surface areas;
9
 manipulating 

electronic energy of the metal nanoparticles and hence interactions with O2 

molecules via intimate electronic interactions with the supporting substrates
5
; 

enhancing electronic conductivity and serving as current collectors; as well as 

improving structural stability of the catalysts in extreme acidic or basic 

environments.  

Among these, Pt nanoparticles (diameter 2 to 4 nm) supported on high-

surface-area carbon black have been used extensively.
10

 However, the high costs 

and scarcity of platinum render it necessary to develop cost-effective non-Pt 
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substitutes for fuel cell electrocatalysis. Copper is inexpensive, abundant with 

excellent electronic conductivity. It has been reported that O2 molecules can 

adsorb readily onto and migrate on copper surfaces
11

 and the adsorbed oxygen 

may undergo a two-step hydrogenation process to form gaseous water.
12

 ORR 

activities of bulk copper have also been observed in a borax buffer solution
13

 or 

in sulfuric acid solution,
14

 where the surface redox chemistry involving 

Cu2O/CuO plays an important role in the reduction of oxygen molecules. In a 

more recent study reduced graphene oxide (rGO)-supported cuprous oxide 

nanoparticles were found to serve as efficient catalysts for oxygen reduction 

where electron transfer occurred from the rGO sheets to oxygen.
15

 However, 

graphene sheets usually exhibit irregular shapes and are prone to folding and 

wrinkling because of strong π-π interactions leading to a loss of the surface 

area.
16

 Such an issue may be minimized by using nanosized graphene quandum 

dots. For instance, platinum nanoparticles supported on graphene quantum dots 

(GQD) (in the range of 1 to 4 nm) have been reported to exhibit significantly 

enhanced catalytic activity towards oxygen reduction as compared to commercial 

Pt/C catalysts.
17

 This was accounted for by the large surface-to-volume ratio and 

abundant structural defects of GQDs that manipulate the bonding interactions of 

oxygen on Pt and hence facilitate the corresponding charge transfer process. Such 

a fundamental principle may be exploited for the design and engineering of 

effective ORR catalysts based on GQD-supported metal nanocomposites. This is 

the primary motivation of the present study.  
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Herein, we prepared GQD-supported copper nanoparticle composites and 

examined the ORR activity in alkaline media.  Experimentally, the 

submicrometer domains of traditional pitch-based carbon fibers were broken 

down by acid treatments and chemical exfoliation, yielding nanometer-sized 

GQDs.
18

 The GQDs were then used to prepare a series of Cu/GQD 

nanocomposites at controlled copper loading by thermolytic reduction of copper 

salts in 1,2-propanediol, followed by hydrothermal treatments at various 

temperatures. The structural characteristics of the Cu/GQD nanocomposites were 

carefully examined by transmission electron microcscopic, Raman, and X-ray 

photoelectron measurements. Electrocatalytic activities of the nanocomposites 

were tested by using the rotating ring-disk electrode (RRDE) technique. The 

Cu/GQD nanocomposites with a copper loading of 2.88 at% and 3.32% show 

best performance among the series, within the context of onset potential, number 

of electron transfer as well as kinetic current density. 

6.2  Results and discussion 

The chemical compositions and valence states of the Cu/GQD 

nanocomposites were first evaluated by XPS measurements. Figure 1 (A) depicts 

the survey spectra of the series of samples where the elements of carbon (C1s 

285 eV), oxygen (O1s 532 eV), and copper (Cu2p 979 eV) can be clearly 

identified (the Si2p peaks are from the Si substrate), suggesting the formation of 

Cu/GQD nanocomposites. High-resolution scans of the C1s and Cu2p
3/2

 electrons 

are shown in panels (B) and (C), respectively. For all samples, deconvolution of 
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the C1s spectra in panel (B) yields three major components.
19

 The first is sp
2
 C 

(green curves) which exhibited a rather consistent binding energy among the 

samples within the narrow range of 284.7 – 285.0 eV. The second is carbons in 

C–OH (yellow curves) which might be identified with the peak energy between 

285.5 and 286.2 eV. The third is C=O/COOH (blue curves) where the binding 

energy exhibited a rather apparent disparity among the samples, 287.11 eV for 

sample (1), 289.06 eV for sample (2), 287.67 eV for sample (3), and 288.22 eV 

for sample (4). This suggests that in samples (1), (3) and (4) the primary form 

was carbonyl carbons (C=O) whereas in sample (3) carboxylic carbons 

(COOH).
19

 In addition, based on the integrated peak areas, the fraction of 

C=O/COOH among the total carbons was estimated to be (1) 24.78%, (2) 6.65%, 

(3) 15.54, and (4) 13.56%. 

As for the Cu2p
3/2

 electrons in panel (C), three major peaks were 

identified by spectral deconvolution with the binding energies very consistent 

among the four samples. Of these, the peaks at ca. 934.5 eV and 954.3 eV might 

be ascribed to the Cu2p
3/2 

and Cu2p
1/2 

electrons of metallic copper, respectively.
20

 

Yet, as the binding energy of Cu(I) and Cu(0) is only 0.1 eV apart, the presence 

of Cu(I) cannot be excluded. In fact, from panel (A), one can see a broad peak at 

around 570 eV that is consistent with the LMM-2 auger transitions of Cu(I), 

indicating at least partial oxidation of the nanoparticles into Cu2O.
20

 Additionally, 

the emergence of a satellite peak at ca. 944 eV between the Cu2p
3/2 

and Cu2p
1/2 

peaks suggested the formation of CuO. Such a satellite feature is typically 
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observed in ions with a partially filled 3d shell (e.g., Cu(II)) but absent in ions 

with a completely filled 3d shell (e.g., Cu(I) and Cu(0)), and has been largely 

ascribed to the shake-up effect where the outgoing electron interacts with a 

valence electron and excites it to a higher energy level.
21

 Similar behaviors have 

been observed in previous studies with alkyne-capped copper nanoparticles.
22

 

Furthermore, based on the integrated peak areas, the fraction of Cu(II) among all 

copper species was all around 30%, whereas the atomic ratio of Cu/C in the 

nanocomposites was estimated to be (1) 2.34%, (2), 2.88%, (3) 3.32% and (4) 

3.54%.  
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Figure 6.1.(A) XPS survey spectra and high-resolution scans of (B) C1s and (C) 

Cu2p electrons of Cu/GQD nanocomposites at different Cu/C atomic ratios (x). In 

panels (B) and (C), black curves are experimental data and colored curves are 

deconvolution fits. 
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Table 6.1. Summary of XPS results of Cu/GQD nanocomposites.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Cu/GQD 1 2 3 4 

C1s 

Sp2 C (eV) 284.68 285.07 284.94 284.67 

C-OH (eV) 285.54 285.95 286.2 285.85 

C=O/COOH (eV) 287.11 289.06 287.67 288.22 

xnon-sp2C (%) 71.13 66.63 66.04 48.49 

xC=O/COOH (%) 24.78 6.65 15.54 13.56 

Cu2p 

Cu2p
3/2

 (eV) 934.20 934.60 934.40 934.28 

Satellite (eV) 944.28 944.01 944.21 944.06 

Cu2p
1/2

 (eV) 954.30 954.50 954.35 954.30 

xCu(II) 26.19% 29.29% 30.07% 31.57% 

Total copper loading (Cu:C) (at%) 2.34 2.88 3.32 3.54 
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The structures of the Cu/GQD nanocomposites were then examined by 

TEM measurements. Figure 2 shows representative TEM micrographs of 

Cu/GQD (x) nanocomposites at different Cu/C atomic ratios: (A) x = 3.54%, (B) 

x = 3.32%, (C) x = 2.88%, and (D) x = 2.34%. The formation of copper 

nanoparticles was evidenced by the dark-contrast objects (signified by the red 

arrows), which were embedded within the low-contrast GQDs that showed 

various degrees of agglomeration in all four samples. Furthermore, one can see 

that the size of the copper nanoparticles varied rather drastically with the copper 

loading: ca. 14 nm at xCu = 3.54% in panel (A), 12 nm at xCu = 3.32% in panel 

(B), 10 nm at xCu = 2.88% in panel (C), and 5 nm at xCu = 2.34% in panel (A). 

Such a variation of the nanoparticle dimensions might be accounted for by the 

nanoparticle growth dynamics where increasing concentration of capping ligands 

is known to lead to enhanced passivation of the nanoparticles and hence 

diminishing sizes.
23
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Figure 6.2. TEM micrographs of Cu/GQD nanocomposites at different Cu/C atomic 

ratios (x): (A) x = 3.54%, (B) x = 3.32%, (C) x = 2.88%, and (D) x = 2.34%. Scale 

bars are all 20nm.  
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Further structural insights were unraveled by Raman spectroscopic 

measurements. From Figure 3, one can see two prominent vibrational bands at ca. 

1370 cm
1

 and 1615 cm
1

 for all samples, which might be assigned to the D and 

G bands of GQD, respectively. Additionally, the ratio of the D and G band 

intensity (ID/IG) increases in the order of 0.91 (x = 2.88%) <0.96 (x = 3.32%) < 

0.97 (x = 3.54%) < 0.98 (x = 2.34%), suggesting that the Cu/GQD (2.88%) 

sample exhibited the least amount of structural defects among the series.  This is 

consistent with results from the XPS measurements (Figure 1 and Table 1).  Such 

a correlation has also been observed previously with Pt/GQD nanocomposites.
17a

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. Raman spectra of Cu/GQD nanocomposites at different Cu/C atomic 

ratios (x) which are specified in figure legends. 
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Table 6.2. Summary of results from Raman spectroscopic measurements. 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cu/GQD (x) ID (cm
-1

) IG (cm
-1

) ID/IG 

3.54% 1361 1603 0.97 

3.32% 1362 1612 0.96 

2.88% 1381 1613 0.91 

2.34% 1370 1616 0.99 
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The electrocatalytic activity of the nanocomposite catalysts for ORR was 

then tested by electrochemical measurements. Figure 4 shows the cyclic 

voltammograms of a glassy-carbon electrode modified with 15 g of Cu/GQD in 

a nitrogen-purged NaOH solution. It can be seen that the Cu/GQD (3.32%, red 

curve) sample exhibited two rather prominent anodic peaks at around +0.55 V 

and +0.84 V (vs RHE), with the former due to the formation of a monolayer of 

Cu2O while the latter to the formation of a thick multilayer film of CuO, and a 

cathodic peak at around +0.70 V that is likely to originate from the partial 

reduction of CuO to Cu2O.
22, 24

 Similar voltammetric featrures can be seen with 

the Cu/GQD (2.88%, green curve; 3.54%, black curve) samples. In contrast, for 

the Cu/GQD (2.34%, blue curve), the voltammogram was largely featureless, 

possibly because of the low loading of copper and encapsulation by the GQDs 

(Figure 2). Furthermore, one can see that despite the same catalyst loading, the 

double-layer charging currents, and hence the effective electrochemical surface 

area, exhibited an apparent variation among the series, increasing in the order of 

Cu/GQD (2.34%) < (3.54%) < (2.88%) < (3.32%). 
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Fig 6.4. Cyclic voltammograms of a glassy-carbon electrode (dia. 5.61 mm) modified 

with Cu/GQD nanocomposites in a nitrogen-purged 0.1 M NaOH solution. Potential 

scan rate: 10 mV/s. Catalyst loading: 15 μg. 
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Figure 5 shows the RRDE voltammagrams of the same electrodes in an 

oxygen-saturated 0.1 M NaOH solution at the rotation rates of 100 to 2500 rpm. 

We can see that for all Cu/GQD nanocomposites, non-zero cathodic currents 

started to emerge at electrode potentials more negative than +0.80 V, and reached 

a plateau at sufficiently negative potentials (e.g., E < +0.60 V), indicating 

apparent ORR activity. Yet, marked discrepancy can be seen of the 

electrocatalytic performance. For instance, the onset potential varied with the 

copper concentration in the nanocomposites, +0.82 V for x = 3.54%, +0.83 V for 

x = 3.32%, +0.82 V for x = 2.88%, and +0.75 V for x = 2.34%. A similar 

variation can be seen with the disk limiting currents at +0.40 V at the rotation 

rate of 2500 rpm, 0.88 mA for x = 3.54%, 1.26 mA for x = 3.32%, 1.22 mA at x = 

2.88%, and 0.94 mA for x = 2.34%.   
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Figure 6.5. RRDE voltammograms of a platinum ring-glassy carbon disk electrode 

with the disk electrode modified with 15 μg of (A) Cu/GQD at different Cu/C atomic 

ratios (x), (A) 3.54%, (B) 3.32%, (C) 2.88%, and (D) 2.34% in an oxygen-saturated 

0.1M NaOH solution. Electrode rotation rates are specified in the figure legends. 

Ring potential was set at +1.30 V vs RHE. 
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Furthermore, one can see that at the ring potential of +1.30 V, the ring 

currents were at least one order of magnitude smaller than the disk currents for 

all four nanocomposites catalysts, indicating a minimal amount of H2O2 as the 

oxygen reduction product. Based on the corresponding ring (IRing) and disk 

currents (IDisk), the number (n) of electron transfer involved  in ORR can be 

estimated by n = 4IDisk/(IDisk+IRing/N) with N being the collection efficiency.
25

 

Figure 6 shows the variation of n with electrode potential. It can be seen that the 

n values increased rapidly with the electrode potential swept from ca. +0.80 V to 

+0.75 V in the so-called kinetic-controlled region, and at more negative 

potentials, the increment remained apparent but slow. Within the potential range 

of +0.60 to +0.10 V, the n values also exhibited a variation with the copper 

concentration (x) in the Cu/GQD composites, (3.54%) < (3.32%)  (2.34%) < 

(2.88%). For instance, at +0.40 V, n = 2.76 for x = 3.54%, 3.17 for x = 3.32%, 

3.20 for x = 2.34%, and 3.42 for x = 2.88%, corresponding to the fraction of 

peroxide species in the final products of 62%, 41%, 40%, and 31% respectively. 

This signifies that ORR took place predominantly by the two-electron pathway at 

Cu/GQD (3.54%) whereas complete reduction to hydroxide (OH

) became 

favorable with other nanocomposites catalysts.  
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Figure 6.6. Variation of the number of electron transfer (n) in oxygen reduction with 

electrode modified with 15 μg of Cu/GQD at different Cu/C atomic ratios (x), 3.54% 

(black curve), 3.32% (red curve), 2.88% (green curve), and 2.34% (blue curve). 

Symbols were experimental data calculated from the RRDE voltammograms of those 

three catalysts at 1600 rpm in Figure 6.5. 
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Tafel plot was introduced as shown in Fig 7 to compare electron transfer 

kinetics of four electrodes. It’s known that in rotating disk voltammetric 

measurement, measured currents include both kinetic current (Ik) and diffusion 

(Id) controlled contributions
26

.  

        
2/1

11111

BIIII kdkD

                                                                        (6.1) 

Plotting ID
-1

 against ω
-1/2 

within respective kinetically-controlled region can yield 

linear regressions (so-called Koutecky-Levich plots), y-axis intercepts of which 

can be used to quantify the kinetic currents (IK) as shown in Fig 7. Tafel plot 

enables us to see how much overpotential is required to obtain same kinetic 

current for four electrodes excluding mass-transport effects. Before reaching 

limiting currents smallest overpotential is required for Cu-GQD-3.32% to obtain 

same kinetic currents while largest overpotential is needed for Cu-GQD-2.34% in 

contrast. Difference in ORR kinetics of Cu-GQD-3.54% and Cu-GQD-2.88% is 

subtle although their Cu loadings are quite different. 
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Fig 6.7. Tafel plots of electrode modified with 15 μg of Cu/GQD at different Cu/C 

atomic ratios (x), 3.54% (black), 3.32% (red), 2.88% (green), and 2.34% (yellow). 

Symbols were experimental data obtained by linear regression of the Koutecky-

Levich plots. 
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In combination of ORR parameters such as limiting currents, onset 

potential, number of electrons transferred (n), and kinetic currents, we can find 

that Cu/C atomic ratio maters with ORR performance but it does not mean high 

Cu/C atomic ratio is always good. Among four electrodes, Cu-GQD-3.54% with 

most Cu contents show poorest performance and Cu-GQD-2.34% with least Cu 

contents show less-satisfying catalytic activity also. The composite catalysts with 

moderate Cu contents such as Cu-GQD-3.32% and Cu-GQD-2.88% exhibit best 

performances among the series. Coincidently, the two Cu/GQD nanocomposites 

contain moderate defect concentrations (xnon-sp2C) as shown by Table 1. This is 

reasonable since surface defects can help the nucleation of metal species and 

promote the intimate interactions between graphene support and metal 

nanoparticles, which can contribute to catalytic performance of those 

nanocomposites. Yet electronic conductivity of graphene quantum dots may also 

suffer a lot under high defect concentrations. Further enhanced performance may 

be obtained by deliberate manipulation of GQD structural defects, so Cu-GQD-

2.88% was chosen for hydrothermal treatment at different temperatures aiming to 

remove some surface defects. 

Sample of Cu/GQD (x=2.88%) was hydrothermal treated at different 

temperatures varying from 140°C, 160°C, 180°C to 200°C and as-obtained 

products were denoted as Cu/GQD-2.88%-140°C, Cu/GQD-2.88%-160°C, 

Cu/GQD-2.88%-180°C, and Cu/GQD-2.88%-200°C separately. Raman spectrum 

was also conducted to see if any differences in structures will be brought to those 
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hydrothermal-treated samples. Table 3 summarizes positions of D peak and G 

peak for samples above and corresponding ratio of D peak over G peak. One 

noteworthy fact is that after hydrothermal treatments at different temperatures 

positions of D peak went back to typical values in range of 1358 to 1361 cm
-1

. 

This “self-healing” phenomenon was similarly observed on graphitic structures 

after heat treatments
27

. Significant differences on positions of G peaks were not 

found for hydrothermal-treated samples. What’s more, hydrothermal treatments 

increase intensity of D peak and concentrations of defects while sample 

“Cu/GQD-2.88%-160°C” bear D peak with strongest intensity and most wealthy 

defects as indicated by fourth and fifth columns of table 3. 
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Fig 6.8. Raman spectra of Cu/GQD-2.88% (black curve) and after hydrothermal 

treatment at 140°C (red curve), 160°C (green curve), 180°C (blue curve) and 200°C 

(pink curve). 

 

 

Table 6.3. Ratios of D peak over G peak and their corresponding positions on Raman 

spectrum for Cu/GQD-2.88% before and after hydrothermal treatment.  

 ID(cm
-1

) IG(cm
-1

) ID/IG  

2.88% 1381 1613 0.91 

2.88%-140°C 1361 1616 1.17 

2.88%-160°C 1358 1615 1.28 

2.88%-180°C 1358 1613 1.14 

2.88%-200°C 1360 1613 1.09 
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To investigate effects brought on surface defect concentrations via 

hydrothermal treatments, XPS measurements were also conducted for those 

hydrothermal-treated samples. Fig 9a shows the full survey spectra of Cu/GQD-

2.88% sample and the sample after hydrothermal treatments with clearly-

identified peaks of Si2p, C1s, O1s, and Cu2p seperately. High-resolution scans of 

C1s and Cu2p
 
electrons of “Cu/GQD-2.88%” after hydrothermal treatments are 

shown in Fig 9b and 9c respectively. Binding positions of corresponding C1s and 

Cu2p
3/2

 electrons were summarized in table 4. Similarly three major components, 

sp
2
C, C-OH and C=O/C-OOH, were deconvoluted from the carbon 1s electrons 

as shown in Fig 9b. Compared with “Cu/GQD-2.88” sample, hydrothermal 

treatments indeed altered binding positions of C1s components and different 

hydrothermal annealing temperatures brought different effects. For carbon in 

COOH, binding positions of samples treated at different temperatures exhibit a 

volcano shape with the one annealed at 160°C at the top point. What’s more, 

hydrothermal treatments also removed structural defects from surfaces of 

graphene quantum dots as indicated by decreased fractions of defective carbon in 

table 4 with increasing hydrothermal temperatures, and similar trend was 

observed in previous report
17a

. 

As for the Cu2p
3/2

 electrons, both Cu2O and CuO components were 

deconvoluted from four hydrothermal-treated samples as shown in Fig 9c and 

their corresponding positions and amount ratios were summarized in Table 4 also. 

After hydrothermal treatments, red-shifts on binding positions of Cu2p
3/2
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electrons (including the Cu2O and CuO components) were observed and the 

shifting degree varies following this order: Cu/GQD-2.88%-180°C < Cu/GQD-

2.88%-200°C < Cu/GQD-2.88%-140°C < Cu/GQD-2.88%-160°C. In 

combination with observed shifts on C1s electrons, it’s suspected that 

hydrothermal treatments altered electronic interactions between copper contents 

and GQDs. What’s more, it’s believed that more extensive electron-transfer 

occurred on “Cu/GQD-2.88%-160°C” sample from graphene support to copper 

species compared with original “Cu/GQD-2.88%” sample signified by blue-shift 

on C1s electrons and red-shifts on Cu2p
3/2

 electrons. Hydrothermal treatments at 

other temperatures did not bring such promoting effect on electron interactions, 

but increased relative amounts of Cu(0) and Cu(I) species for all annealed 

samples as revealed in table 4. The increases on relative amounts of Cu(0) and 

Cu(I) species are consistent with blue-shits on binding positions of satellite peak. 
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Fig 6.9. (A) XPS survey spectra and high-resolution scans of (B) C1s and (C) Cu2p 

electrons of Cu/GQD-2.88% nanocomposites and after hydrothermal treatments at 

different temperatures. In panels (B) and (C), black curves are experimental data and 

colored curves are deconvolution fits. 
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Table 6.4. Summary of XPS results of Cu/GQD-2.88% nanocomposites and after 

hydrothermal treatments. 

 

 

 

 

 

 

 

 

 

 

 

 

 Cu/GQD-2.88% 1 2 3 4 5 

C1s 

Sp2 C (eV) 284.38 284.50 285.38 285.06 285.07 

C-OH (eV) 285.99 286.03 286.20 286.24 285.95 

C=O/COOH (eV) 289.00 288.99 289.15 289.10 289.06 

xnon-sp2C (%) 61.65 62.39 63.42 64.38 66.63 

xC=O/COOH (%) 5.46 5.63 5.84 6.05 6.65 

Cu2p 

Cu2p
3/2

 (eV) 934.48 934.53 934.03 934.20 934.60 

Satellite (eV) 944.25 944.06 944.53 944.33 944.01 

Cu2p
1/2

 (eV) 954.50 954.50 954.68 954.30 954.50 

xCu(II) 29.52% 30.00% 30.03% 26.96% 29.29% 

Hydrothermal treatment temperature (°C ) 200 180 160 140 
 

NA  
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Samples of Cu-GQD-2.88% hydrothermal treated at 140°C, 160°C, 

180°C, and 200°C for 12 hours then underwent electrochemical characterizations 

such as cyclic voltammetry and RRDE measurement. Similarly CV graphs of Cu-

GQD-2.88% before and after hydrothermal treatments show anodic peaks located 

at +0.55 V and +0.84 V indicating formation of Cu2O and CuO correspondingly. 

And it seems that hydrothermal treatments have some effects on capacitive 

currents of samples above. Before hydrothermal treatment Cu-GQD-2.88% 

exhibit moderate capacitive currents and 140°C treatment reduced capacitive 

currents a bit while 160°C and 200°C treatments increase capacitive currents to 

different degrees. It seems that no apparent effect was brought on capacitive 

current as to 180°C treatments. 
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Fig 6.10. Cyclic voltammograms of Pt-ring-glassy carbon-disk electrode modified 

with 15ug Cu-GQD-2.88% (black curve), and after hydrothermal treatments at 140°C 

(red curve), 160°C (green curve), 180°C (yellow curve) and 200°C (blue curve). 

 

 

 

 

 

 

 

 

E (V vs RHE)

0.2 0.4 0.6 0.8 1.0

I 
(A

)

-8e-5

-6e-5

-4e-5

-2e-5

0

2e-5

4e-5

6e-5

2.88%

2.88%-140°

2.88%-160°

2.88%-180°

2.88%-200°



167 

 

Fig.11. shows RRDE graphs of Cu-GQD-2.88% after hydrothermal 

treatments. Different hydrothermal treating temperatures seem to bring different 

changes on onset potentials. For example, the 140°C, 180°C treatments 

negatively shifted the onset potential to different degrees although they increased 

diffusion limiting currents a bit when applied potential is more negative than +0.3 

V. On the other hand, 160°C treatments significantly shifted onset potential more 

positively by approximately 25mV and increased diffusion limiting current from 

1.36mA to 1.96mA. Also it’s apparent that ring currents of Cu-GQD-2.88% 

treated at 160°C are significantly smaller than those treated at 140°C, 180°C, 

200°C and those untreated samples. 
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Fig 6.11. RRDE voltammograms of a platinum ring-glassy-carbon disk electrode 

modified with 15ug Cu-GQD-2.88% hydrothermal treated at different temperatures, 

(A) 140°C, (B) 160°C, (C) 180°C and (D) 200°C in an oxygen-saturated 0.1M NaOH 

solution. Electrode rotation rates are specified in the figure legends. Ring potential 

was set at +1.30 V vs RHE. 
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Plot of number of electrons transferred during whole potential range as 

shown on Fig.12. confirms that 160°C hydrothermal treatment shifted the onset 

potential by around 30mV in the positive direction, and 200°C treatment also 

positively shifted onset potential of untreated Cu-GQD-2.88% although the shift 

is subtle. What’s more, after 160°C treatment number of electrons transferred 

was increased from 3.42 to 3.64 at +0.40 V, suggesting more favorable 4e 

pathway. Hydrothermal treatments at other temperatures seem to bring little 

effects on main pathway of oxygen reduction reaction as signified on number of 

electrons transferred. 
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Fig 6.12. Variation of the number of electron transfer (n) in oxygen reduction with 

electrode modified with 15ug Cu-GQD-2.88% (black curve) and after hydrothermal 

treatments at different temperatures, 140°C (red curve), 160°C (green curve), 180°C 

(yellow curve) and 200°C (blue curve). Symbols were experimental data calculated 

from the RRDE voltammograms of those three catalysts at 1600 rpm in Figure 6.11. 
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We can easily see from Tafel plot as shown in Fig 13 that the sample 

hydrothermal treated at 160°C stood out in case of area-specific kinetic current 

density compared with untreated sample and sample hydrothermal treated at 

other temperatures. During the whole kinetic-controlled potential range, kinetic 

current densities were apparently increased when hydrothermal treated at 160°C 

while differences brought by the 180°C and 200°C treatments were subtle and the 

140°C treatment decreased kinetic current densities compared with untreated 

sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6.13. Tafel plots of electrode modified with 15ug Cu-GQD-2.88% (black curve), 

and after hydrothermal treatments at 140°C (red curve), 160°C (green curve), 180°C 

(yellow curve) and 200°C (blue curve). Symbols were experimental data obtained by 

linear regression of the Koutecky-Levich plots. 
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After deliberate manipulation of structural defects via hydrothermal 

treatments, it’s obvious that the 160°C hydrothermal treatments actually 

enhanced catalytic performance as evidenced by positively-shifted onset potential, 

highest diffusion limiting current, increased number of electrons transferred and 

superior kinetics. This may be ascribed to the enhanced electronic interactions 

between graphene support and copper nanoparticles as discussed previously 

regarding to the XPS results, which led to deliberate manipulation of charge 

transfer dynamics of oxygen reduction.
28

 

It’s known that there is a volcano-shape relationship between ORR 

activity and d-band center of metals where Pt lies nearest to top of the volcano 

among pure metals
5, 29

. Yet the d-band center of Pt still needs to be further 

downshifted to weaken adsorption of intermediates and gain better ORR 

activity
30

. Copper has strong affinity for oxygen molecules and its d-band center 

lies on the right side of Pt
31

, which means that decreased electron density and 

down-shifted d-band center are also favored for copper-based catalysts toward 

oxygen reduction. To address this issue, one possible solution is to deliberately 

manipulate electronic interactions between graphene support and copper 

nanoparticles. Those electronic interactions may promote charge transfer from 

support to metal center and adsorbed oxygen molecules, and tune the electron 

density and d-band center as well. Electronic interactions certainly vary a lot for 

the four Cu/GQD nanocomposites with varied defect concentrations, and samples 

with moderate defect concentrations exhibited best performance among the series 
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due to a balance between intimate electronic interactions and conductivity. After 

removing some structural defects via hydrothermal treatments, electronic 

interactions between graphene support and copper nanoparticles were further 

tuned by lower-concentrated defects. Under this defect-mediation strategy, the 

sample with strongest electronic interactions (signified by red-shift on B.E. of 

Cu2p and blue-shifts on B.E. of C1s) show optimal catalytic performance, which 

may be ascribed significantly alleviated adsorption strength of intermediates like 

O
-
 and OH

-
. 

It’s noteworthy that electrocatalytic performance of Cu/GQD sample with 

optimized copper loadings and defects concentrations (Cu//GQD-2.88%-160°C) 

is subpar compared with Pt/GQD nanocomposites which exhibit onset potential 

more positive than +0.90 V and n ≈ 4.0
17a, 32

. However the activity is better than 

that of Cu2O/RGO composite (onset potential: ~+0.80 V and n in range of 3.2-

3.6)
33

, and significantly better than alkyne-capped copper nanoparticles 

supported on carbon black (n = 2.5-2.7 in potential window from +0.70 V to 

+0.40 V, Ilimit was 0.8 mA at 2500rpm)
22

, which confirms significance of 

replacing carbon black or bulk graphene sheets with graphene quantum dots that 

are excellent in conductivity and less prone to folding and wrinkling. What’s 

more, the Cu/GQD nanocomposites all exhibit far more better catalytic activities 

than bulk polycrystalline Cu or CuNi electrode (onset potential: +0.36 V vs RHE 

in a borax buffer solution)
34

 and singlecrystalline Cu(100) or Cu(111) electrodes 

(~0 V vs RHE in H2SO4 solution)
35

. 
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6.3  Conclusion 

Copper nanoparticles supported on graphene quantum dots were prepared 

by thermal reflux reduction in polydiol. TEM measurements showed that 

Cu/GQD nanocomposites bear size of 14nm, 12nm, 10nm, and 5nm with 

decreasing Cu/C atomic ratios. All four nanocomposites exhibit roughly spherical 

shapes and typical D peak and G peak of carbon-based materials were also found 

on Raman spectrum. X-ray photoelectron spectra prove formation of Cu/GQD 

nanocomposites and different defect concentrations among series. Sample with 

moderate defect concentrations (Cu/GQD-3.32% and Cu/GQD-2.88%) show 

superior oxygen reduction performance among four nanocomposites signified by 

almost 4e reduction pathway. Further hydrothermal treatments on Cu/GQD-2.88% 

bring different effects on their ORR performance, and 160°C hydrothermal 

treatments realizes positive-shift on onset potential and increase on number of 

electrons transferred. That 160°C hydrothermal treated sample was proved to 

bear stronger electronic interactions between Cu2O or CuO contents (red-shift on 

B.E. of Cu2p) and GQD support (blue-shift on B.E. of C1s) as indicated by XPS 

measurement.   
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Chapter 7 

 

 

Defective TiO2-supported Cu nanoparticles as efficient and stable 

electrocatalysts for oxygen reduction in alkaline media 
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“ Defective TiO2-supported Cu nanoparticles as efficient and stable electrocatalysts 

for oxygen reduction in alkaline media”,  Nanoscale, 2015, 7, 1224.] Copyright © 
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7.1  Introduction 

Proton exchange membrane fuel cells (PEMFC) are clean, efficient and 

environmental-friendly electrochemical power generators
1
. However, the 

sluggish kinetics of oxygen reduction reaction (ORR) at the cathode represents 

one of the greatest challenges in the wide-spread commercialization of PEMFC. 

Carbon-supported platinum-based nanoparticle catalysts have been extensively 

used for fuel cell electrodes;
2
 yet further improvement of their performance is 

urgently needed due to the scarcity and high costs of platinum. In fact, a variety 

of strategies have been developed to improve the ORR activities, such as 

preparation of Pt-based alloys
3
 and surface functionalization of Pt nanoparticles 

with selected organic ligands.
4
 An alternative approach is to replace Pt with 

earth-abundant non-precious materials.
5
 Among these, little attention has been 

paid to copper-based electrocatalysts although copper is inexpensive and 

abundant with remarkable conductivity.
6
 In fact, copper has been used 

extensively as supporting or non-active components in oxygen reduction 

reactions,
7
 although ORR activities of poly- or single-crystalline bulk copper has 

been reported in the literature in a borax buffer solution
8
 or in sulfuric acid 

solution.
9
 More recently, it has been shown that the ORR activity might be 

markedly enhanced with alkyne- capped  nanosized copper particles,
10

 suggesting 

that copper, when properly engineered, might be a viable material for ORR 

electrocatalysis. 

Note that metal nanoparticle catalysts are usually dispersed on substrates 
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of high surface areas and/or good conductivity. Of these, carbon black is one of 

the most commonly used catalyst supports in oxygen reduction reaction due to 

high surface area and good electronic conductivity.
11

 However, oxidation of 

carbon supports at potentials higher than +0.9 V vs RHE causes degradation in 

catalyst performance during fuel cell operation.
12

 Therefore, it is important to 

identify oxidation-resistant catalyst supports to meet the durability requirements 

of PEMFC catalysts. Titanium dioxide has been regarded as an attractive support 

for ORR catalysts due to its low costs, abundance, and long-term chemical 

stability in extreme conditions. In addition, the hypo-d-electron nature of 

titanium dioxide enables strong metal-support interactions,
13

 leading to enhanced 

dispersion of catalyst nanoparticles and improved catalytic activities. In fact, it 

has been reported that platinum nanoparticles supported on TiO2 nanoparticles 

possessed a greater surface area
14

 and a higher ORR activity than commercial 

Pt/C,
15

 and PtPd/TiO2 nanocomposite electrocatalysts showed activity 

comparable to that of Pt/C with enhanced stability at high potentials.
16

 Therefore, 

TiO2 appears to be a promising alternative for ORR catalyst support.
17

 This is the 

primary motivation of the present study where we examine the ORR activity of 

nanocomposites based on copper nanoparticles supported on TiO2 nanocolloids. 

Herein anatase TiO2 nanocolloids were prepared by the hydrolysis of 

titanium(IV) n-butoxide with the assistance of chloroaniline and oleic acid via 

hydrothermal treatments. Then copper nanoparticles were chemically grown on 

TiO2 nanocolloids by simple sodium borohydride reduction, as manifested in 
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TEM and XRD measurements. FTIR measurements confirmed successful 

attachment of the alkyne ligands onto the nanoparticle surface in CuHC10/TiO2 

possibly by the formation of CuC interfacial bonds. XPS measurements 

revealed that CuO species were formed in the nanocomposites with the 

concentration higher in Cu/TiO2 than in CuHC10/TiO2. Interestingly, Ti(III) 

species were identified in CuHC10/TiO2 but absent in Cu/TiO2, which was 

believed to be beneficial to the electronic conductivity of the TiO2 supports.
18

 

Electrochemical studies indicated that oxygen reduction reaction proceeded 

mainly via the 4e pathway on both Cu/TiO2 and CuHC10/TiO2 samples as 

compared to the 2e pathway at TiO2 nanoparticles alone. Excellent long-term 

stability was also retained for the nanocomposite catalysts after 4000 cycles at 

high potentials, and CuHC10/TiO2 samples stood out as the best catalysts among 

the series, likely the combined results of defective support and surface ligand 

engineering. 

7.2  Results and discussion 

Figure 1 depicts the representative TEM micrographs of the (A) Cu/TiO2 

and (B) CuHC10/TiO2 nanoparticles. In both images, individual nanoparticles 

can be identified but with rather apparent agglomeration, especially with the 

Cu/TiO2 samples in panel (A); and the size of the hybrid nanoparticles range 

from 5 to 15 nm in diameter. High-resolution imaging in panels (C) and (D) 

shows that indeed copper nanoparticles were grown on TiO2 nanocolloid surfaces, 

forming nanocomposites, as manifested by the well-defined lattice fringes for 
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Cu(111) and anatase TiO2 (101) that were in intimate contact and featured an 

interlayer spacing of 0.20 and 0.35 nm, respectively.
19

 In addition, the Cu 

nanocrystals can be seen to be around 2 nm whereas TiO2 was markedly larger at 

5 nm and above. 
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Figure 7.1. Representative TEM micrographs of (A and C) Cu/TiO2 and (B and D) 

CuHC10/TiO2 nanoparticles. Scale bars are 10 nm in panels (A) and (B), 5 nm in (C) 

and 2 nm in (D). Yellow lines highlight the Cu(111) lattice fringes whereas red lines 

are for anatase TiO2 (101). 

 



185 

 

The structures of the nanocomposites were then characterized by XRD 

measurements. Figure 2 depicts the XRD patterns of the TiO2 (black curve), 

Cu/TiO2 (red curve) and CuHC10/TiO2 (green curve) nanoparticles, which all 

exhibited a series of diffraction peaks (labelled by @) at 25.3°, 37.9°, 48.0°, 54.5° 

and 62.8°, corresponding to the (101), (004), (200), (213), and (116) crystalline 

planes of anatase TiO2 (JCPDS 75-1537), respectively. Furthermore, based on the 

width of these difraction peaks, the average size (τ) of the TiO2 nanocrystallites 

might be quantitatively estimated by using the Debye-Scherrer equation, τ = 

Kλ/βcosθ where K is a dimentionless shape factor with a value of 0.9, λ is the X-

ray wavelength (1.54059 Å for Cu Kα), and β is the full width at half-maximum 

(fwhm) of a selected diffraction peak. On the basis of the TiO2 (101) peaks, the 

size (τ) was quantified and actually very consistent among the three samples, 5.1 

nm for the as-prepared TiO2, 4.1 nm for Cu/TiO2, and 5.5 nm for CuHC10/TiO2, 

in good agreement with the TEM results presented in Figure 1. Note that no Cu 

diffraction patterns can be identified in XRD measurements, probably because of 

the small size and low loading of the Cu nanocrystals† (Figure 1). 
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Figure 7.2. XRD patterns of TiO2 (black curve), Cu/TiO2 (red curve) and 

CuHC10/TiO2 (green curve) nanoparticles. Legends “@” highlight the diffraction 

peaks of anatase TiO2. 
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The successful passivation of the copper nanoparticles by the decyne 

ligands in CuHC10/TiO2 is manifested in FTIR measurements, as shown in 

Figure S1. It can be seen that the ≡CH vibrational stretch at 3312 cm
1

 and 

bending vibration at 628 cm
1

 were well-defined for the monomeric ligands of 1-

decyne (red curve); yet both vanished with the nanoparticle samples (black curve, 

where the broad peak centered at 3300 cm
1 

was likely due to residual water). 

This suggests efficient breaking of the ≡CH bond after the alkyne ligands were 

adsorbed onto the copper nanoparticle surface. In addition, the absence of this 

vibration band also indicates that the CuHC10/TiO2 nanocomposites were free of 

excessive alkyne ligands. Additionally the C≡C vibrational stretch can be 

identified at 2120 cm
1

 for monomeric 1-decyne ligands; yet this band red-shifted 

to 1720 cm
1 

for the CuHC10/TiO2 nanoparticles. This phenomena may be 

explained by the cleavage of the ≡CH bond and the formation of CuC≡ 

interfacial linkages, where the conjugated metal-ligand bonds led to effective 

intraparticle charge delocalization between the particle-bound acetylene moieties 

and hence a decreasing bonding order of the C≡C moieties, as observed in 

previous studies.
4c

  

 The chemical nature of the hybrid nanoparticles was then examined by 

XPS measurements. Figure 3 (A) shows the full survey spectra of TiO2, Cu/TiO2 

and CuHC10/TiO2 composite nanoparticles. In TiO2 nanocolloids, four major 

peaks can be readily identified at 286 eV (C1s), 460 eV (Ti2p), 536 eV (O1s) and 

976 eV (oxygen Auger). For Cu/TiO2 and CuHC10/TiO2 hybrid nanoparticles, 
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additional peaks emerged, and the peak at ca. 935 eV might be ascribed to Cu2p 

electrons, whereas the peak at around 570 eV most likely arose from the Cu 

LMM-2 auger transitions of Cu2O.
20

  This suggests the successful deposition of 

copper on the TiO2 surfaces where cuprous oxide (Cu2O) likely formed within the 

nanoparticles. Furthermore, based on the corresponding integrated peak areas, the 

Cu/Ti atomic ratio was found to be rather consistent between the two hybrid 

nanoparticles, 14.7% for Cu/TiO2 and 12.6% for CuHC10/TiO2. 

High-resolution scans of the Cu2p electrons in Cu/TiO2 and 

CuHC10/TiO2 are depicted in panel (B), where the black curves are the 

experimental data and colored curves are deconvolution fits. Note that for all 

samples, the curve fittings were carried out based on reported values of full-

width-half-maximum (FWHM) and mixed Lorentizan-Gaussian functions 

together with Shirley-type background. For both samples deconvolution yields 

two pairs of doublets for the Cu2p electrons. For Cu/TiO2, the first doublet can be 

identified at 934.3 and 955.1 eV, which might be ascribed to metallic Cu2p 

electrons, and the second doublet at 936.8 and 957.5 eV most likely arising from 

CuO. Similar behaviors can be seen with the CuHC10/TiO2 hybrids, where 

metallic Cu2p can be found at 934.6 and 954.5 eV and CuO at 937.1 and 956.4 

eV (note that the binding energies of the Cu2p electrons for Cu(0) and Cu(I) are 

only 0.1 eV apart, thus the data likely reflected the combined contributions from 

both species).
21

 One can see that the CuO concentration in Cu/TiO2 was 

significantly greater than that in CuHC10/TiO2. In fact, based on the integrated 
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peak areas, the ratio of Cu(II) over the entire copper species in the nanoparticles 

was estimated to be 48.2% for Cu/TiO2 and 13.0% for CuHC10/TiO2. 

The formation of cupric oxide (CuO) in the nanoparticles is also 

manifested by the satellite between the twin peaks.
22

 Note that the appearance of 

the satellite peak has been largely ascribed to the shake-up effect where the 

outgoing electron interacts with a valence electron and excites it to a higher 

energy level.
22

 Cu(II) components exhibit a vacant 3d orbital while Cu(I) or Cu(0) 

features a 3d
10

 electronic configuration with 4s being the lowest-energy empty 

orbital. Therefore, one can see from panel (B) that the higher Cu(II) 

concentration in Cu/TiO2 nanoparticles is consistent with the satellite peak 

(943.89 eV) that was somewhat red-shifted as compared to that (944.96 eV) of 

CuHC10/TiO2 nanoparticles; and the peak intensity of the former is markedly 

greater than that of the latter, likely because of effective protection of the 

nanoparticle surface by the decyne ligands in CuHC10/TiO2.  

High-resolution scans of the Ti2p electrons of TiO2, Cu/TiO2 and 

CuHC10/TiO2 are shown in panel (C). All three nanoparticle samples yield a 

doublet that was consistent with those of TiO2 colloids reported previously,
23

 

459.7 and 465.4 eV for TiO2, 460.3 and 466.0 eV for Cu/TiO2, and 460.5 and 

466.0 eV for CuHC10/TiO2, which is consistent with reported peak separation 

value of ~5.92 eV between Ti2p
1/2 

and Ti2p
3/2

. In addition, it is apparent that the 

CuHC10/TiO2 nanoparticles show an extra peak at a somewhat lower energy 

(458.2 eV) than that of Ti(IV) (460.5 eV), which might be assigned to Ti(III),
24
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and from the integrated peak areas the relative ratio of Ti(III) over Ti(IV) was 

estimated to be 19.8%. In contrast, no Ti(III) was observed with Cu/TiO2, which 

was likely due to the high concentration of CuO that impeded the reduction of 

Ti(IV) to Ti(III). 

Panel (D) depicts the corresponding high-resolution scans of the O1s 

electrons. The O1s spectra of all three samples can be deconvoluted into a main 

peak at 531 eV and a shoulder at a higher binding energy of about 533 eV. The 

main peaks are consistent with those reported in the literature for bulk oxides, 

and the binding energy of the shoulders is in agreement with that of surface OH 

species.
25

 The relative amounts of surface OH species can be quantified on the 

basis of the corresponding integrated peak areas: 29.6% for TiO2, 30.2% for 

Cu/TiO2, and 44.1% for CuHC10/TiO2. It has been reported that hydroxyl groups 

are formed on TiO2 surfaces during water dissociation with oxygen vacancies as 

the active sites.
26

 In the present study, whereas the concentration of surface 

oxygen vacancies was rather comparable between TiO2 and Cu/TiO2, it was 

markedly higher in CuHC10/TiO2. This is consistent with the formation of Ti(III) 

species in the CuHC10/TiO2 nanoparticles as observed above that likely played 

an important role in enhancing the ORR activity, as detailed below. 
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Figure 7.3. XPS full survey spectra (A) and high-resolution scans of the (B) Cu2p, (C) 

Ti2p and (D) O1s electrons of TiO2, Cu/TiO2 and CuHC10/TiO2 nanoparticles. Black 

curves are experimental data and color curves are deconvolution fits. 
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Interestingly, both the Cu/TiO2 and CuHC10/TiO2 nanocomposites 

synthesized above exhibited apparent electrocatalytic activities towards oxygen 

reduction in alkaline media. Figure 4 shows the steady-state cyclic 

voltammograms of a glassy-carbon electrode (out of a platinum ring-glassy 

carbon disk electrode) modified with a calculated amount of Cu/TiO2 and 

CuHC10/TiO2 in a N2-saturated 0.1 M NaOH solution. There are several aspects 

that warrant attention here. First, TiO2 nanoparticles exhibited only featureless 

double-layer charging currents (black curve), primarily because of the large 

bandgap of TiO2 and hence low electronic conductivity within the potential range 

of +0.1 to +1.1 V.
27

 Second, the double-layer charging currents were markedly 

enhanced when the electrode was modified with Cu/TiO2 (red curve) or 

CuHC10/TiO2 (green curve) nanoparticles. For instance, the double-layer 

charging currents at +0.40 V increased in the order of 

1(TiO2):1.35(Cu/TiO2):2.70(CuHC10/TiO2), signifying enhanced dispersion of 

the hybrid nanoparticles on the electrode surface. Additional contributions might 

arise from the enhanced conductivity of CuHC10/TiO2 by defective Ti(III) 

species (Figure 3).
18

 Furthermore, two anodic peaks emerged at around +0.55 V 

and +0.84 V (vs RHE), where the former might be ascribed to the formation of a 

monolayer of Cu2O while the latter to the formation of a thick multilayer film of 

CuO, and concurrently, a cathodic peak can be seen at around +0.66 V, likely 

arising from the partial reduction of CuO to Cu2O.
28

 Similar voltammetric 

features have also been observed in a previous study with decyne-capped copper 
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nanoparticles.
4c

 Finally, the fact that these voltammetric peak currents were only 

slightly greater for CuHC10/TiO2 than for Cu/TiO2 suggests that 

electrochemically accessible surface areas of copper nanoparticles were rather 

comparable in both hybrid nanoparticles. 

 

 

 

 

 

Figure 7.4. Cyclic voltammograms of a glassy carbon-disk electrode modified with 

15 g of TiO2 (black curve), Cu/TiO2 (red curve) or CuHC10/TiO2 (green curve) 

nanoparticles in a nitrogen-saturated 0.1M NaOH solution. Potential scan rate 10 

mV/s. 
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Figure 5 depicts the RRDE voltammagrams of the same electrodes in an 

O2-saturated 0.1 M NaOH solution at different rotation rates. For all three 

electrodes, it can be seen that significant cathodic currents started to emerge at 

sufficiently negative potentials indicating apparent electrocatalytic activity 

towards oxygen reduction. For (A) TiO2 and (B) Cu/TiO2 catalysts, the onset 

potential was identified at around +0.74 V, and for (C) CuHC10/TiO2 

nanoparticles it was somewhat more positive at +0.75 V. In addition, with the 

CuHC10/TiO2 and Cu/TiO2 nanocomposites the limiting currents were 

significantly increased, as compared to that of TiO2 alone. For instance, for TiO2 

nanoparticle catalysts alone, the limiting current at 2500 rpm was only about 0.87 

mA, yet with Cu/TiO2 catalyst the limiting current almost doubled to 1.54 mA, 

and with CuHC10/TiO2 to 1.50 mA. 
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Figure 7.5. RRDE voltammograms of a platinum ring-glassy-carbon disk electrode 

with the disk modified with (A) TiO2, (B) Cu/TiO2, and (C) CuHC10/TiO2 

nanoparticles in an oxygen-saturated 0.1 M NaOH solution. Nanoparticle loading is 

all 15 g. Electrode rotation rates are specified in the figure legends. Ring currents 

are collected by setting the ring potential at +1.3 V vs RHE 
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Furthermore, the voltammetric currents collected at the ring electrode, 

where the potential was set at +1.3 V, were about an order of magnitude lower 

than the corresponding disk currents, signifying that only a minimal amount of 

peroxide species were produced during oxygen reduction. From the ratio of the 

ring current (IR) and disk current (ID), the number of electron transfer (n) during 

oxygen reduction can be estimated by n = 4ID/(ID + IR/N), with N being the 

collection efficiency (37%), as depicted in Figure 6. It can be seen that for TiO2, 

n increased from zero to 2 rapidly with the electrode potential swept from +0.76 

V to +0.70 V, while for Cu/TiO2 and CuHC10/TiO2 the increase was much more 

drastic. At more negative potentials the n values increased accordingly and 

finally reached 2.69 for TiO2, 3.74 for Cu/TiO2 and 3.69 for CuHC10/TiO2, and 

the corresponding fractions of peroxide species in the reaction products were 

estimated to be 65.5%, 13.0% and 15.5%, respectively. It is well known that 

oxygen reduction in aqueous solutions typically occurs through two major 

pathways: the direct four-electron reduction pathway from O2 to OH
 

(n = 4) and 

the two-electron reduction pathway from O2 to H2O2 (n = 2). This means that at 

TiO2 alone, the oxygen reduction was dominated by the 2-electron pathway, 

while the 4-electron reduction pathway was the dominant one for Cu/TiO2 and 

CuHC10/TiO2. 
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Figure 7.6. Variation of the number of electron transfer (n) in oxygen reduction with 

electrode potential for TiO2 (black curves), Cu/TiO2 (red curves) and CuHC10/TiO2 

(green curves) nanoparticles. Symbols were experimental data calculated from the 

RRDE voltammograms at 1600 rpm in Figure 5. Inset shows the corresponding Tafel 

plots. Data are acquired from linear regressions of the Koutecky-Levich plots in 

Figure S2. Electrode geometrical surface area was used to calculate the current 

density. 
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Further insights into the electron-transfer kinetics of oxygen reduction 

were revealed by Koutecky-Levich analysis, as the RRDE voltammetric currents 

include both kinetic (Ik) and diffusion (Id) controlled contributions,
29

 

2/1

11111

BIIII kdkD

                           (7.1a)         

B = 0.62nFACODO
2/3

ν
–1/6                                                                                      

(7.1b) 

Ik = nAFkCO                                       (7.1c)          

where ω is the electrode rotation rate, n is the overall number of electron transfer, 

F is Faraday constant, CO is the bulk concentration of O2 dissolved in the 

electrolyte, DO is the diffusion coefficient of O2, and ν is the kinetic viscosity of 

the electrolyte.
30

 Figure S2 depicts the Koutecky-Levich plots (ID
-1

 vs 


of (A) 

TiO2, (B) Cu/TiO2 and (C) CuHC10/TiO2 nanoparticles within the potential 

range of +0.76 to +0.60 V. One can see that all experimental data exhibited good 

linearity and the slopes of each nanoparticle catalyst remained approximately 

constant. The linearity and parallelism of the plots are usually taken as a strong 

indication of a first-order reaction with respect to dissolved oxygen. From the 

linear regressions in Figure S2, the kinetic currents (Ik) could also be quantified 

from the y-axis intercepts. This is manifested in the Tafel plot (inset to Figure 6), 

where it can be seen that within the low overpotential region (E > +0.66 V), the 

kinetic currents increase in the order of TiO2 < Cu/TiO2 < CuHC10/TiO2. For 

instance, at +0.70 V, the kinetic current density (Jk) was 8.83 A/m
2
 for TiO2, 9.18 

A/m
2
 for Cu/TiO2 and 12.38 A/m

2
 for CuHC10/TiO2, indicating that 
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CuHC10/TiO2 stood out as the best catalyst among the series (one may note that 

at high overpotentials (E < +0.66 V), the Jk values were actually higher for 

Cu/TiO2 than for CuHC10/TiO2. This may be ascribed to the much higher 

concentration of CuO in Cu/TiO2 that was electrochemically reduced to Cu2O at 

these potentials (Figure 4) as Cu2O was known to be active in ORR, vide infra). 

The slope of the Tafel plot can also be used to gain further insights into 

the dynamics of oxygen reduction reaction. For oxygen electroreduction at 

nanoparticle catalyst surfaces, the Tafel slopes are typically found at 60 mV/dec 

or 120 mV/dec, where the former corresponds to a pseudo two-electron reaction 

as the rate determining step, and in the latter, ORR is presumed to be limited by 

the first-electron reduction of oxygen.
31

 In the present study, linear regressions of 

the Tafel plots yield a slope of 70.5 mV/dec for TiO2, suggesting that oxygen 

reduction reaction was largely limited by a pseudo two-electron process 

(corresponding to a relatively large fraction of peroxide species in the reduction 

products). For CuHC10/TiO2, the Tafel plot actually includes two linear 

segments with different slopes. At low current densities (E > +0.66 V), the Tafel 

slope was about 58.5 mV/dec, implying the pseudo two-electron reaction as the 

rate-determining step in the low overpotential region. At high current densities (E 

< +0.66 V) the Tafel slope increased to 118.5 mV/dec, consistent with the first-

electron reduction of oxygen as the rate-determining step (implying a facile OO 

bond breaking step at high overpotentials). Similar behaviors can be seen with 

the Cu/TiO2 sample with the two slopes of 56.7 mV/dec and 90.2 mV/dec, 
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respectively. Dual Tafel slopes in ORR have been observed previously with Pt-

based electrocatalysts,
32

 and accounted for by a double-trap kinetic model,
33

 

where the turning point (+0.66 V in the present study) reflects the equilibrium 

potential for the dynamic transition between surface-adsorbed reaction 

intermediates like O* and HO*. Note that this potential coincided with the 

formation of Cu2O for both CuHC10/TiO2 and Cu/TiO2, as manifested in Figure 

4, and Cu2O has been suggested to serve as effective active sites for ORR by 

donating electrons to oxygen.
4c, 33

 Additional contributions may arise from the 

relatively hydrophilic surfaces of CuHC10/TiO2 and Cu/TiO2 hybrid 

nanoparticles that facilitated water dissociation and formation of surface-

adsorbed hydroxyl speciesas evidenced in XPS measurements (Figure 3) 

following by fast interactive effusion of H-adatoms over the hydrated surfaces 

which is believed to impose advanced electrocatalytic effects
34

. Furthermore, the 

Ti
3+

 defects in CuHC10/TiO2 (Figure 3) might also help enhance the adsorption 

and eventual reduction of oxygen on copper by interfacial charge transfer.
18

 All 

these led to a much enhanced ORR activity of CuHC10/TiO2 as compared to 

those of Cu/TiO2 and TiO2. 

Durability is another important parameter in the evaluation of 

nanoparticle catalytic performance. In the present study, durability tests were 

performed in oxygen-saturated 0.1 M NaOH at a potential sweep rate of 50 mV/s 

between +0.6 V and +1.1 V for 4000 cycles.
35

 The RDE polarization curves 

before (solid curves) and after (dashed curves) durability tests were depicted in 
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Figure 7. It can be seen that for TiO2 nanoparticles alone (black curves), the 

polarization curve showed a cathodic shift of about 10 mV with virtually no 

change of the diffusion limiting current. For the Cu/TiO2 nanoparticles (red 

curves), the polarization curve was negatively shifted by as much as 30 mV, 

along with about 9% diminishment of the limiting current. In sharp contrast, no 

apparent change was observed with CuHC10/TiO2 (green curves), indicating 

markedly enhanced stability of the hybrid nanoparticles that was likely due to the 

decyne capping ligands. 
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Figure 7.7. Polarization curves for oxygen reduction catalyzed by TiO2 (A), Cu/TiO2 

(B), and CuHC10/TiO2 (C) before (solid curves) and after (dashed curves) 4000 

potential cycles with a potential scan rate of 50 mV/s from +0.6 to 1.1V in O2 

saturated 0.1M NaOH solution. Electrode rotation rate: 1600 rpm. Other experimental 

conditions were the same as in Figure 7.5.  
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One may note that the electrocatalytic performance of these Cu/TiO2 and 

CuHC10/TiO2 hybrid nanoparticles remains subpar as compared to that of Pt or 

Pd-based nanoparticle catalysts which typically exhibit an onset potentials more 

positive than +0.90 V and n  4.0.
4b, c, 36

 Yet, the activity is actually rather 

comparable to that of Au-TiO2 nanocomposites (10 – 50 nm in diameter, n = 3.7 

at +0.60 V, onset potential +0.88 V),
37

 and markedly better than that observed 

previously with alkyne-capped copper nanoparticles. Those alkyne-capped 

nanoparticles (4-6nm in diameter) bear same capping ligands (1-decyne) and 

were prepared in similar ways except for choosing carbon black rather than TiO2 

nanoparticles as supports. Without the strong metal-support interactions from 

TiO2, peroxide species constituted a major portion of the oxygen reduction 

products of CuHC10/C (n = 2.5 – 2.7 within the potential range of +0.70 to +0.40 

V)
4c

 and corresponding limiting current at 2500rpm was only 0.8mA, signifying 

the importance of TiO2 in the activation of water and formation of surface 

adsorbed hydroxyl species for oxygen reduction. It should be emphasized that the 

ORR activity of copper-based bulk electrodes is rather marginal.
8-9, 38

 For 

instance, in the previous studies with a polycrystalline Cu or CuNi electrode,
8
 the 

onset potentials for oxygen reduction were found to be around +0.36 V (vs RHE) 

in a borax buffer solution; and even more negative onset potentials were 

observed with single-crystalline Cu(100) and Cu(111) electrodes in H2SO4 at 

about 0 V (vs RHE).
9, 38

 These are far more negative than those observed above 

with the hybrid nanoparticles.   
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7.3  Conclusion 

In this study, copper nanoparticles with or without 1-decyne capping 

ligands were grown onto TiO2 nanocolloid surfaces. The structures of the 

resulting nanocomposites were then subject to a wide range of characterizations. 

TEM measurements showed that the TiO2 colloids were largely of anatase phase, 

and the close proximity of the TiO2(101) and Cu(111) lattice fringes suggested 

intimate contacts between the two components. Further structural details were 

unravelled in XRD measurements where the diffraction features of anatase TiO2 

were clearly defined whereas those of copper were not resolved, likely because of 

the small size and low loading of copper in the composites. XPS measurements 

suggested the formation of CuO in both hybrid nanoparticles, with a much higher 

concentration in Cu/TiO2 than in CuHC10/TiO2, most probably because of the 

decyne capping ligands in the latter. Interestingly, Ti
3+

 species were identified in 

CuHC10/TiO2 nanoparticles but not in Cu/TiO2, which may, at least in part, 

account for the enhanced ORR activity of the former. Electrochemical studies 

indicated that electrocatalytic activity in oxygen reduction in alkaline media was 

significantly improved after copper species were chemically grown onto TiO2 

nanoparticles, as manifested in the increase in number of electrons transferred 

from about 2.69 up to 3.74, an apparent anodic shift of the onset potential, a 

rather drastic increase of the kinetic current density and remarkable long-term 

stability. Among the series, the best performance was observed with CuHC10 

nanoparticles, which was ascribed to the activation of water by TiO2 and the 



205 

 

formation of surface-adsorbed hydroxyl species facilitated by defective Ti
3+

 sites. 

Taken together, the results presented herein indicates that the synergistic 

interactions between non-precious metals and metal oxides might be exploited 

for the development of effective catalysts based on earth-abundant and cost-

effective materials for fuel cell electrochemistry. 
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