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ABSTRACT OF THE DISSERTATION

Unveiling the Structure-performance Relationship of

the Cathode and Anode Catalyst in Electrochemical Water-splitting

by

Haotian Liu

Doctor of Philosophy in Materials Science and Engineering

University of California, Los Angeles, 2022

Professor Yu Huang, Chair

Carbon neutrality has been the most popular topic of the twenty-first century. Substituting

non-sustainable fossil fuels with the cleaner energy source hydrogen is a viable strategy

for reducing total carbon footprints, but the conventional method of hydrogen production is

energy-intensive and polluting. Water electrolysis stands out among all hydrogen production

methods due to its low instrumentation requirements and high efficiency. However, water

electrolysis costs have yet to be reduced. By engineering the catalysts used at the cathode and

anode, the focus of this thesis will be to improve the water electrolysis efficiency and material

durability. In addition, corresponding theory is studied in order to reveal the structure-

performance relationship of the catalyst, which provides perspective and theoretical support

for the design of future catalysts.

In the first chapter, I will briefly describe the current status of global carbon production.

The rationale for selecting water electrolysis is then presented, along with an overview of

water electrolysis devices.

In the second chapter, I will describe our work (J. Am. Chem. Soc. 2018, 140, 29,

ii



9046–9050) on improving the performance of the hydrogen evolution reaction (HER) by ap-

plying surface engineering to PtNi alloy. Hydrogen holds the potential of replacing nonrenew-

able fossil fuel. Improving the efficiency of hydrogen evolution reaction (HER) is critical for

environmental friendly hydrogen generation through electrochemical or photoelectrochemical

water splitting. Here we report the surface-engineered PtNi-O nanoparticles with enriched

NiO/PtNi interface on surface. Notably, PtNi-O/C showed a mass activity of 7.23 mA/µg

at an overpotential of 70 mV, which is 7.9 times higher compared to that of the commercial

Pt/C, representing the highest reported mass activity for HER in alkaline conditions. The

HER overpotential can be lowered to 39.8 mV at 10 mA/cm2 when platinum loading was only

5.1 µgPt/cm
2, showing exceptional HER efficiency. The performance improvement could be

attributed to the successful creation of Ni(OH)2/Pt(111) interface. Ni(OH)2 facilitated H2O

molecule to be adsorbed on the surface as the first step of HER, and then recombination

on the Pt(111) surface happened. Thus, the overall potential needed was decreased. Mean-

while, the prepared PtNi-O/C nanostructures demonstrated significantly improved stability

as well as high current performance which are well over those of the commercial Pt/C and

demonstrated capability of scaled hydrogen generation.

In the third chapter, I will demonstrate continuation of the last work, which is further

improving the alkaline HER performance on Pt-based alloy. Lattice tuning is one of the

effective ways to optimize the HER performance on Pt-based alloy. Here, we report a facile

lattice tuning method on Pt-based alloy using Cu addition to control the lattice parameter

for optimal HER performacne. During the performance evaluation, PtCuNi/C and PtCuNi-

O/C showed an average overpotential of 38.8 mV and 31.3 mV at 10 mA/cm2, respectively.

The overpotential of PtCuNi-O/C is dramatically smaller than that of commercial Pt/C

(115.2 mV). At an overpotential of 70 mV (-70 mV vs. RHE), the octahedral PtCuNi/C

presents a mass activity (MA) of 4.9 mA/µgPt, while the PtCuNi-O/C demonstrates a MA of

8.7 mA/µgPt, which is nearly 9.5 folds to that of the commercial Pt/C (0.92 mA/µgPt). Also,

the PtCuNi-O/C can reach a current density of 114 mA/cm2 at -0.2 V vs. RHE without
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iR compensation, which is well above that of Pt/C (22.4 mA/cm2), indicating a promising

potential for the industrial scale hydrogen production. For the stability test, in contrast to

the 160.1 mV potential drop for the Pt/C, there was only 55.5 mV, 48.2 mV potential drop

for octahedral PtCuNi/C, PtCuNi-O/C, correspondingly, showing a significantly improved

durability. Moreover, the dealloyed nanocatalysts showed the best performance when the

lattice parameter is in the range of 0.3825-0.3835 nm for both PtNi-O/C and PtCuNi-O/C.

In the fourth chapter, the main focus will be on the anode side featuring oxygen evo-

lution reaction (OER) in acidic media. Developing durable non-precious catalysts for the

acidic OER is crucial for the hydrogen production industry. In this regard, we report a

facile strategy to synthesize the cobalt-based spinel oxide for the acidic OER with ultra-

high activity and outstanding durability. Specifically, the as-prepared NiCo2O4 delivered a

low overpotential of 407 mV vs. reversible hydrogen electrode at 100 mA/cm2 and only a

68.9 mV increase at 10 mA/cm2 after 20 hours of chronopotentiometry test. Ex situ x-ray

absorption spectroscopy studies revealed that Ni mainly occupies the octahedral site. In

situ x-ray absorption spectroscopy studies demonstrated that adding Ni helped minimize

the structure change during the OER, leading to NiCo2O4’s outstanding durability. Density

functional theory calculations demonstrated that the OER overpotential is lowered by 90 mV

on the NiCo2O4 surface compared to that of Co3O4. The acidic OER on the NiCo2O4 spinel

structure undergoes a kinetically more favorable direct O-O coupling mechanism rather than

the adsorbate evolution mechanism, which was seldom reported regarding acidic OER on

non-precious metal oxides. We showcase an ideal way to produce cobalt-based spinel ox-

ides following direct O-O coupling mechanism design rules, achieving promising acidic OER

performance cost-effectively.

The last chapter generally conclude the content covered in the thesis and provided some

perspective on future catalyst design and scale-up applications.
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CHAPTER 1

Introduction

1.1 The Call for Carbon Neutrality

Carbon neutrality has been the most popular subject in the twenty-first century. The vast

majority of major economies, including the United States, the European Union, Russia, and

China, have declared their carbon-neutral objectives. Carbon neutrality is defined simply

as the equilibrium between the amount of carbon emitted by humans and the amount of

carbon absorbed by nature. According to data from the European Parliament, natural sinks

can absorb between 9.5 and 11 Gt CO2 annually, while yearly carbon emissions have reached

38.0 Gt in 20191.

To achieve carbon neutrality, it is essential to reduce carbon dioxide output. Even though

carbon dioxide is not considered a pollutant, it comprises the great majority of greenhouse

gases (GHG). Since the beginning of the Industrial Revolution, humans have been responsible

for nearly all GHG increases in the atmosphere2. According to the United States Environ-

mental Protection Agency (USEPA), the primary sources of greenhouse gas (GHG) emissions

are transportation, electricity, industry, agriculture, and commercial and residential, and the

percentage from the US can be found in Figure 1.1. Particularly for transportation, 90%3

of the primary energy source is still fossil fuels, and the primary byproduct of burning fossil

fuels is carbon dioxide. Consequently, substituting fossil fuels with clean energy sources is a

viable strategy for reducing carbon dioxide emissions.
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Figure 1.1: Total U.S. greenhouse gas emissions by economic sector in 2020

1.2 Hydrogen Production

Hydrogen distinguishes out among clean energy sources since the only byproduct of its oxida-

tion is water. In addition, hydrogen possesses a higher specific energy of 141.86 (HHV) MJ/kg

than other common substances, such as natural gas (53.6 MJ/kg), gasoline (46.4 MJ/kg),

and diesel fuel (45.6 MJ/kg)4,5. With the development of hydrogen fuel cells, it is feasible

to transform the chemical energy stored in hydrogen directly into electricity as a source of

power at a very high conversion rate6,7. In addition to basic research, fuel-cell automobiles8,

fuel-cell ships9, and fuel-cell aircraft10 have been intensively researched during the past two

decades. And major automakers, including Toyota, have revealed their commercialized fuel-

cell automobiles. In the meantime, as the fuel cell’s energy source, hydrogen production

must become more cost-effective, environmentally friendly, and generation-efficient.

Currently, there are two basic sources for commercial hydrogen production: fossil fuels

and renewable sources (Figure 1.2). Unfortunately, more than ninety percent of hydrogen is

created from fossil fuels by reforming natural gas, which contradicts the objective of reducing

fossil fuel consumption. In addition to environmental issues, the hydrogen produced in this

manner contains a significant amount of contaminants, such as CO and NOx, etc., which are

2



Figure 1.2: Current state-of-art hydrogen production methods. Adapted from ref12.

harmful to the environment and can hinder hydrogen usage, e.g., CO is known to poison the

Pt-based catalyst used in the fuel cell system11.

In contrast, renewable hydrogen generation, which relies mostly on water-splitting, can

supply hydrogen with extremely high purity (99% or higher) and no carbon or nitrogen

impurities. The energy conversion efficiency of water electrolysis and natural gas reforming

is around 70%, while the cost of water electrolysis is 10.30 $/kg compared to 2.27 $/kg for

natural gas reforming12. Reducing the cost of water-splitting is one of the primary objectives

of developing electrolysis-based hydrogen production.
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1.3 Basic Water-splitting Techniques

The purpose of an electrolyzer is to produce hydrogen and oxygen from water using elec-

tricity as the driving force. The ideal power source for green hydrogen generation would be

renewable energy, such as solar, wind, or hydro power, among others. Figure 1.3 depicts the

structure of a proton exchange membrane (PEM) water electrolyzer. Using lab-scale instru-

ments, it will be difficult and expensive to perform comprehensive study on water-splitting;

hence, half-cell reactions, hydrogen evolution reaction (HER) and oxygen evolution reaction

(OER), will be researched separately. As displayed in Figure 1.3B the reactions taking

place in cathodic chamber with hydrogen evolution and anodic chamber with oxygen evolu-

tion (OER), which are:

Cathode : 2H+ + 2e− = H2

Anode : 2H2O − 4e− = O2 + 2H+

These two reactions are the two vital ones for this thesis, which will be covered in detail

respectively in the following chapters.
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Figure 1.3: A. Schematic illustration of a typical PEM Electrolyzer. B. Cathode and

anode reaction in an electrolyzer.
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CHAPTER 2

Surface-Engineered PtNi-O/C Nanostructure with

Record-high Performance for Electrocatalytic Alkaline

Hydrogen Evolution Reaction

2.1 Background

Note: This chapter is a version of the co-first-authored ref.13

As discussed in chapter 1, electrolysis of water produces hydrogen that is a suitable

replacement for nonrenewable and polluting fossil fuels. Acidic or alkaline conditions are

typically necessary for water splitting. Due to the fact that the HER in acidic media fre-

quently has a high equipment requirement, the HER in alkaline media is researched more

frequently due to its benign condition and lower equipment requirement.

By far, platinum-group-metal-based (PGM-based, or precious-metal-based) catalysts and

non-platinum-group-metal-based (non-PGM-based, or non-precious-metal-based) catalysts

have been broadly researched for the HER. Though non-PGM-based catalysts, such as metal

phosphides,14,15 metal nitrides,16,17 metal chalcogenides,18,19 and metal carbides,20,21 can re-

duce the cost of the catalyst while delivering acceptable HER performance, there is still a sig-

nificant gap between the performance of PGM-based catalysts and non-PGM-catalysts.22,23

As the holy grail of green hydrogen production, photoelectrochemical water splitting neces-

sitates a low overpotential to power the HER. The present bottleneck for the PGM-based

catalyst is the expensive PGM precursors, low HER activity, and mediocre durability.
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2.2 Alkaline HER Mechanism Study and Catalyst Design

The HER mechanism contains two steps, which are the Volmer-Heyrovsky pathway or

Volmer-Tafel Pathway24 (H* means active hydrogen atom adsorbed on the catalyst surface):

Volmer : H2O + e− = H∗ +OH−

Heyrovsky : H2O +H∗ + e− = H2 +OH−

Tafel : H∗ +H∗ = H2

According to recent research on platinum-catalyzed alkaline HER, the performance limita-

tion of Pt stems primarily from the fact that Pt is generally ineffective at initiating the water

dissociation step (Volmer Step). However, Pt can facilitate the second step, Heyrovsky or

Tafel step, with high efficiency.25 Due to its inability to conduct the second step, Ni(OH)2 is

not an ideal material for the alkaline HER, but it is effective at cleaving the H-OH bond.26,27

It is possible to combine the two types of materials to produce a new interface and het-

erostructures; hence, the majority of both materials can be exploited. Consequently, HER

performance can be enhanced. As depicted in Figure 2.1, Subbaraman et al. presented

a Ni(OH)2/Pt(111) surface, and the Ni(OH)2 decorated Pt surface displayed an 8-fold in-

crease in HER activity compared to the Pt(111) surface.25 On Ni(OH)2, the water molecule

is dissociated prior to the formation of H* on this heterosurface. On the Pt(111) surface,

the two H* recombine to produce a hydrogen molecule.

The creation of Ni(OH)2 on the Pt(111) surface at the micrometer scale is successful,

while nanoscale attempts have met with little success.28,29 The performance of alkaline HER

produced by these nanocatalysts is significantly worse to that reported in investigations

involving single crystals. In this paper, we provide octahedral PtNi nanoparticles with NiO

enriched on the surface that change into Ni(OH)2 in alkaline media.30,31 The synthesized

nanoparticle with nanoscale Ni(OH)2/Pt(111) hetero-surface exhibited record-high alkaline

HER activity as well as exceptional durability.
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Figure 2.1: Schematic illustration of the promoted alkaline hydrogen evolution on the

Ni(OH)2 decorated Pt(111) surface. Reproduced from ref25.
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2.3 Materials and Methods

2.3.1 Chemicals and Materials

Platinum(II) acetylacetonate [Pt(acac)2, Pt 48.0% min], nickel(II) acetylacetonate [Ni(acac)2,

95%], nickel acetate tetrahydrate [Ni(Ac)2·4H2O, ≥ 99%], benzoic acid (≥ 99.5%), perchloric

acid (HClO4) were purchased from Sigma Aldrich. Commercial Pt/C catalyst (20 wt% Pt,

and particle size 2 to 5 nm) were purchased from Alfa Aesar. Ethanol (200 proof) was ob-

tained from DeconLabs, Inc. Potassium hydroxide (KOH), N, N-dimethylformamide (DMF,

≥ 99.8%), acetone (≥ 99.5%), and isopropanol (≥ 99.5%) were purchased from Fisher Chem-

ical. All reagents were used as received without further purification. Carbon black (Vulcan

XC-72) was received from Cabot Corporation and annealed for 2h at 400°C under an Ar gas

environment before used. The deionized water (18 MΩ/cm) was obtained from an ultra-pure

purification system (Milli-Q advantage A10)

2.3.2 Synthesis of Pt-Ni Octahedra

18mg of carbon black was suspended in 9 mL DMF in a 25 mL glass vial and underwent

ultrasonication for at least 30 min. 9 mg of Pt(acac)2, 7.2 mg of Ni(acac)2 and 85 mg of

benzoic acid were dissolved in 1 mL DMF to attain a clear solution, then were added to the

carbon black suspended DMF solution. The vial was then capped and ultrasonic processed

for 5 min. The vial was then heated with a magnetic stirring rate of 300 rpm in an oil bath at

140 °C and kept for 1.5 hours, then heated to 150 °C and kept for 48 hours. After being cooled

to room temperature, the carbon-supported dispersive Pt-Ni alloy octahedra were obtained

by centrifuging. Then the precipitate was washed with an isopropanol/acetone mixture at

least 3 times to remove the organic impurities and precursor residues. The obtained catalyst

was then dried under vacuum denoted as PtNi/C.
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2.3.3 Catalyst Annealing

About 20 mg of catalyst was loaded into a quartz boat, and the quartz boat was placed

within the center area of a quartz tube. Then the quartz tube was heated to 200 °C in the

air for 2 hours to obtain PtNi-O/C.

2.3.4 Characterization

Transmission electron microscopy (TEM) images were taken on an FEI T12 operated at

120 kV. Energy-dispersive X-ray spectroscopy (EDS) was taken on an FEI TITAN operated

at 300 kV. Atomic resolution high angle annular dark field scanning transmission electron

microscopy (HAADF-STEM) images and EDS mapping were also taken on a JEOL Grand

ARM300CF TEM/STEM operated at 300 kV. Samples for TEM measurements were pre-

pared by dropping about 10-20 µL Pt-based octahedra isopropanol dispersion onto a carbon-

coated copper grid (Ladd Research, Williston, VT) using a pipette and then drying under

ambient conditions. Al grids and Au grids(Ted Pella, Redding, CA) were used for the EDS

sample preparation. Powder X-ray diffraction patterns (PXRD) were collected on a Pan-

alytical X’Pert Pro X-ray Powder Diffractometer with Cu-Kα radiation. The composition

of catalysts was determined by inductively coupled plasma atomic emission spectroscopy

(ICP-AES, Shimadzu ICPE-9000) as well as EDS. X-ray photoelectron spectroscopy (XPS)

tests were done with a Kratos AXIS Ultra DLD spectrometer.

2.3.5 Electrode Preparation and Electrochemical Test

To obtain a homogeneous catalyst ink, 0.71 mg of dried PtNi/C was mixed with 1 mL

ethanol and ultra-sonic processed for 5 min. Then 16 µL of Nafion (5 wt%) was added to

each solution. Then, 10 µL of the homogeneous ink was dropped onto a 5 mm diameter

glassy carbon electrode (Pine Research Instrumentation) using a pipette. Pt loading was

about 1.0 µg, which was estimated by ICP-AES for all Pt-based alloy samples. The ink
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Figure 2.2: TEM images of (A) before annealing PtNi/C and (B) after annealing PtNi-

O/C.

was dried under ambient air, then was ready for the electrochemical test. The procedure

for obtaining PtNi-O/C catalyst ink is similar but changed from PtNi/C to PtNi-O/C. The

procedure was still similar for the baseline commercial Pt/C (20 wt%) but changed 0.71

mg of PtNi/C to 0.50 mg of Pt/C. Pt loading was still about 1.0 µg for the commercial

Pt/C catalyst. All electrochemical tests were carried out on a three-electrode cell from

Pine Research Instrumentation. The working electrode was a glassy carbon rotating disk

electrode (RDE) coated with the corresponding catalyst. The reference electrode was a

Hg/HgO electrode from CH Instrument. A graphite rod was used as the counter electrode.

The alkaline electrolyte 1.0 M KOH and 0.1 M KOH were saturated by N2 respectively. Cyclic

voltammetry (CV) was conducted in each solution between 50 mV to 1100 mV vs. Reverse

Hydrogen Electrode (RHE) at a sweep rate of 100 mV/s. Hydrogen Evolution Reaction

(HER) was tested between -200mV to 100 mV vs. RHE in each solution at a sweep rate of 5

mV/s for 1 M KOH and -500 mV to 100 mV vs. RHE for 0.1 M KOH. The impedance of each

solution was tested on a Princeton VersaSTAT 4 electrochemistry workstation. The solution

resistances measured via impedance test are 4.5 Ω and 39.2 Ω for 1.0 M and 0.1 M KOH,

respectively. The above values are used for post-test iR correction. Electrochemical surface

area (ECSA) was tested through hydrogen under potential deposition (Hupd) in nitrogen

saturated 0.1 M HClO4.
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2.4 Results and Discussion

2.4.1 Structural Characterization

PtNi octahedra were synthesized using a one-pot hydrothermal technique, as described in

the synthesis process. Corresponding PtNi-O/C was produced by annealing PtNi/C in air.

To illustrate the structure of the synthesized catalyst, serial characterization was performed.

The transmission electron microscopy (TEM) pictures revealed that the PtNi/C and PtNi-

O/C nanoparticles had a homogeneous octahedral shape and were distributed uniformly

across the carbon support. The nano octahedra have a 5.4 ± 0.6 nm edge length (Figure

2.2). Figure 2.3A depicted a schematic representation of the surface engineering procedure

during the annealing procedure. On the PtNi-O/C nanoparticle, high-resolution scanning

transmission electron microscopy (HRSTEM) revealed the creation of a core-shell structure.

As shown in Figure 2.3B, C, the interplanar distances of PtNi/C {200} facets and PtNi-

O/C {111} facets in the core region were 0.190 nm and 0.222 nm, respectively. Based on the

face center cubic (fcc) structure, this interplanar spacing equated to a lattice parameter of

0.380 nm for PtNi/C and 0.384 nm for PtNi-O/C. During annealing, the lattice expansion

of PtNi-O/C suggests Ni dealloying from PtNi/C.

On PtNi-O/C octahedron, a shell of 2-3 atomic layers with lighter contrast than PtNi/C

octahedron can be found. The interplanar spacing matches NiO {111} facets. This is the

evidence that Ni dealloyed from the structure’s core, merged, and enriched on the surface.

The HRSTEM energy dispersive spectroscopy (EDS) elemental mapping (Figure 2.3D,

E clearly showed a Ni enrichment on the surface of PtNi-O/C. The composition was also

calculated by EDS, and both PtNi/C and PtNi-O/C have a ratio of 60.5% and 39.5% for Pt

and Ni, respectively.

According to the X-ray diffraction (XRD) pattern (Figure 2.4A), each sample exhibited

only one set of peaks matching to the fcc structure. The lattice parameters determined by

Bragg’s Law based on the XRD pattern matched the lattice parameters obtained in the core

12



Figure 2.3: (A) Sketch illustration of PtNi/C to PtNi-O/C transformation via annealing

in the air. HRSTEM images of octahedral nanostructures (B) PtNi/C, (C) PtNi-O/C. EDS

mapping images of octahedral nanostructures (D) PtNi/C (E) PtNi-O/C. Insert images in

D, E are corresponding HRSTEM images of mapped nanostructures.
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Figure 2.4: (A) XRD spectra of octahedral PtNi/C and PtNi-O/C, black, and green

droplines represent the standard peak position of Pt (PDF #04-0802), Ni (PDF #04-0850),

respectively. XPS spectra comparison of PtNi/C and PtNi-O/C. (B) Ni 2p region (C) Pt

4f region.

region of PtNi/C and PtNi-O/C in HRSTEM pictures. In addition, the platinum ratio can

be determined using Vegard’s Law. After annealing, the Pt ratio increased from 0.70 to 0.81

(Table 2.1), which was further proof of the dealloying process.

X-ray photoelectron spectroscopy (XPS) was employed to determine the surface valence

of the catalyst. As shown in Figure 2.4B, there was a substantial amount of metallic Ni

on PtNi/C; however, this peak disappeared on PtNi-O/C, showing that the metallic Ni was

entirely oxidized to the species with a higher valence. According to the literature, the higher

valence forms NiO and Ni(OH)2 may be distinguished from one another.32,33 Compared to

PtNi/C, the Ni(OH)2 peak intensity decreased on PtNi-O/C, however the NiO peak intensity

increased, suggesting that Ni(OH)2 lost a water molecule and converted into NiO during the

annealing process. Figure 2.4C displayed the XPS spectrum of the Pt 4f area, where

metallic Pt and a minor amount of Pt2+ predominated. Notably, Pt4+ was observed in a

large quantity on PtNi-O/C but in a negligible amount on PtNi/C as a result of surface

14



Table 2.1: XRD comparison of octahedral PtNi/C, PtNi-O/C nanostructures

Sample
(111) peak Approximate Pt ratio

at 2θ (deg.) according to Vegard’s Law

PtNi/C 41.16 0.70

PtNi-O/C 40.63 0.81

Table 2.2: XPS comparison of octahedral PtNi/C, PtNi-O/C nanostructures. The atomic

ratio is based on Pt 4f and Ni 2p region

Sample Pt Ni

PtNi/C 49.1% 50.9%

PtNi-O/C 39.8% 60.2%

oxidation during annealing. The surface enrichment of Ni-based XPS spectra (Table 2.2)

also revealed a dealloying process occurred during annealing in air. In addition, following

annealing, the major peak (111) shifted to a lower angle that is near to that of metallic

Pt, which may be the result of dealloying. In the meantime, HRSTEM EDS confirmed the

creation of the NiO layer on the shell of the octahedron. Ni dealloyed from the PtNi/C core

and merged to the surface after annealing, whereas Ni was equally distributed along the

nanoparticle before to annealing (Figure 2.2D, E).
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Figure 2.5: Comparison of commercial Pt/C, PtNi/C, PtNi-O/C (A) HER polarization

curve (B) overpotential at 10 mA/cm2, (C) mass activity at -0.07 V vs. RHE, (D) current

density at -0.2 V vs. RHE (without iR compensation). All the polarization curves were

recorded in 1.0 M KOH with a scan rate of 5 mV/s, and a rotation rate of 1600 r.p.m. All

the current densities were normalized to the geometric area of the working electrode. iR

compensation is applied in figures if not specifically noted.
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2.4.2 Electrochemical Performance Evaluation

The performance of the alkaline HER was assessed by loading the catalyst onto the rotating

disk electrode (RDE) utilizing three electrodes. For all catalysts, the loading was maintained

at 1.0 µg of Pt, as estimated by inductively coupled plasma atomic emission spectroscopy

(ICP-AES). As previously described, the HER activity was evaluated using CV scans with a

sweeping rate of 5 mV/s in 1.0 M KOH. (Figure 2.5A) In general, the annealed PtNi-O/C

exhibited superior performance to its native form PtNi/C and to commercial Pt/C. All po-

tential refers to reversible hydrogen electrode (RHE). At a current density of 10 mA/cm2, the

overpotentials of PtNi-O/C and PtNi/C were 39.8 mV and 41.7 mV, respectively, which were

significantly lower than that of commercial Pt/C (108.9 mV) (Figure 2.5B). At an overpo-

tential of -70 mV, the mass activity (MA) of PtNi-O/C and PtNi/C was 7.23 mA/µgPt and

5.35 mA/µgPt, respectively, which is 7.86 and 5.82 times that of commercial Pt/C (Figure

2.5C) At an overpotential of -200 mV, PtNi-O/C was able to generate a current density

greater than 100 mA/cm2 without iR correction (Figure 2.5D), suggesting a significant

potential for industrial applications.

It is worth noting that, the PtNi-O/C shows the highest HER mass activity in the

alkaline condition to the best of our knowledge by that time (Table 2.3). In addition, the

electrochemical active surface area (ECSA) was measured in 0.1 M HClO4 (Figure 2.6),

and the specific activity was computed using the measured ECSA. PtNi-O/C exhibited a

specific activity of 14.8 mA/cm2
ECSA at -0.07 V in 1.0 M KOH, which is 11.5 times that

of commercial Pt/C (1.29 mA/cm2
ECSA). PtNi-O/C’s enhanced alkaline HER activity is

attributable to the effective development of NiO islands on the surface of the octahedra.

After hydrogenation in the electrolyte, the heterostructure Ni(OH)2/Pt(111) was generated,

which is the structure intended for high-efficiency HER that facilitates simultaneous water

dissociation and hydrogen recombination.

The stability of the catalyst was evaluated using chronopotentiometry (CP) at a fixed
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Table 2.3: Comparison of the developed octahedral PtNi/C and PtNi-O/C with state-of-

the-art Pt-based catalysts (with iR compensation)

Sample
Loading

(µg/cm2)

η at

10 mA/cm2 (mV)

MA at

-0.07 V (mA/µg)
Ref.

PtNi 5.1 41.7 5.35 This Work

PtNi-O 5.1 39.8 7.23 This Work

Pt NWs/

SL-Ni(OH)2
16 ∼70 0.679 Ref28

NiOx/Pt3Ni

Pt3Ni3-NWs
15.3 40 2.59 Ref29

Pt3Ni2

NWs/SC
15 42 2.48 Ref23

Figure 2.6: CV curves of Pt/C, PtNi/C, PtNi-O/C for Hupd estimation and related ECSA
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Table 2.4: Composition comparison of octahedral PtNi, PtNi-O nanostructures before and

after the HER durability test based on EDS.

Sample Pt Ni

PtNi-O/C 60.5% 39.5%

PtNi/C 60.5% 39.5%

PtNi-O/C After CP 66.1% 33.9%

PtNi/C After CP 66.4% 33.5%

current density of 10 mA/cm2 in 1.0 M KOH. After the 10-hour test, both PtNi-O/C and

PtNi/C showed robust durability of only 61.64 mV and 75.45 mV drop in overpotential,

which was much better than the commercial Pt/C (260.7 mV). After the stability test, there

was only 5.6% and 6.0% Ni loss for PtNi-O/C and PtNi/C, respectively. The comparison

of the TEM images of the commercial Pt/C, PtNi/C, and PtNi-O/C before and after the

CP test were displayed in Figure 2.7. After the CP test, PtNi/C and PtNi-O/C mostly

maintained the octahedral morphology, while obvious sintering and aggregation can be the

commercial Pt/C. Moreover, the Ni enrichment was still maintained after the stability test

on PtNi-O/C according to HRSTEM EDS (Figure 2.7).
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Figure 2.7: TEM images of materials before HER durability test (A) Pt/C, (B) octahe-

dral PtNi/C (C) octahedral PtNi-O/C, after HER stability test (D) Pt/C, (E) octahedral

PtNi/C, (F) octahedral PtNi-O/C.

Figure 2.8: EDS mapping images of elemental components in octahedral PtNi-O/C after

HER stability test (A) Ni, (B) Pt, (C) Pt and Ni. The insert image is the STEM image of

the mapped octahedron.
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2.5 Conclusion

In conclusion, we effectively synthesized PtNi-O/C with Ni enriched on the nanoparticle’s

surface, thereby forming a nanoscale Ni(OH)2/Pt(111) heterosurface. The as-synthesized

PtNi-O/C exhibited record-high HER activity in alkaline environments, exhibited excep-

tional stability, and indicated considerable industrial hydrogen production potential. PtNi-

O/C emerged primarily from the formation of the Ni(OH)2/Pt(111) heterosurface, which

can promote water dissociation and hydrogen recombination on the same structure, hence

accelerating hydrogen evolution.

2.6 Author Contribution

Zipeng Zhao proposed the idea of PtNi alloy, provided the original synthetic recipe, and con-

ducted the corresponding characterization. Haotian Liu proposed the idea of Ni enrichment

on the surface, improved the synthetic recipe, and conducted the corresponding character-

ization. Wenpei Gao and Xiaoqing Pan provided support on HRSTEM image acquisition.

Wang Xue, Zeyan Liu, and Jin Huang provided support for other characterizations. Yu

Huang proposed the idea and instructed the experiments.
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CHAPTER 3

Improving Hydrogen Evolution Reaction Efficiency

Through Lattice Tuning

3.1 Background

Note: This chapter is a version of the co-first-authored draft waiting for submission.

Continuing from the last chapter, this chapter will be focusing on improving the alkaline

HER performance of the Pt-based alloy through lattice tuning. As discussed thereinbefore,

dramatic improvement for the HER in alkaline electrolytes has been achieved by depositing

Ni(OH)2 on Pt(111) with two-dimensional (2D) Pt islands [Ni(OH)2/Pt-islands/Pt(111)].

The HER activity of Ni(OH)2/Pt-islands/Pt(111) was shown to be about eight times higher

compared to that of Pt(111).25 Recently, we demonstrated the development of nanoscale

Ni(OH)2/Pt(111) like structures enclosed by eight (111) facets through thermally dealloying

octahedral PtNi nanoparticles in air.13 Our PtNi-O/C catalyst showed record-high HER ac-

tivity per unit platinum mass, 7.9 times better than Pt/C.13 To further improve the HER

efficiency and save energy during water electrolysis, we worked on tuning the lattice param-

eter of PtCuNi and PtNi based octahedral nanocatalysts with the NiO/Pt(111) interface.

Herein, we report optimized PtCuNi-O, PtNi-O catalysts with HER mass activity nearly ten

times that of the commercial Pt/C.
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3.2 Materials and Methods

3.2.0.1 Chemicals and Materials

Platinum(II) acetylacetonate [Pt(acac)2, Pt 48.0% minimum], nickel(II) acetylacetonate

[Ni(acac)2, 95%], nickel acetate tetrahydrate [Ni(Ac)2·4H2O, ≥ 99%], copper(II) acetate

monohydrate [Cu(Ac)2·H2O, ≥ 99%], benzoic acid (≥ 99.5%), perchloric acid (HClO4) were

purchased from Sigma Aldrich. Commercial Pt/C catalyst (20 wt% Pt, particle size 2 to 5

nm) were purchased from Alfa Aesar. Ethanol (200 proof) was obtained from Decon Labs,

Inc. Potassium hydroxide (KOH), N, N-dimethylformamide (DMF, ≥ 99.8%), acetone (≥

99.5%) and isopropanol (≥ 99.5%) were purchased from Fisher Chemical. All reagents were

used as received without further purification. Carbon black (Vulcan XC-72) was received

from Cabot Corporation and annealed 2 hours at 400 ℃ under Ar gas environment before

used. The deionized water (18 MΩ/cm) was obtained from an ultra-pure purification system

(Milli-Q advantage A10).

3.2.1 Synthesis of PtNi Octahedral Nanoparticles on Carbon Support (PtNi/C)

300 mg of carbon black was suspended in 100 mL DMF in a 325 mL pressure vessel and

underwent ultrasonication for at least 30 mins. 150 mg of Pt(acac)2, 120 mg of Ni(acac)2

and 1416 mg of benzoic acid were dissolved in 20 mL DMF to attain a clear solution. Then

the solution was added to the DMF dispersion of carbon black. The reaction vessel was then

capped and ultrasonic processed for 5 mins. The reaction vessel was then heated with a

magnetic stirring rate of 300 rpm in an oil bath to 130 °C and kept for 2 hours, then heated

to 140 °C and kept for 60 hours. After being cooled to room temperature, the product

was obtained by centrifugation. Then the precipitate was washed with isopropanol/acetone

mixture for at least three times to remove the organic impurities and precursor residues.

The obtained catalyst was then dried under vacuum.
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3.2.2 Synthesis of PtNi-O/C through Annealing

About 20 mg of catalyst was loaded in a quartz boat, and the quartz boat was placed within

the center area of a quartz tube. Then, the quartz tube was heated to 200 °C or 160 °C in

the air for various length of time.

3.2.3 Synthesis of PtCuNi Octahedral Nanoparticles on Carbon Support (Pt-

CuNi/C)

300 mg of carbon black was suspended in 130 mL DMF in a 325 mL pressure vessel glass

vial and underwent ultrasonication for at least 30 mins. 150 mg of Pt(acac)2, 75 mg of

Ni(Ac)2·4H2O, 7.5 mg of Cu(Ac)2·H2O and 975 mg of benzoic acid were dissolved in 20 mL

DMF to attain a clear solution. Then the solution was added to the DMF dispersion of

carbon black. The reaction vessel was then capped and ultrasonic processed for 5 mins. The

vial was then heated with a magnetic stirring rate of 300 rpm in an oil bath to 140°C and

kept for 1 hours, then heated to 160 °C and kept for 48 hours. After being cooled to room

temperature, the product was obtained by centrifugation. Then the precipitate was washed

with isopropanol/acetone mixture for at least three times to remove the organic impurities

and precursor residues. The obtained catalyst was then dried under vacuum. Synthesis of

PtCuNi-O/C through Annealing. About 20 mg of catalyst was loaded in a quartz boat, and

the quartz boat was placed within the center area of a quartz tube. Then, the quartz tube

was heated to 200 °C or 160 °C in air for various length of time.

3.2.4 Characterization

Transmission electron microscopy (TEM) images were taken on an FEI T12 operated at

120 kV. Scanning transmission electron microscopy (STEM) images were taken on an FEI

TITAN operated at 200 kV, and energy-dispersive X-ray spectroscopy (EDS) spectra were

measured on an FEI TITAN operated at 300 kV. Atomic resolution high angle annular dark
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field (HAADF) STEM images and EDS mapping were taken on a JEOL Grand ARM300CF

TEM/STEM operated at 300 kV. Samples for the TEM measurements were prepared by

dropping 10 µL Pt-based octahedra isopropanol dispersion onto a carbon-coated copper grids

(Ladd Research, Williston, VT) using a pipette and then drying under ambient conditions.

Al grids or Au grids (Ted Pella, Redding, CA) were used for the EDS sample preparation.

Powder X-ray diffraction patterns (PXRD) were collected on a Panalytical X’Pert Pro X-ray

Powder Diffractometer with Cu-Kα radiation. The composition of catalysts was determined

by inductively coupled plasma atomic emission spectroscopy (ICP-AES, Shimadzu ICPE-

9000) as well as EDS. X-ray photoelectron spectroscopy (XPS) tests were done with Kratos

AXIS Ultra DLD spectrometer with Al Kα (1486.6 eV) X-ray source in the University of

California, Los Angeles (UCLA). All XAS measurement of PtCuNi-O/C were carrying out

with transmission mode for avoiding self absorption issue. Also, Ni, Cu, and Pt reference

foils data were collected as references at same time with samples to determine amplitude

reduction factor S02. Analysis of the EXAFS data was performed using the Artemis program

that combines the multiple-scattering EXAFS computer program FEFF36 and the nonlinear

least-squares-fitting computer program FEFFIT34. For the representative PtNi-O/C and

PtCuNi-O/C, ex situ XANES experiments were conducted at the beamline 7-BM (QAS)

in National Synchrotron Light Source II (NSLS) (Brookhaven National Laboratory, NY) at

room temperature. Full range Pt L3-edge, Ni K-edge spectra were collected on the same

XANES electrode. The Pt L3-edge spectra were collected in the transmission mode, and

the Ni K-edge spectra were collected in the fluorescence mode, with a Pt/Ni reference foil

positioned between I2 and I3 as a reference. Typical experimental procedures were utilized

with details provided in our previous work.35 The data were processed and fitted using the

IFEFFIT-based programs.36 The χ(R) were modeled using single scattering paths calculated

by FEFF639.

25



3.2.5 FT-EXAFS analysis

Traditional first shell Fourier Transform (F.T.) EXAFS analysis was performed on PtNi-O/C

and PtCuNi-O/C with similar parameter settings. The fits were applied to the Pt L3-edge.

Fittings at the Ni and/or Cu K-edges are infeasible due to the co-presence of Ni/Cu species

in the alloying form with Pt and in the form of oxides. Only Ni is used as the surrounding

atom identity in the fitting model even fitting the XANES data of PtCuNi-O/C because Ni

and Cu are indistinguishable by XANES as surrounding atoms. In both cases, the fittings

with the Pt-O pathway included into the model are better than the ones without.

3.2.6 Electrode Preparation and Electrochemical Test

In a typical process, a prepared Pt-based catalyst (PtNi-O/C, PtCuNi-O/C) was mixed

with ethanol and ultrasonicated for 5 mins to obtain a catalyst ink. Then Nafion (5 wt%)

dispersion was added to the catalyst ink followed by ultrasonication aided mixing; the volume

ratio is 16 µL of Nafion dispersion per mL of ink. After sonication, 10 µL of the ink was

dropped onto a 5 mm diameter glassy-carbon electrode (Pine Research Instrumentation)

using a pipette. Pt loading was about 1.3 µg, which was estimated based on the Pt loading

within catalysts determined by ICP-AES for all Pt-based samples. The ink was dried under

ambient air, then was ready for the electrochemical test. Commercial Pt/C (20 wt%) was

tested as a benchmark, the procedure for preparation of Pt/C catalyst ink was still similar

to the procedure for preparing PtNi-O/C and PtCuNi-O/C catalyst ink. The Pt loading was

still about 1.0 µg for commercial Pt/C catalyst. All electrochemical tests were carried out

on a three-electrode cell from Pine Research Instrumentation. The working electrode was a

glassy carbon rotating disk electrode (RDE) coated with the corresponding catalyst. The

reference electrode was a Hg/HgO electrode from C.H. Instrument. A graphite rod was used

as the counter electrode. The alkaline electrolyte solutions (1 M KOH) were saturated with

N2. Cyclic voltammetry (CV) was conducted in each solution between 50 mV to 1100 mV
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vs. Reverse Hydrogen Electrode (RHE) at a sweep rate of 100 mV/s. Hydrogen Evolution

Reaction (HER) was tested between -200 mV to 100 mV vs. RHE in each solution at a sweep

rate of 5 mV/s for 1 M KOH. The impedance of each solution was tested on a WaveDriver-

200 (manufactured by Pine Research Instrumentation, Inc.) electrochemistry workstation.

The solution resistances measured via impedance test are 4.5 Ω for 1 M KOH. The above

values are used for post-test iR correction.

3.3 Results and Discussion

3.3.1 Structural Characterization

According to literature, the introduction of Cu lead to the change of surface elemental dis-

tribution in a Pt-Ni octahedral nanoparticle, which resulted in the improvement of catalytic

activity and stability towards electrocatalysis, i.e. oxygen reduction reaction.37 We prepared

PtCuNi octahedral nanocatalyst on carbon support (noted as PtCuNi/C) through a sol-

vent thermal process.37,38,39 More specifically, N, N-dimethylformamide (DMF) was used as

the solvent and reducing agent, platinum acetylacetonate [Pt(acac)2], nickel acetylacetonate

[Ni(acac)2], copper acetate monohydrate [Cu(Ac)2·H2O] were used as metal precursors, ben-

zoic acid was used as a shape directing agent. Then the obtained PtCuNi/C was further

annealed in air to dealloy the nanoparticle and form surface oxide (Figure 3.1A).13,40 The

obtained material is noted as PtCuNi-O/C. We performed multipronged characterization

studies to unveil the structure and composition of the prepared catalysts. The transmission

electron microscopy (TEM) image revealed that PtCuNi are of octahedral shape with an

edge length of 5.8 ± 0.8 nm. The particles were well-distributed on the carbon support

(Figure 3.2). Similar to PtNi/C, the PtCuNi/C retained their initial size and morphology

after annealing in air (Figure 3.2). In the X-ray diffraction (XRD) data, only one set of

peaks for PtCuNi-O/C were observed, while the XRD peaks of PtCuNi-O/C shifted to lower

angles after oxidative annealing, which reflects the lattice parameter expands from 0.3780 nm
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to 0.3832 nm according to Bragg’s Law (Figure 3.1B). Also, the comparison of the x-ray

photoelectron spectroscopy (XPS) spectra between PtCuNi/C and PtCuNi-O/C revealed

a change in the surface composition induced by annealing. There is a significant increase

in the Pt4+ fraction in the XPS spectrum of PtCuNi-O/C compared to PtCuNi/C, while

most of near-surface Pt and Cu atoms remain in the metallic state (Figure 3.1C, D). In

contrast, we observe dramatic changes in the XPS spectra of the Ni in these catalysts before

and after annealing. Specifically, the peak of the metallic state Ni almost disappears in the

XPS spectrum of PtCuNi-O/C (Figure 3.1E). The relative surface Ni/Pt ratio increases

significantly from 0.53 to 1.27 when PtCuNi/C transformed to be PtCuNi-O/C (Table S1),

which suggests the segregation and enrichment of Ni in the oxidized form on the surface of

nanoparticles occurs upon the oxidative annealing (Figure 3.1A).13

Furthermore, the comparison of EDS maps between the unannealed particles with an-

nealed particles supported that Ni migrated from the inner core and enriched on the surface

of the nanoparticles during oxidative annealing induced dealloying of original alloy nanopar-

ticles (Figure 3.3).
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Figure 3.1: (A) Schematic illustration of PtCuNi/C to PtCuNi-O/C transformation via

annealing in air. (B) XRD spectra of octahedral PtCuNi/C and PtCuNi-O/C. Black, blue

and green lines are the standard peak position of Pt (PDF #04-0802), Ni (PDF #04-0850)

and Cu (PDF #04-0836), respectively. XPS spectra of elements in octahedral PtCuNi/C and

PtCuNi-O/C (C) Pt, (D) Cu, (E) Ni. For prepared catalysts, carbon support is omitted

in notation in all figures of this work due to limited space, e.g., PtNi-O/C, PtCuNi-O/C are

noted as PtNi-O, PtCuNi-O.
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Figure 3.2: TEM image of octahedral PtCuNi/C (A) before annealing, annealing in air at

200 ºC (B) 15 min, (C) 30 min, (D) 60 min, (E) 120 min, (F) 240 min, (G) 480 min.
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Figure 3.3: EDS maps of elemental components in an octahedral PtNiCu nanoparticle (A)

overlapped distribution of Pt, Cu, Ni in a single map (B) EDS maps of Pt, Cu, Ni separated

in individual panels and a HAADF STEM image of the mapped octahedral nanoparticle.

EDS maps of elemental components in an octahedral PtNiCu-O nanoparticle (C) overlapped

distribution of Pt, Cu, Ni in a single map (D) EDS maps of Pt, Cu, Ni in separated in indi-

vidual panels and a HAADF-STEM image of the mapped PtCuNi-O octahedral nanoparticle.
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3.3.2 Electrochemical Performance Evaluation

To evaluate the HER performance of our PtCuNi/C and PtCuNi-O/C nano octahedra,

the rotating disk electrode (RDE) was used by loading the catalyst onto a glassy carbon

disk. The loading of Pt was maintained at 1.3 µg, which was calculated using Pt weight

ratio within the catalyst based on inductively coupled plasma atomic emission spectroscopy

(ICP-AES). All potentials reported here are versus reversible hydrogen electrode (RHE)

if not specified. Current densities are normalized to the geometric area of the working

electrode, and iR compensation has been applied to the data if there is no specific note.

Cyclic voltammetry (CV) scans were used to activate the catalyst. The HER activities

of our catalysts were tested using cyclic sweeping voltammetry (CV) at a sweep rate of 5

mV/s in 1 M KOH. iR compensation was applied in data analysis if not specifically noted.

In general, PtCuNi-O/C showed better activity than PtCuNi/C (Figure 3.4A), including

lower overpotential at the same Pt loading and better mass normalized activity. During

the performance evaluation, PtCuNi/C and PtCuNi-O/C showed an average overpotential

of 38.8 mV and 31.3 mV at 10 mA/cm2, respectively. The overpotential of PtCuNi-O/C

is dramatically smaller than that of commercial Pt/C (115.2 mV) (Figure 3.4B). At an

overpotential of 70 mV (-70 mV vs. RHE), the octahedral PtCuNi/C presents a mass

activity (MA) of 4.9 mA/µgPt, while the PtCuNi-O/C demonstrates a MA of 8.7 mA/µgPt,

which is nearly 9.5 folds to that of the commercial Pt/C (0.92 mA/µgPt) (Figure 3.4C).

Also, the PtCuNi-O/C can reach a current density of 114 mA/cm2 at -0.2 V vs. RHE

without iR compensation (Figure 3.4D), which is well above that of Pt/C (22.4 mA/cm2),

indicating a promising potential for the industrial scale hydrogen production. The stability

of catalysts was evaluated via a chronopotentiometry test (Figure 3.4E). The working

electrode was maintained at 10 mA/cm2 for 10 hours. Both octahedral PtCuNi/C and

PtCuNi-O/C demonstrated significantly higher HER stability compared to the commercial

Pt/C. In contrast to the 160.1 mV potential drop for the Pt/C, there was only 55.5 mV, 48.2

mV potential drop for octahedral PtCuNi/C, PtCuNi-O/C, correspondingly (Figure 3.4F).
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According to EDS, the atomic content of Ni plus Cu dropped from 42.0% to 29.2% and from

42.0% to 35.5% for PtCuNi/C and PtCuNi-O/C after the HER stability test, respectively.

The PtCuNi-O/C showed slightly better capability for retaining non-PGM transition metal

than PtCuNi/C, which may be attributed to the formation of a better crystalized and more

stable NiO structure due to the annealing process.

3.3.3 Lattice Tuning Discussion

The surface NiO islands are formed during the oxidative annealing (Figure 3.1), which nat-

urally impacts the HER catalytic performance (Figure 3.4). In order to further optimize

the catalytic performance, we studied the effect of annealing time on the structure of the cat-

alyst and its corresponding catalytic activity. In our study, we prepared octahedral PtCuNi

nanoparticles and octahedral PtNi nanoparticles using a similar solvent thermal synthesis

method13. PtNi octahedral nanoparticle shows comparable size (octahedral edge length 6.1

± 0.8 nm) as PtCuNi (octahedral edge length 5.8 ± 0.8 nm). With the increased annealing

time, the peaks further shift to lower angles (Figure 3.5A, Figure 3.6), and the lattice

parameters increase correspondingly. As shown in Figure 3.6B, the XRD-based lattice

parameter increased from 0.3780 nm to 0.3835 nm, and from 0.3779 nm to 0.3841 nm after

480 minutes annealing for PtNi and PtCuNi nanoparticles, respectively. More specifically,

for an annealing time of fewer than 120 minutes, there is an obvious change in lattice param-

eters, while only a minor change is found when the annealing time is extended beyond 120

minutes. The lattice change due to annealing was also confirmed by the fitted Pt-M (M can

be Ni or Cu) scattering length based on extended X-ray absorption fine structure (EXAFS)

spectra of PtNi/C, PtCuNi/C, and representative PtNi-O/C, PtCuNi-O/C (Figure 3.7).

For instance, the fitted Pt-M bond length increased from 0.2618 ± 0.0009 nm to 0.2630 ±

0.001 nm and from 0.2620 ± 0.0008 nm to 0.2630 ± 0.002 nm for PtNi/C and PtCuNi/C,

correspondingly (Figure 3.5C). At the same time, the Pt-M bond counts, which describes

the average number of nearest M metal per Pt atom, decrease from 2.8 to 1.8 and from 3.1
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Figure 3.4: Comparison of commercial Pt/C, PtCuNi/C, PtCuNi-O/C (A) HER polar-

ization plot (B) overpotential at 10 mA/cm2, (C) mass activity at -0.07 V vs. RHE, (D)

current density at -0.2 V vs. RHE. Comparison of commercial Pt/C, PtCuNi/C, PtCuNi-

O/C in stability test (E) HER chronopotentiometry curve (F) potential drop based on initial

and end comparison. All tests were performed in 1M KOH with a rotation rate of 1600 r.p.m.

and current densities are normalized to the geometric area of the working electrode. The

error bars in all figures of this work represent standard deviation if not specifically noted.
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Figure 3.5: XRD and XAS characterization of the dealloying induced structural change.

XRD characterization of the dealloying process, (A) The relation between the representative

(111) peak position and annealing time, (B) the relation between lattice parameter and

the annealing time. The comparison of PtNi/C, PtCuNi/C and representative PtNi-O/C,

PtCuNi-O/C based on EXASF data, (C) Pt-M bond length, (D) Pt-M bond counts.

to 1.4 due to the dealloying process of PtNi and PtCuNi nanoparticles, respectively (Figure

3.5D).

We further characterized the representative PtNi-O/C and PtCuNi-O/C nanocatalysts.

The high angle annular dark field (HAADF) scanning transmission electron microscopy

(STEM) and the atomic resolution HAADF-HRSTEM image reveal that the average (200)

lattice spacing of PtNi-O nanoparticle is 0.191 nm, corresponding to a lattice parameter

of 0.382 nm for the core of nanoparticle, given the fcc structure (Figure 3.8A). Similarly,

for the PtCuNi-O nanoparticle, the observed average (111) interplane distance is 0.221 nm

(Figure 3.8A), corresponding to a lattice parameter of 0.383 nm based on its fcc packing.

Also, NiO islands, which consist of 3-4 NiO (111) layers (marked with yellow in Figure 3.8),
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Figure 3.6: XRD Characterization of nanocatalysts. (A) PtNi annealed at 160 °C air with

a series of time. (B) zoom in of A. (C) PtCuNi annealed at 200 °C air with a series of time.

(D) zoom in of (C).
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Figure 3.7: FT-EXAFS spectra and fittings at the Pt L3-edge of A, (B) PtNi/C, C,

(D) PtNi-O/C, (E, F) PtCuNi/C, (G, H) PtCuNi-O/C. The FT-EXAFS spectra are not

phase-corrected for showing the original data. S2
0 was fixed at 0.83 as obtained by fitting the

reference foil. Fits were done in the R-space with k1,2,3 weighting. The windows of 1.12 <

R < 3.31 Å and ∆k = 3.0 – 14.6 Å-1 were used for fitting. The fitting results of the E0 are

6.4 ± 0.7 eV and 5.7 ± 0.6 eV for PtNi-O and PtCuNi-O, respectively. Raw k2χ(k)(Å-2)
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Figure 3.8: STEM characterization of PtNi-O and PtCuNi-O octahedral nanoparticles.

Atomic resolution HAADF STEM images (A) PtNi-O/C, (B) PtCuNi-O/C.

are observed on the surface of the PtNi-O/C and PtCuNi-O/C nanoparticles. The observa-

tion of NiO surface islands can be supported by the energy dispersive spectroscopy (EDS)

maps (Figure 3.3A). Based on XRD spectra, STEM images, and EDS maps, we further

confirmed that, for both PtNi-O and PtCuNi-O, Ni is mainly distributed on the surface of

the nanoparticle, Pt is located at the relatively central part, and Cu is more concentrated

at the center. Both PtNi-O/C and PtCuNi-O/C octahedral nanoparticles consist of Pt al-

loy cores and NiO surface islands. This observation matches well with the XPS spectra

that present obvious NiO peaks, which suggests the surface enrichment of NiO through the

oxidative annealing process.

Furthermore, the relationship of the hydrogen evolution reaction (HER) mass activity

with the lattice parameter was studied (Figure 3.9). To compare the HER performance of

the PtNi/C and PtCuNi/C with different annealing time, a rotating disk electrode (RDE)

system was used for the HER test. For a fair comparison, we followed the same test protocol

for all prepared catalysts. Among all samples, the PtNi-O/C annealed for 120 mins pre-

sented the highest mass activity (MA) of 9.1 ± 0.6 mA/µgPt at an overpotential of -0.07 V

(Figure 3.9A). The PtCuNi-O/C annealed for 120 mins showed the highest MA of 8.7 ± 0.8

mA/µgPt among all PtCuNi-O/C samples (Figure 3.9A). The PtNi-O/C and PtCuNi-O/C

showed similar trends and presented the highest mass activity at a lattice parameter between

0.3825 to 0.3835 nm (Figure 3.9B). The representative PtNi-O and PtCuNi-O (annealed for
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120 min) catalysts show 9.9-fold and 9.5-fold MA compared to Pt/C (0.92mA/µgPt), respec-

tively (Figure 3.9C). In order to study the stability of the developed material, the working

electrode was maintained at 10 mA/cm2 for 10 hours. PtCuNi-O/C demonstrated slightly

better durability over PtNi-O/C and obviously superior stability over the commercial Pt/C

(Figure 3.9D). The EDS analysis reveals that there is only a small drop of Ni content for

PtNi-O/C (47.1% to 42.5%) and PtCuNi-O/C (37.3% to 29.1%) before and after the stability

test. Comparing the TEM images, both PtNi-O/C and PtCuNi-O/C demonstrate neither

significant aggregation nor morphology change of nanoparticles before and after the stability

test, while Pt/C shows apparent particle aggregation (Figure 3.10). In the EDS maps, Ni

remains enriched on the surface of representative PtNi-O/C and PtCuNi-O/C nanoparticles

after the stability test (Figure 3.11). Thus, there is no significant change in the elemental

distribution for PtNi-O/C and PtCuNi-O/C before and after the stability test (Figure 3.3,

3.11).

The overall composition for Pt-based catalysts is maintained the same assuming no metal

loss during the annealing process. In addition, we further analyzed the surface composition

evolution during the annealing process based on XPS spectra (Figure 3.12, 3.13, Table

3.1). The ratio of non-precious group metal (Ni and Cu) to platinum is estimated for PtNi-O

and PtCuNi-O annealed at different lengths of time (Table 3.1). By plotting the obtained

MA of the annealed catalysts in HER versus the surface (Ni+Cu)/Pt ratio, it is found that

further increasing the annealing time of PtCuNi-O/C from 240 min to 480 min leads to

no further increase of surface (Ni+Cu)/Pt ratio while the HER MA of PtCuNi-O decrease.

Also, the surface (Ni+Cu)/Pt ratios associated with the best performance of PtNi-O/C and

PtCuNi-O/C are 1.53 and 1.31, respectively (Table 3.1). In contrast, Figure 3.9B shows

that the trend of MA in the HER test versus lattice parameter obtained from XRD is quite

similar for both PtNi-O/C and PtCuNi-O/C catalysts. The lattice parameters associated

with the PtNi-O/C and PtCuNi-O/C show the best MA fall within the region of 0.3825-

0.3835 nm (Figure 3.9B, Table 3.2). Thus, tuning the lattice parameter is critical for
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Figure 3.9: HER test of prepared catalysts. Comparison of HER mass activity of PtNi-

O/C and PtCuNi-O/C annealed at different periods of time, (A) relationship between mass

activity and annealing time (B) relationship between mass activity and lattice parameter.

(C) commercial Pt/C, representative PtNi-O/C, and PtCuNi-O/C. (D) HER chronopoten-

tiometry plot for stability test, (E) potential drop based on initial and end comparison. All

the performances were evaluated in 1 M KOH. The stability test is maintained at a constant

current density 10 mA/cm2.
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Figure 3.10: TEM images of materials before HER durability test (A) Pt/C, (B) octa-

hedral PtNi-O/C, (C) octahedral PtCuNi-O/C, after HER stability test (D) Pt/C, (E)

octahedral PtNi-O/C, (F) octahedral PtCuNi-O/C.

optimizing the HER performance of Pt-based catalysts.
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Figure 3.11: EDS maps of elemental components in a representative PtNi-O octahedral

nanoparticle after HER stability test (A) overlapped distribution of Pt, Ni in a single

map (B) EDS maps of Pt, Ni in separated panels and a HAADF STEM image of the

mapped PtNi-O octahedral nanoparticle. EDS maps of a representative PtCuNi-O octahe-

dral nanoparticle after HER stability test (C) overlapped distribution of Pt, Cu, Ni in a

single map (D) EDS maps of Pt, Cu, Ni in separated panels and a HAADF STEM image

of the mapped PtCuNi-O octahedral nanoparticle.
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Figure 3.12: XPS spectra of Pt 4f and Ni 2p for PtNi-O annealed at 160 °C in air for (A)

30 min, (B) 60 min, (C) 120 min, (D) 240 min, (E) 480 min.
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Figure 3.13: XPS spectra of Pt 4f, Ni 2p, and Cu 2p for PtCuNi-O annealed at 200 °C in

air for (A) 15 min, (B) 30 min, (C) 60 min, (D) 120 min, (E) 240 min, (F) 480 min.
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Table 3.1: Comparison of PtCuNi/C, PtCuNi-O/C, PtNi/C, and PtNi-O/C for the surface

ratio of non-platinum group metal (Ni+Cu) to platinum at different annealing time. The

metal ratio estimation is based on the integration of peak area in XPS spectra.

Sample
Annealing

Time (min)

XPS ratio

of Ni/Pt

XPS ratio

of (Ni+Cu)/Pt

PtNi/C 0 1.02 1.02

PtNi-O/C 30 1.35 1.35

PtNi-O/C 60 1.49 1.49

PtNi-O/C 120 1.53 1.53

PtNi-O/C 240 1.59 1.59

PtNi-O/C 480 1.68 1.68

PtCuNi 0 0.53 0.56

PtCuNi-O/C 15 1.08 1.12

PtCuNi-O/C 30 1.16 1.19

PtCuNi-O/C 60 1.21 1.25

PtCuNi-O/C 120 1.27 1.31

PtCuNi-O/C 240 1.29 1.33

PtCuNi-O/C 480 1.29 1.33
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Table 3.2: Comparison of PtNi-O/C, PtCuNi-O/C nanocatalysts in terms of annealing

time, (111) peak position for octahedral nanoparticles in XRD spectrum, lattice parameter

based on XRD, shortest atomic distance based on lattice parameter, HER mass activity at

-0.07 V vs. RHE.

Sample
Annealing

Time(min)

The (111) Peak

at 2θ (degree)

Lattice

Parameter (nm)

Shortest Atomic

Distance (nm)

Mass Activity

(mA/µgPt)

PtNi-O/C 30 41.03 0.3807 0.2692 7.5 ± 0.5

PtNi-O/C 60 40.91 0.3818 0.2700 8.0 ± 0.9

PtNi-O/C 120 40.82 0.3826 0.2705 9.1 ± 0.6

PtNi-O/C 240 40.77 0.3830 0.2708 7.3 ± 0.7

PtNi-O/C 480 40.72 0.3835 0.2712 7.2 ± 0.6

PtCuNi-O/C 15 41.06 0.3804 0.2690 5.8 ± 0.7

PtCuNi-O/C 30 40.88 0.3820 0.2701 6.5 ± 0.3

PtCuNi-O/C 60 40.83 0.3825 0.2705 8.6 ± 0.8

PtCuNi-O/C 120 40.75 0.3832 0.2710 8.7 ± 0.8

PtCuNi-O/C 240 40.70 0.3837 0.2713 6.3 ± 0.8

PtCuNi-O/C 480 40.65 0.3841 0.2716 5.4 ± 0.5
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3.4 Conclusion

In this study, we report a way of further optimizing the HER performance of highly ac-

tive Pt-based nanocatalysts by tuning their lattice parameter. We found that the dealloyed

nanocatalysts showed the best performance when the lattice parameter was in the range of

0.3825-0.3835 nm for both PtNi-O/C and PtCuNi-O/C. The optimized PtNi-O/C demon-

strated a mass activity of 9.1 mA/µgPt, which is 9.9-fold compared to that of Pt/C. The

reported PtNi-O/C is one of the best Pt-based HER catalysts, with mass activity only sur-

passed by SANi-PtNWs41. To sum up, we demonstrated a way to further improve HER

efficiency by tuning the lattice of Pt-based nanocatalyst, which can potentially reduce the

operational cost of industrial electrolyzer further and enhance the efficiency of renewable

energy storage.

3.5 Author Contribution

Zipeng Zhao proposed the idea of PtNi alloy, provided the original synthetic recipe, and

conducted the corresponding characterization. Haotian Liu proposed the idea of Ni enrich-

ment and Cu lattice tuning on the surface, improved the synthetic recipe, and conducted

the corresponding characterization. Wenpei Gao and Xiaoqing Pan provided support on

HRSTEM image acquisition. Wang Xue, Zeyan Liu, and Jin Huang provided support for

other characterizations. Yu Huang proposed the idea and instructed the experiments.
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CHAPTER 4

Unveiling the Structure-Activity Relationships for

Cobalt-based Spinel Oxide with Superior Acidic OER

Performance

4.1 Background

Note: this is a version of a paper in preparation.

Carbon neutrality is one of the most critical priorities for the twenty-first century.42,43,44

Society must discover ecologically benign energy sources to replace fossil fuels and cut net

CO2 emissions significantly to attain carbon neutrality. Molecular hydrogen stands out

among the many possible energy sources due to its high gravimetric energy density45 and

the lack of harmful byproducts during energy conversion. However, the most efficient in-

dustrial method for hydrogen production is the steam reforming of natural gas,45 which is

energy-intensive and produces COx and NOx pollutants. Water electrolysis is a most at-

tractive alternative for clean hydrogen production because oxygen and water vapor are the

only byproducts, and the energy source can be renewable (such as solar, geothermal, or

biomass).46 Ideally, water electrolysis would be more effective in acidic environments. Plat-

inum’s electrochemical hydrogen evolution activity is approximately two orders of magnitude

more active in acidic than alkaline conditions.25,47 In addition, the proton exchange mem-

brane water electrolyzer, featuring acidic conditions, receives intensive attention over the

alkaline electrolyzer because the former produces pure hydrogen at a higher current density
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and higher voltage efficiency.12,48 In acidic environments, the anode catalysts are Ru or Ir-

based catalysts,49 which suffer from high price and poor longevity in acidic environments.50

Finding a low-cost, efficient, and durable catalyst for the acidic oxygen evolution reaction

(OER) can drastically cut the cost of water electrolysis.

Non-noble-metal-based catalysts, including unary metal oxides,51,52 polymetallic oxides,53,54

and polyoxometalates,55 showed potential for acidic OER. The spinel Co3O4 attracts atten-

tion because of its facile synthetic strategy, high activity, and good acid resistance.56,57,58

However, the activity of Co3O4 needs to be improved due to the notable performance gap

between Co3O4 and RuO2.
56 Decorating Co3O4 with other non-noble transition metals is

an effective method to improve the OER performance, which brings higher electrical con-

ductivity and lower kinetic barrier towards OER in alkaline conditions.59,60,61 Nevertheless,

employing a similar design strategy while maintaining the acidic corrosion resistivity and

high activity for acidic OER can be challenging.

Adsorbate evolution mechanism (AEM) is widely studied as the OER mechanism, in-

volving O*, OH*, and OOH* intermediates during the catalytic cycle.62 A stringent scaling

relationship demonstrates the linear-correlated binding energy of the intermediates.63 There-

fore, the binding energy cannot be individually tuned. However, some recent works reported

that catalysts could overcome the theoretical free energy limit between OH* and OOH*

(∆GOH*=∆GOOH* + 3.2 ± 0.2 eV)64,65 ruled by scaling relationship,66,67,68 indicating that

there are possible alternative mechanisms involved other than AEM. Lattice oxygen evolu-

tion mechanism (LOM) and direct O-O coupling (DOC) mechanism are widely demonstrated

in recent studies. LOM delivers a high activity but poor stability due to the in situ formation

of oxygen vacancies in the oxides.69,70 Whereas the direct O-O coupling (DOC) mechanism

is optimal because the oxides have no structural change during the catalytic cycle.71 Two

oxygen-containing intermediates adsorbed on adjacent metal atoms couple and form oxygen

molecules without OOH* involved. Thus the scaling relationship can be broken. Never-

theless, DOC mechanism has a strict requirement on the geometrical configuration of the
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crystal structure.67,68 However, designing a non-noble-metal-based spinel oxide structure that

facilitates acidic OER by employing DOC mechanism has seldom been reported.

Here, we report a cobalt-based spinel oxide structure (MCo2O4, M = Mn, Ni, Co, Cu)

following DOC mechanism requirements with ultrahigh acidic OER activity and exceptional

stability. We showed that decorating the spinel cobalt oxides with other transition metals

(Mn, Ni, Cu) could enhance the OER activity and durability. Among decorated spinel

oxides, NiCo2O4 showed the highest acidic OER activity demonstrating an overpotential of

407 mV at 100 mA/cm2 in 0.5 M H2SO4. NiCo2O4 also exhibited superior OER durability

in 0.5 M H2SO4 with an overpotential increase of 68.9 mV at 10 mA/cm2 and 98.6 mV

at 100 mA/cm2 after 20 hours of chronopotentiometry test. X-ray absorption spectroscopy

(XAS) studies demonstrated that Ni occupies the octahedral site predominantly. In situ

XAS revealed that adding Ni to the structure resulted in less structural change during the

OER process, which was the source of NiCo2O4’s higher endurance. DFT calculations on

the (110) facet of NiCo2O4 and Co3O4 indicate that OER in acidic conditions undergoes the

DOC mechanism as opposed to the water nucleophilic attack AEM that we found for many

other systems72,73,74. Our DFT calculations indicate that the NiCo2O4 (110) surface has an

overpotential towards OER that is 90 mV lower than that for the Co3O4 (110) surface, which

is consistent with the experimental difference of 67 mV.

4.2 Materials and Methods

4.2.1 Chemicals and Materials

Cobalt(II) chloride hexahydrate [CoCl2·6H2O, ACS Reagent, 98%], nickel(II) chloride hex-

ahydrate [NiCl2·6H2O, ReagentPlus], ammonium fluoride [NH4F, ACS Reagent, ≥ 98.0%],

urea [CO(NH2)2, ReagentPlus, ≥ 99.5%, pellets], ruthenium(IV) oxide (RuO2, 99.9% trace

metals basis), sulfuric acid (H2SO4) were purchased from Sigma Aldrich. Ethanol (200 proof)

was obtained from Decon Labs, Inc. Acetone (≥ 99.5%) and isopropanol (≥ 99.5%) were
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purchased from Fisher Chemical. All reagents were used as received without further purifi-

cation. The carbon fiber paper (AvCarb MGL370) was purchased from Fuel Cell Store. The

deionized water (18 MΩ/cm) was obtained from an ultra-pure purification system (Milli-Q

advantage A10).

4.2.2 Pretreatment of Carbon Fiber Paper (CFP)

The CFP was washed and sonicated in ethanol and water several times to removed surface

impurities. Then the CFP was oxidized in 0.5 M H2SO4 via cyclic voltammetry from 1.8

V to 2.3 V at a sweep speed of 100 mV/s for 40 cycles. This step is to further clean the

CFP’s surface and improve its hydrophilicity. The oxidized CFP was washed and sonicated

in water 3 times and ready for use.

4.2.3 Synthesis of Hierarchical Spinel Cobalt Oxide (Co3O4) on CFP

The hierarchical MCo2O4 was synthesized via a facile hydrothermal method adjusted from

previous literature75 and directly grown on CFP. Typically, 3 mmol of CoCl2·6H2O, 4 mmol

of NH4F, and 10 mmol of urea were dissolved in 13 mL of water and sonicated for 5 mins

until the solution was clear. The solution was then transferred into a 20-mL Teflon shell.

The CFP was placed in the shell, and the shell was placed in a stainless-steel autoclave.

The autoclave was kept at 120 ℃ for 12 hours and cooled down naturally. The loaded CFP

was then washed with water and ethanol 3 times, respectively, and dried in vacuum at room

temperature. After the loaded CFP was fully dried, it was annealed in a tube furnace at 350

℃ for 3 hours and cooled down naturally. Now the Co3O4 on CFP is ready to use.
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4.2.4 Synthesis of Hierarchical Cobalt-based Spinel Oxide (MCo2O4, M = Mn,

Ni, Cu) on CFP

The hierarchical MCo2O4 was synthesized via a facile hydrothermal method and directly

grown on CFP. Typically, for the synthesis of NiCo2O4, 2 mmol of CoCl2·6H2O, 1 mmol of

NiCl2·6H2O, 4 mmol of NH4F, and 10 mmol of urea were dissolved in 13 mL of water and

sonicated for 5 mins until the solution was clear. The solution was then transferred into a

25-mL Teflon shell. The CFP was placed in the shell, and the shell was placed in a stainless-

steel autoclave. The autoclave was kept at 130 ℃ for 12 hours and cooled down naturally.

The loaded CFP was then washed with water and ethanol 3 times, respectively, and dried

in vacuum at room temperature. After the loaded CFP was fully dried, it was annealed in

a tube furnace at 350 ℃ for 3 hours and cooled down naturally. Now the NiCo2O4 on CFP

is ready to use. For MnCo2O4 and CuCo2O4 on CFP, the synthetic route is very similar

except that the NiCl2·6H2O was substituted by MnCl2·4H2O and CuCl2·2H2O.

4.2.5 XAS Study Sample Preparation

4.2.5.1 For ex situ Test

The original catalyst loaded on CFP was directly used for the XAS study. For after-CV

samples, the CV was conducted between 1500 mV and 1700 mV in 0.5 M H2SO4 at a sweep

rate of 100 mV/s for designated cycles (10, 50, 100, and 500 cycles). After the CV was

finished, the sample was washed with water several times to remove the acid residue. Then

the sample was dried in vacuum and ready for the XAS test.

4.2.5.2 For in situ Test

Before the in situ XAS test, the catalyst was washed with water and placed in 0.5 M H2SO4,

and then a CV between 1500 mV and 1700 mV was conducted at a sweep rate of 100 mV/s
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for 10 cycles until stable. Subsequently, the in situ XAS test was conducted in 0.5 M H2SO4

at 1.65 V vs. RHE.

4.2.6 Characterization

Transmission electron microscopy (TEM) images were taken on an FEI T12 operated at

120 kV. Scanning transmission electron microscopy (STEM) images were taken on an FEI

TITAN operated at 200 kV, and energy-dispersive X-ray spectroscopy (EDS) spectra were

measured on an FEI TITAN operated at 200 kV. Atomic resolution high angle annular dark

field (HAADF) STEM images and EDS mapping were taken on a JEOL Grand ARM300CF

TEM/STEM operated at 300 kV. Samples for TEM measurements were prepared by drop-

ping 10 µL Pt-based octahedra isopropanol dispersion onto carbon-coated copper grids (Ladd

Research, Williston, VT) using a pipette and then drying under ambient conditions. Al grids

or Au grids (Ted Pella, Redding, CA) were used for the EDS sample preparation. Powder

X-ray diffraction patterns (PXRD) were collected on a Panalytical X’Pert Pro X-ray Pow-

der Diffractometer with Cu-Kα radiation. The composition of catalysts was determined

by inductively coupled plasma atomic emission spectroscopy (ICP-AES, Shimadzu ICPE-

9000) as well as EDS. X-ray photoelectron spectroscopy (XPS) tests were done with Kratos

AXIS Ultra DLD spectrometer with Al Kα (1486.6 eV) X-ray source in the University

of California, Los Angeles (UCLA). For the sample Co3O4 and NiCo2O4, the Co and Ni

K-edge x-ray absorption near edge spectroscopy (XANES) and extended x-ray absorption

fine structure (EXAFS) spectra were collected at beamlines ISS 6-BM and 8-ID at the Na-

tional Synchrotron Light Source II (Brookhaven National Laboratory, NY). The in situ XAS

experiments were conducted at room temperature in a previously described in situ spectro-

electrochemical half cell in which a continuously O2-purged 0.5 M H2SO4 aqueous solution

was circulated76, at beamlines ISS 6-BM and 8-ID at the National Synchrotron Light Source

II (Brookhaven National Laboratory, NY).
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4.2.7 Electrochemical Test

The cobalt-based spinel oxide catalyst on CFP (MCo2O4/CFP) was directly used for elec-

trocatalytic tests without further treatments. As the catalyst was directly grown on CFP,

catalyst binders such as Nafion are not needed. The catalyst loading was ∼ 3 mg/cm2 on

CFP, which was estimated by ICP-AES for all samples. The catalyst was briefly washed

with water before each test.

All electrochemical tests were carried out on a three-electrode cell from Pine Research

Instrumentation. The working electrode was the CFP loaded with the corresponding cata-

lyst. The reference electrode was an Ag/AgCl electrode from CH Instrument. The reference

electrode was calibrated in a hydrogen-saturated 0.5 M H2SO4 solution using Pt wire as both

working and counter electrode. The CV test was conducted and the potential for 0 current

is the reference potential vs. reversible hydrogen electrode (RHE). A Pt coil was used as

the counter electrode. The acidic electrolyte solutions (0.5 M H2SO4) were saturated with

oxygen. Cyclic voltammetry (CV) was conducted in each solution between 1500 mV to 1700

mV vs. Reverse Hydrogen Electrode (RHE) at a sweep rate of 100 mV/s for 10 cycles before

oxygen evolution reaction (OER) tests. OER was tested between 1100 mV to 1830 mV vs.

RHE in each solution using linear sweep voltammetry (LSV) at a sweep rate of 10 mV/s.

The impedance of each solution was tested on a Princeton VersaSTAT 4 electrochemistry

workstation. The solution resistance measured via impedance test was around 2.5 Ω in 0.5 M

H2SO4. The above values are used for post-test iR correction. The stability of the catalyst

is evaluated via chronopotentiometry (CP) test at a current density of 10 mA/cm2 in 0.5 M

H2SO4.

4.3 Results and Discussion

Hierarchical MCo2O4 (M = Mn, Co, Ni, Cu) on carbon fiber paper with a high surface area

is typically synthesized using a hydrothermal-annealing method which we have modified
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from a previous report on Co3O4 synthesis (Figure 4.1).75 The as-synthesized MCo2O4 is

ready for use without further modification. Figure 4.1A depicts a schematic illustration

of the hierarchical structures of NiCo2O4. With in situ growth on the carbon fiber paper,

NiCo2O4 displayed a flower-like structure, with each branch composed of nanoparticles.

Based on the scanning electron microscopy (SEM) images (Figure 4.1B, C), the flower-like

structure has an average size of approximately 12 µm. Moreover, the transmission electron

microscopy (TEM) image shows that the 15-nanometer nanoparticles form the branches of

this hierarchical structure (Figure 4.1D). From the energy dispersive spectroscopy (EDS)

mapping, Ni, Co, and O were evenly distributed across the hierarchical structure (Figure 4.2

and Figure 4.3). The high-resolution transmission electron microscopy (HRTEM) image

reveals a lattice spacing of 0.245 nm, which corresponds well with the NiCo2O4 (311) facet

lattice spacing (Figure 4.1E). As shown in Figure 4.1F, the diffraction peaks of NiCo2O4

coincide well with those of the cubic spinel structures (Fd-3m), with the main peak at ∼

36.7°. The peaks at 25.8°, 42.4°, and 53.5° are attributable to the carbon fiber paper (Figure

4.4). Co3O4, MnCo2O4, and CuCo2O4 also exhibited similar crystal structures according

to corresponding XRD patterns (Figure 4.5). The SEM-EDS mapping showed that the

elements were evenly distributed throughout the structure (Figure 4.6, Figure 4.7, and

Figure 4.8). SEM and TEM images showed that NiCo2O4 and Co3O4 had similar flower-like

hierarchical structures (Figure 4.2C, D, and Figure 4.9).

X-ray photoelectron spectroscopy (XPS) was utilized for surface analysis of NiCo2O4

and Co3O4 (Figure 4.10). The predominant surface oxidation states of cobalt in NiCo2O4

and Co3O4 are Co2+ and Co3+, and the predominant surface oxidation states of nickel in

NiCo2O4 are Ni2+ and Ni3+, which is consistent with the previous report77.
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Figure 4.1: Structure characterization for NiCo2O4. (A) Schematic illustration of the

synthetic method and corresponding hierarchical structures. (B) and (C) SEM images.

(D) TEM image. (E) HRTEM image. (F) XRD Pattern. Green droplines indicate the

standard XRD pattern for NiCo2O4 (JCPDS #20-0781).
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Figure 4.2: TEM-EDS mapping of NiCo2O4.

57



Figure 4.3: SEM-EDS mapping and spectrum NiCo2O4.
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Figure 4.4: XRD pattern of the carbon fiber paper.

Figure 4.5: XRD patterns of Co3O4, MnCo2O4, and CuCo2O4.
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Figure 4.6: SEM-EDS mapping and spectrum Co3O4.
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Figure 4.7: SEM-EDS mapping and spectrum MnCo2O4.
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Figure 4.8: SEM-EDS mapping and spectrum CuCo2O4.
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Figure 4.9: (A) SEM image (B) STEM image of Co3O4.

Figure 4.10: XPS spectrum of (A) Co 2p region of NiCo2O4 and Co3O4. (B) Ni 2p region

of NiCo2O4.
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The x-ray absorption near edge spectroscopy (XANES) and extended x-ray absorption

fine structure (EXAFS) analysis were employed to determine the atomic environment of

Ni and Co in NiCo2O4 and Co3O4. The spinel structure (AB2O4) consists of tetrahedral

sites (A site or Td site) and octahedral sites (B site or Oh site) in a ratio of 1:2 (Figure

4.11A).78 The Co K-edge Fourier Transformed EXAFS (FT-EXAFS) revealed the local

bonding structure of Co in NiCo2O4 and Co3O4. As depicted in Figure 4.11B, three major

peaks at ∼ 1.5 Å, 2.4 Å, and 3.0 Å are associated with the Co-O, CoOh-Co/NiOh, and

CoTd-Co/NiOh scattering paths, respectively.61,79,80 For NiCo2O4 and Co3O4, both CoOh and

CoTd have substantial populations based on the comparably high CoOh-Co/NiOh and CoTd-

Co/NiOh peak intensity. For NiCo2O4, however, the CoOh-Co/NiOh peak intensity decreases

and the CoTd-Co/NiOh peak intensity increases, indicating that Ni tends to replace Co in the

octahedral site. In addition, as shown in the Co K-edge XANES(Figure 4.12A), the pre-

peak feature ∼ 7709 eV indicates the superposition of the 1s to 3d transition of tetrahedral

Co and the 1s to 4t1u transition of the octahedral low spin Co(III),81 which supports the

conclusion that tetrahedral and octahedral Co exist in both structures.

According to the Ni K-edge FT-EXAFS (Figure 4.11C), three major peaks at ∼ 1.6 Å,

2.5 Å, and 3.1 Å are associated with the Ni-O, NiOh-Co/NiOh, and NiTd-Co/NiOh scattering

paths, respectively.82 The significantly higher intensity of the NiOh-Co/NiOh peak compared

to that of the NiTd-Co/NiOh peak demonstrates that Ni in octahedral coordination predom-

inates over Ni in tetrahedral coordination. According to the Ni K-edge XANES (Figure

4.12B), the minor pre-peak feature at ∼ 8334 eV suggests that the local Ni structure is not

totally symmetric,83 confirming the existence of Ni in the tetrahedral site. In addition, based

on the fitting result shown in Table 4.2, the Ni-O bond length is 1.985 Å, which is very

close to but slightly longer than the typical Ni3+-O bond distance (1.95-1.98 Å) in octahedral

coordination,84 indicating that the majority of Ni stays trivalent with a small divalent por-

tion in the octahedral site. Theoretical model structures for CoTd[CoOh]2O4, NiTd[CoOh]2O4,

and CoTd[NiOhCoOh]O4 were constructed and examined to determine the quantitative atomic
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Figure 4.11: (A) Schematic illustration of the spinel crystal structure showing the tetrahe-

dral (Td) and octahedral (Oh) sites. (B) FT-EXAFS spectrum of Co K-edge from NiCo2O4

and Co3O4 showing the peaks assigned to Td and Oh. (C) FT-EXAFS spectrum of Ni

K-edge from NiCo2O4 showing the peaks assigned to Td and Oh.

environment of Co and Ni. The theoretical structure details for the standard model were

calculated (See following section for detailed calculations). From the FT-EXAFS fitting re-

sults of the Co and Ni K-edges from the as-prepared NiCo2O4, the results are considerably

closer to those of the CoTd[NiOhCoOh]O4 model structure, indicating that Ni mainly occupies

the octahedral site while Co occupies both the octahedral and tetrahedral sites.
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Figure 4.12: XANES spectrum of (A) Co K-edge from NiCo2O4 and Co3O4. (B) Ni

K-edge from NiCo2O4. Co(OH)2, Co Foil, and Ni2O3 are standard spectra.
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4.3.1 Building EXAFS Fitting Models for Co3O4 and NiCo2O4

In a typical spinel structure AB2O4, there are two kinds of sites created by oxygen, which are

the tetrahedral site (A Site) and the octahedral site (B site) (Figure 4.11A). To figure out

which site nickel atom stays (tetrahedral or octahedral), it is essential to study the standard

structure model of Co3O4 and NiCo2O4, and investigate what should be the fitting result

from FT-EXAFS. Co3O4 and NiCo2O4 are already confirmed to possess the Fd-3m spinel

structure, therefore we will begin with the fundamental spinel structure.

4.3.1.1 Co3O4 Model Structure

A = Co and B = Co, Model: CoTd[CoOh]2O4

(Td: Tetrahedral Site; Oh: Octahedral Site; N = Coordination Number; CN = Average

Coordination Number; A-B = A as center atom, B as coordinating atom; R = atomic

distance. The unit cell is set as 8 Å. We only consider the metal-metal distance of around 3

Å, so A-A bond (over 5 Å) is not considered. Hereinafter the same.)

For A Site : NA−B = 12;RA−B = 3.32 Å;NA−O = 4;RA−O = 2 Å

For B Site : NB−A = 6;RB−A = 3.32 Å;RB−B = 2.83 Å;NB−O = 6;RB−O = 1.73 Å

Because A atom and B atom are the same (Co), so A-B and B-A are the same, so:

CNA−B =
12× 1 + 6× 2

1 + 2
= 8

CNB−A =
12× 1 + 6× 2

1 + 2
= 8

CNB−B =
0× 1 + 6× 2

1 + 2
= 4

Therefore: For Co A site, only 1 metal-metal bond distance of 3.32 Å with a coordination

number of 8. For Co B site, there are 2 bond distances: A shorter bond distance of 2.83

Å with a coordination number of 4. A longer bond distance of 3.32 Å with a coordination
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number of 8. For metal-oxygen bonds:

CNA−O = CNA−O =
4× 1 + 6× 2

1 + 2
= 5.3

RA−O = RB−O =
2× 4 + 1.73× 6× 2

1 + 2
= 1.8 Å

And based on the XAS principle, Co and Ni cannot be distinguished by XAS as scattering

neighbors. So, the Co3O4 theoretical model structure features seen by EXAFS should be:

Co K-edge RCo-O (Å) CNCo-O RCo-Co/Ni (Å) CNCo-Co/Ni RCo-Co/Ni (Å) CNCo-Co/Ni

CoTd[CoOh]2O4 1.8 5.3 2.83 4 3.32 8

4.3.1.2 NiCo2O4 Model Structure

For NiCo2O4 structure, there are two possibilities which are A = Ni, B = Co (Ni in tetra-

hedral site, Co in octahedral site, denote as NiTd[CoOh]2O4) and A = Co, B = Co and Ni

(Half Co in tetrahedral site, half Co in octahedral site, Ni in octahedral site, denote as

CoTd[CoOhNiOh]O4). We will discuss both cases.

I. A = Ni and B = Co, Model: NiTd[CoOh]2O4

For A Site : NA−B = 12;RA−B = 3.32 Å;NA−O = 4;RA−O = 2 Å

For B Site : NB−A = 6;RB−A = 3.32 Å;RB−B = 2.83 Å;NB−O = 6;RB−O = 1.73 Å

Because A atom and B atom is not the same, so A-B and B-A are not the same, so:

CNA−B = 12

CNB−A = 6

CNB−B =
6× 2

2
= 6

Therefore:
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For the Ni site, only 1 metal-metal bond distance of 3.32 Å with a coordination number of

12.

For Co site, there are 2 bond distances:

A shorter bond distance of 2.83 Å with a coordination number of 6.

A longer bond distance of 3.32 Å with a coordination number of 6.

For metal-oxygen bonds:

CNA−O = 4; RA−O = 2 Å

CNB−O = 6; RB−O = 1.73 Å

So, the NiTd[CoOh]2O4 theoretical model structure features seen by EXAFS should be:

Co K-Edge RCo-O (Å) CNCo-O RCo-Co/Ni (Å) CNCo-Co/Ni RCo-Co/Ni (Å) CNCo-Co/Ni

NiTd[CoOh]2O4 1.73 6 2.83 6 3.32 6

Ni K-edge RNi-O (Å) CNNi-O RNi-Co/Ni (Å) CNNi-Co/Ni RNi-Co/Ni (Å) CNNi-Co/Ni

NiTd[CoOh]2O4 2 4 - 0 3.32 12

II. A = Co and B = Co and Ni, Model: CoTd[CoOhNiOh]O4

For A Site : NA−B = 12;RA−B = 3.32 Å;NA−O = 4;RA−O = 2 Å

For B Site : NB−A = 6;RB−A = 3.32 Å;RB−B = 2.83 Å;NB−O = 6;RB−O = 1.73 Å

Because A atom and B atom is not the same, so A-B and B-A are not the same, so:

CNA−B =
12 + 6

1 + 1
= 9

CNB−A = 6

CNB−B =
6× 2

2
= 6

Therefore:
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For Co site, there are 2 bond distances:

A shorter bond distance of 2.83 Å with a coordination number of 6.

A longer bond distance of 3.32 Å with a coordination number of 9.

For the Ni site, there are 2 bond distances:

A shorter bond distance of 2.83 Å with a coordination number of 6.

A longer bond distance of 3.32 Å with a coordination number of 6.

For metal-oxygen bonds:

CNCo−O =
4 + 6

1 + 1
= 5; RCo−O =

2× 4 + 1.73× 6

1 + 1
= 2Å

CNNi−O = 6; RNi−O = 1.73Å

So, the CoTd[CoOhNiOh]O4 theoretical model structure features seen by EXAFS should be:

Co K-Edge RCo-O (Å) CNCo-O RCo-Co/Ni (Å) CNCo-Co/Ni RCo-Co/Ni (Å) CNCo-Co/Ni

NiTd[CoOh]2O4 1.84 5 2.83 6 3.32 9

Ni K-edge RNi-O (Å) CNNi-O RNi-Co/Ni (Å) CNNi-Co/Ni RNi-Co/Ni (Å) CNNi-Co/Ni

NiTd[CoOh]2O4 1.73 6 2.83 6 3.32 6

4.3.1.3 Conclusion

As the models have been studied, the results were gathered in Table4.1, which will be the

evidence for investigating the Ni coordination environment in the actual NiCo2O4 sample.
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Table 4.1: The theoretical model structure features are seen by EXAFS.

Co K-Edge RCo-O (Å) CNCo-O RCo-Co/Ni (Å) CNCo-Co/Ni RCo-Co/Ni (Å) CNCo-Co/Ni

CoTd[CoOh]2O4 1.8 5.3 2.83 4 3.32 8

NiTd[CoOh]2O4 1.73 6 2.83 6 3.32 6

CoTd[CoOhNiOh]O4 1.84 5 2.83 6 3.32 9

Ni K-edge RNi-O (Å) CNNi-O RNi-Co/Ni (Å) CNNi-Co/Ni RNi-Co/Ni (Å) CNNi-Co/Ni

CoTd[CoOh]2O4 - - - - - -

NiTd[CoOh]2O4 2 4 - 0 3.32 12

CoTd[CoOhNiOh]O4 1.73 6 2.83 6 3.32 6

Table 4.2: Ni and Co K-edge FT-EXAFS in Co3O4 and NiCo2O4 Fitting Results

Co K-Edge RCo-O (Å) CNCo-O RCo-Co/Ni (Å) CNCo-Co/Ni RCo-Co/Ni (Å) CNCo-Co/Ni

Co3O4 1.922±0.006 5.0±0.7 2.868±0.006 5.3±0.7 3.374±0.008 6±1

NiCo2O4 1.921±0.008 5.5±0.9 2.878±0.008 5.4±0.9 3.395±0.008 8±1

Ni K-edge RNi-O (Å) CNNi-O RNi-Co/Ni (Å) CNNi-Co/Ni RNi-Co/Ni (Å) CNNi-Co/Ni

NiCo2O4 1.985±0.007 5.7±0.9 2.890±0.005 9±1 3.38±0.01 5±1
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4.3.2 Electrochemical Performance Evaluation

The OER performance of the catalysts was measured using a single-cell three-electrode setup

in 0.5 M H2SO4. The working electrode was a catalyst-loaded carbon fiber paper clipped to

an electrode clip, while the reference electrode was an Ag/AgCl electrode, and the counter

electrode was a Pt wire. Unless otherwise specified, all potentials in this work are versus

the reversible hydrogen electrode (RHE), and all electrochemical data are iR-corrected. The

OER activity of the examined catalyst is depicted in Figure 4.13A. NiCo2O4 demonstrated

ultrahigh OER activity in 0.5 M H2SO4 of an overpotential of 407 mV at a current density

of 100 mA/cm2, which is much lower than that of Co3O4 (474 mV). A chronopotentiometry

test kept at 10 mA/cm2 was performed to assess the stability of the catalysts (Figure

4.13B). After the 20-hour test, the overpotential for NiCo2O4 increased by only 68.9 mV,

demonstrating more robust stability compared to Co3O4 (81.7 mV increase). Figure 4.13C

compares the current density at 1.65 V for OER in 0.5 M H2SO4 for the catalysts studied

in this work to that of various state-of-the-art catalysts.56,85,86 The as-prepared NiCo2O4

was vastly superior to other acidic OER catalysts. As displayed in Figure 4.13D, the

Tafel slope of NiCo2O4 was 65.4 mV/dec, much lower than that of Co3O4 (84.1 mV/dec),

showing superior OER kinetics on NiCo2O4. We also compared the acidic OER performance

of NiCo2O4 to that of other spinel oxides (MnCo2O4 and CuCo2O4). The activity of NiCo2O4

was also superior to that of other spinel catalysts, which led to 448 mV for MnCo2O4 and

502 mV for CuCo2O4 (Figure 4.14).

The chronopotentiometry test in 0.5 M H2SO4 further characterized NiCo2O4 with a

longer duration and a higher current density, respectively. NiCo2O4 was functional for over

70 hours at 10 mA/cm2 with only a 106.9 mV overpotential increase (Figure 4.15A). In

addition, after the chronopotentiometry test for 20 hours at 100 mA/cm2, the overpotential

for NiCo2O4 increased by only 98.6 mV (Figure 4.15A), indicating exceptional durability

at high current density. This high activity, long-term durability, and high-current-density

stability of NiCo2O4 demonstrates its great potential as an anode catalyst for the industrial
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Table 4.3: Ni and Co K-edge in situ FT-EXAFS at 1.65 V in Co3O4 and NiCo2O4 Fitting

Results

Co K-Edge RCo-O (Å) CNCo-O RCo-Co/Ni (Å) CNCo-Co/Ni RCo-Co/Ni (Å) CNCo-Co/Ni

Co3O4-1.65V 1.89±0.01 2.7±0.6 2.86±0.01 1.8±0.4 3.33±0.01 3.6±0.8

NiCo2O4-1.65V 1.908±0.007 4.1±0.7 2.859±0.008 3.9±0.7 3.37±0.01 5±1

Ni K-edge RNi-O (Å) CNNi-O RNi-Co/Ni (Å) CNNi-Co/Ni RNi-Co/Ni (Å) CNNi-Co/Ni

NiCo2O4-1.65V 1.944±0.007 4.6±0.9 2.865±0.005 9±1 3.40±0.01 7±2

water-splitting system.

To comprehend the exceptional structural stability that Ni imparts, we used in situ XAS

analysis to investigate the atomic configuration of NiCo2O4 and Co3O4 under OER con-

ditions, using 1.65 V as the OER working potential for in situ XAS data collection. The

coordination number change compared to the pristine structure was significantly smaller for

NiCo2O4 for the Co-O bond and CoOh-Co/NiOh bond at the potential of 1.65 V (Figure

4.16A, 4.16C, and Table 4.2, 4.3). This less coordination number change may indicate

that NiCo2O4 was more durable than Co3O4 during the OER process, which is consistent

with the result that NiCo2O4 had a minor potential increase in the chronopotentiometry test

(Figure 4.13B). According to Figure 4.16B, 4.16D, and Table 4.2, 4.3, Ni was sub-

stantially more stable than Co under the OER condition, as evidenced by less coordination

number change for the Ni-O bond and NiOh-Co/NiOh bond, which may support NiCo2O4’s

exceptional durability.

73



Figure 4.13: OER performance evaluation in 0.5 M H2SO4 for NiCo2O4 and Co3O4. (A)

Polarization curve. (B) Chronopotentiometry test at 10 mA/cm2. (C) Current density

comparison histogram with other reported works at 1.65 V vs. RHE. (D) Tafel plots.
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Figure 4.14: OER polarization curve in 0.5 M H2SO4 for NiCo2O4, Co3O4, MnCo2O4, and

CuCo2O4.

Figure 4.15: Chronopotentiometry test in 0.5 M H2SO4 for NiCo2O4: (A) at 10 mA/cm2

for 70 hours. (B) at 100 mA/cm2 for 20 hours.
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Figure 4.16: In situ EXAFS analysis of NiCo2O4 and Co3O4. (A) FT-EXAFS results for

the Co K-edge from NiCo2O4 and Co3O4. (B) FT-EXAFS results for the Ni K-edge from

NiCo2O4. (C) Coordination number change for the Co-O and CoOh-Co/NiOh bonds from

the pristine structure to the structure at 1.65 V. (D) Coordination number change the Ni-O

and NiOh-Co/NiOh bonds from the pristine structure to the structure at 1.65 V.
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4.4 Simulation

Studies employing facet engineering of spinel Co3O4 to find the correlation between the

CoIII/CoII ratio and OER kinetics suggested that the CoIII in the octahedral site (Oh) is

responsible for the high OER performance.87,88,89 Our EXAFS analysis (Figure 4.16A,

4.16C, and Table 4.2, 4.3) also clearly indicates that CoOh dissolution dominates in OER

working conditions for Co3O4 catalysts, implying the abundant population of surface CoOh.

While the Ni incorporation impedes the CoOh dissolution during OER, the lack of change in

the Ni coordination environment during the OER (Figure 4.16B, 4.16D, and Table 4.2,

4.3) rules out the Ni as the OER active site.

Accordingly, we constructed the (110) surface with a termination that exclusively exposes

octahedral sites with Co occupation while the fully coordinated metals in Td sites remain

below the top surface layer by ∼ 1 Å. The time-resolved Fourier-transform infrared spec-

troscopy study suggested that two adjacent active Co sites on the Co3O4 nanoparticles are

simultaneously involved in a fast catalytic cycle.90 Therefore, we considered the dual active

sites for the OER pathway rather than only a single active site mechanism.89,91,92 This allows

consideration of the associative interaction between reaction intermediates on two adjacent

CoOh sites. Based on the identical morphology between Co3O4 and NiCo2O4 (Figure 4.1B,

4.2, and 4.9), we assumed that their surface structures have a similar orientation, which is

confirmed by the XRD (Figure 4.1F and 4.5). We also investigated the possible effect of

NiTd on OER activity.

Starting with the fully reduced state (CoII-H2O*) on the inverse spinel (110) surface,

sequential deprotonation occurs as the electrode is polarized positively, oxidizing the catalyst

surface. Figure 4.17A and 4.17B show the free energies of various Co3O4 and NiCo2O4

(110) surface states, respectively. At low potential, the (110) surface is mainly covered by

0.5 monolayers CoII-H2O* and 0.5 monolayers CoIII-OH* state (denoted as µ1-H2O/µ1-OH).

In contrast, the fully oxidized surface (CoIV=O* or 2µ1-O) dominates at high potential. On
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the NiCo2O4 (110) surface, the terminal oxo (CoIV=O*) appears at U > 1.56 V while it

requires U > 1.65 V on the Co3O4 (110) surface, which is 0.09 V higher. This agrees well

with the experimental overpotential difference of 0.067 V (Figure 4.13A), implying that

the fully oxidized surface (CoIV) is the active phase for OER.79,93,94

From the fully oxidized (CoIV) surface state, we calculated the free energy along the full

OER pathway, as shown in Figure 4.18A. All elementary reaction steps are considered,

including the proton-coupled electron transfer (PCET) step, non-electrochemical O-O bond

formation, and the O2 desorption steps. There are two possible pathways for O-O bond

formation: direct O-O coupling (DOC) mechanism (Figure 4.18A, red) and adsorbate evo-

lution mechanism (AEM), and the latter involves water nucleophilic attack (WNA) (Figure

4.18A, blue). In the DOC mechanism,95,96 two adjacent terminal metal oxo combine to form

the bridging O2 species (µ2-O2). In the AEM mechanism,90,97 interfacial water attacks the

terminal oxo to form hydroperoxo (µ1-OOH) species while transferring proton to a nearby

terminal oxo (often via a Grotthuss chain of one or more additional waters), forming hydroxo

(µ1-OH). The black lines and frames in Figure 4.18A denote the common reaction steps

for both mechanisms.

Figure 4.18B and 4.18C show the free energy landscape along possible OER path-

ways in Figure 4.18A for Co3O4 and NiCo2O4 (110) surface, respectively. A theoretical

overpotential (η) is defined using the extra potential above the equilibrium potential of the

water oxidation (1.23 V) required to make all PCET steps exothermic.98 On both surfaces,

the value of η is determined by a water reduction step (reaction8 → 9 in Figure 4.18B

and 4.18C), which leads to the 2µ1-OH state. This implies high stability for the mixed

CoII/CoIII state. For Co3O4 (110), we calculate η = 0.61 V. Whereas NiCo2O4 (110) has a η

= 0.45 V, indicating higher OER performance of NiCo2O4 catalysts, which agrees with our

experiments.

For the non-electrochemical steps on Co3O4 (110), the kinetic barrier of ∆G‡ = 0.24 eV

for O-O coupling in the DOC mechanism is 0.49 eV lower than that in the AEM mechanism
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(∆G‡=0.73 eV). Moreover, the reaction free energy of ∆G = 0.5 eV is also lower. NiCo2O4

(110) leads to similar energetics of ∆G‡=0.25 eV and ∆G=-0.46 eV for DOC mechanism

and ∆G‡=0.48 eV and ∆G=-0.21 eV for AEM.

Therefore, both catalysts prefer DOC mechanism to AEM. The µ1-O2/µ1-OH state is the

most energetically stable state among the O2-bound states along the most favorable pathway

(Figure 4.18B and 4.18C). It leads to an O-O bond distance (dO-O) of 1.27 Å with a spin

density (ρ↑) of 0.82 e-, which agrees well with the strong superoxo signal (1068 cm-1) from

in situ experiments.90,99 The µ2-O2 state also possesses partial radical character (ρ↑=0.65

e-) but with a longer O-O bond (dO-O=1.34 Å). The endothermic transition from µ2-O2 to

µ1-O2 (∆G=0.17 eV) may explain the peroxo signal observed in electrochemical OER,99

which also supports the DOC mechanism.

We found that the O2 desorption step depends strongly on the presence of a nearby

reaction intermediate. On both catalyst surfaces, the O2 desorption is least endothermic

from the µ1-O2/µ1-OH state (CoIII/CoIII), with desorption free energy of 0.31 eV for Co3O4

(110) and 0.13 eV for NiCo2O4 (110). This supports the strong coupling of two Co active

sites in the OER cycle.90

Our calculations indicate that all non-electrochemical steps are quite favorable on (110),

which is supported by a theoretical study on Co3O4 (001) surface.97 This implies that the

electrochemical steps, depending strongly on the applied potential, play a crucial role. The

state in which H2O* is stabilized by a neighboring OH* via hydrogen bonding (µ1-H2O/µ1-

OH) is the primary phase that impedes the formation of active CoIV=O species (Figure

4.17A and 4.17B). The CoIV=O formation determines the OER overpotential (Figure

4.18B and 4.18C). The incorporation of Ni reduces the extra potential needed to oxidize

the CoIII/CoII surface state, leading to higher OER activity than Co3O4.

Moreover, our XAS measurements indicate that a small portion of Ni stays in the tetra-

hedral site (Figure 4.11C). To examine if surface NiTd affects the OER activity, we also

constructed the NiCo2O4 (110) with NiOh-CoTd site exchange (Figure 4.19). We calculated
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Figure 4.17: Surface Pourbaix diagrams for (A) Co3O4 (110) and (B) NiCo2O4 (110)

surface. The insets show the atomic geometries of energetically favorable surface states. The

blue, grey, red, and white spheres in the inset represent Co, Ni, O, and H elements.

the onset potential for the active phase (1.52 V) on this surface, which is similar to that

of the intact NiCo2O4 (110) (1.56 V). However, this exchange leads to AEM (∆G‡=0.52

eV) rather than DOC mechanism because the µ2-O2 (dO-O=1.35 Å) to µ1-O2 (dO-O=1.28

Å) transition is unfavorable (∆G=0.65 eV) due to the stable bridging O2 state. This makes

the non-electrochemical steps more sluggish, so this minor motif would not contribute to the

higher OER activity of NiCo2O4 compared to Co3O4 (110).
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Figure 4.18: (A) OER network. Red lines represent the direct oxo coupling (DOC) mech-

anism, and blue lines represent the water nucleophilic attack adsorbate evolution mechanism

(AEM) mechanism. The black line represents common elementary reaction steps for both

mechanisms. The thick transparent line indicates the most favorable OER pathway. The

free energy landscapes along OER pathways at 1.65 V vs. RHE on (B) Co3O4 (110) surface

and (C) NiCo2O4 (110) surface. The thick solid line indicates the most favorable pathway,

while the dashed line indicates another minor pathway. TS denotes the transition state for

the O-O bond formation step.
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Figure 4.19: (A) Surface Pourbaix diagram for NiTdCo2O4 (110) surface. The insets show

the atomic geometries of energetically favorable surface states. The blue, grey, red, and white

spheres in the inset represent Co, Ni, O, and H elements. (B) Free energy landscape along

OER pathways at 1.6 V vs. RHE. The thick solid line and dashed line indicate the most

favorable pathway and other minor pathways, respectively. Red and blue lines represent the

direct oxo coupling mechanism and water nucleophilic attack mechanism, respectively. The

black line represents common elementary reaction steps for both mechanisms. TS denotes a

transition state for the O-O bond formation step.
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4.5 Conclusion

In summary, we utilized a facile hydrothermal-annealing method to synthesize the cobalt-

based spinel oxides that obey the DOC designing rule. Specifically, the coordination envi-

ronment of NiCo2O4 was studied via XAS, in which Ni mainly occupies the octahedral site.

Among all the synthesized spinel oxides, NiCo2O4 demonstrated ultrahigh activity towards

OER in 0.5 M H2SO4 with an overpotential of 407 mV at 100 mA/cm2. The slight overpo-

tential increase of 68.9 mV after the 20-hour chronopotentiometry test indicates NiCo2O4’s

superior durability. In situ XAS studies revealed that adding Ni improved the structure

endurance during the OER. DFT calculations unveiled that the favorable mechanism on

the (110) surface of NiCo2O4 and Co3O4 is DOC mechanism. The NiCo2O4 (110) surface

demonstrated 90 mV lower overpotential than the Co3O4 (110) surface. This work pro-

vides new insights for designing durable and effective non-precious catalysts for acidic OER.

Moreover, the developed catalyst may provide the potential to serve as the anode material

of the proton exchange membrane (PEM) electrolyzer, facilitating cheaper and more durable

hydrogen production.

4.6 Author Contribution

Haotian Liu proposed the idea of Ni addition to improve the acidic OER performance,

improved the synthetic recipe, and conducted the corresponding characterization. William

A. Goddard and Soonho Kwon led the theoretical study. Qingying Jia and Ershuai Liu

led the XAS measurement and analysis. Heting Pu provided support on synthesis and

characterizartion. Zeyan Liu, Bosi Peng, Jin Cai, Ao Zhang, and Chengzhang Wan provided

support for other characterizations. Yu Huang proposed and organized the project.
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CHAPTER 5

Conclusion and Perspective

Throughout my Ph.D. studies, I focused primarily on fields related to water-splitting, such

as hydrogen evolution reaction (HER) in alkaline media catalyzed by Pt-based alloy and

oxygen evolution reaction (OER) in acidic media catalyzed by non-precious Co-based spinel

structure.

The HER performance was promoted by introducing surface engineering and lattice tun-

ing, respectively. We were able to successfully manufacture PtNi-O/C nano octahedra with

a Ni(OH)2/Pt(111) interface by employing surface engineering techniques. The as-prepared

PtNi-O/C demonstrated record-breaking alkaline HER activity and remarkable durability.

Utilizing lattice tuning, we improved the performance of the alkaline HER even further.

Incorporating various annealing conditions, we investigated the relationship between HER

performance and lattice parameter for PtNi/C and PtNiCu/C. Moreover, a lattice parameter

range was found to deliver the optimal alkaline HER activity.

In the aspect of OER, I designed the transition metal doped cobalt-based spinel oxide

structure, utilizing the outstanding acid-corrosion resistivity from Co3O4. After adding Ni in

the structure, the geometrical configuration obeys the rule for a kinetically more favorable

DOC mechanism. Specifically, I fabricated a Co-based spinel structure grown on carbon

fiber paper. The as-prepared NiCo2O4 exhibited ultrahigh performance in 0.5 M H2SO4

with preeminent stability. These achievements provided direction for future water-splitting

catalyst design and fundamentals for industrial electrolyzer development.

For the future research, here I propose several directions according to the developed
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materials and techniques:

1. Incorporating the anode material NiCo2O4/CFP and cathode material PtNi-O/C

into an industrial electrolyzer. Current research is conducted at lab scale using a single-cell,

three-electrode system, which omits some practical engineering issues in a real water-splitting

device, such as mass transport, high-temperature stability, and membrane durability, among

others.

2. Since industrial water electrolysis is conducted at 60-80°C and a current density of

approximately 0.5-1 A/cm2, the durability of the catalyst, particularly the anode catalyst,

must be enhanced due to the more corrosive conditions in the anode chamber. It is a

potential approach to fabricate protective layers outside of the nanostructures, such as TiO2

or graphene.

3. The NiCo2O4/CFP OER activity can be further enhanced. Incorporating a single

atom of Ir on the surface may stabilize the entire structure and improve OER performance.
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