
Earth Abundant Catalysts For Alkaline Hydrogen And Oxygen Electrochemistry

by

Rituja Bhagwant Patil

Bachelor of Chemical Engineering, Institute of Chemical Technology, 2016

Submitted to the Graduate Faculty of

the Swanson School of Engineering in partial fulfillment

of the requirements for the degree of

Doctor of Philosophy

University of Pittsburgh

2021



UNIVERSITY OF PITTSBURGH

SWANSON SCHOOL OF ENGINEERING

This dissertation was presented

by

Rituja Bhagwant Patil

It was defended on

October 14, 2021

and approved by

Dr. Götz Veser, PhD, Professor, Department of Chemical and Petroleum Engineering

Dr. Giannis Mpourmpakis, PhD, Associate Professor, Department of Chemical and Petroleum

Engineering

Dr. Raúl Hernández Sánchez, PhD, Assistant Professor, Department of Chemistry

Dissertation Director: Dr. James R. McKone, PhD, Assistant Professor, Department of Chemical

and Petroleum Engineering

ii



Copyright © by Rituja Bhagwant Patil

2021

iii



Earth Abundant Catalysts For Alkaline Hydrogen And Oxygen Electrochemistry

Rituja Bhagwant Patil, PhD

University of Pittsburgh, 2021

The worldwide chemical industry makes extensive use of H2 as a fuel and feedstock. However,

most hydrogen production occurs through natural gas, fossil fuels, or coal as a primary source. For

the environmental sustainability of hydrogen production, it is necessary to replace these sources

with new approaches based on renewable resources, such as solar-driven water electrolysis. Alkaline

anion exchange membrane electrolyzers are an attractive technological target to meet the cost target

of $2/kgH2 set by the U.S. Department of Energy (DOE). These electrolyzers facilitate the use of

non-precious catalysts for the hydrogen evolution and oxygen evolution half-reactions, resulting in

significant reductions in capital cost. This dissertation focuses on using Ni–Mo alloy catalysts for

hydrogen evolution and oxidation reactions and NiFeOx catalyst for oxygen evolution.

We have clarified the nanoscale composition of a previously reported Ni–Mo alloy nanocatalyst

by showing that it consists of a core@shell structure where the core is rich in Ni and the shell is

predominantly Mo-rich oxides. The structural evolution of core@shell geometry was monitored

using in-situ transmission electron microscopy, and methodologies were developed to study the

metal/metal-oxide interfaces. Based on this compositional insight, we have also determined that

unsupported Ni–Mo catalysts suffer from significant conductivity (i.e., electronic transport) limita-

tions, which we have successfully mitigated via the use of carbon supports. The intrinsic activity of

these catalysts obtained after carbon incorporation for hydrogen evolution and oxidation reactions

was also analyzed. The results suggest that the catalytic activity exhibited by them is within an

order of magnitude of the benchmark catalysts but are thousand times cheaper and are therefore very

promising. We have extended these studies to NiFeOx catalysts for the oxygen evolution reaction and

generated core@shell morphologies by electrochemical activation of binary Ni–Fe alloy nanopar-

ticles supported on oxidized Vulcan carbon. Interestingly, we observed that the activity of these

composites systematically increased when the catalyst spent more time in the solution comprising

Nafion and isopropyl alcohol. Overall, we have reduced the gap in activity and stability between

non-precious and precious metal catalysts for alkaline hydrogen and oxygen electrochemistry.
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1.0 Introduction

1.1 Purpose and Scope

This dissertation document summarizes my research efforts in electrocatalysis accomplished

since the fall of 2016. The primary purpose of this work was to develop electrocatalysts to improve

the efficiency of water electrolyzers and fuel cells, particularly for hydrogen evolution/oxidation and

oxygen evolution reactions. This dissertation is intended to be helpful for researchers who would

like to expand on my work to reach the ultimate aim of utilizing carbon-neutral technologies for

making and using hydrogen with low carbon intensity.

The remainder of this chapter will motivate the use of low-carbon emission technologies and

lay out some of the challenges for practical implementation. Chapter 2 will provide an overview

of the alkaline anion exchange membrane systems that we believe are promising to enable such

technologies. Chapter 3 provides a detailed analysis of typical hydrogen evolution/oxidation reaction

experiments executed in electrocatalysis. The chapter also describes the different mechanisms by

which unsupported Pt nanoparticles can degrade under acidic and alkaline conditions. A combination

of voltammetric analysis and identical location transmission electron microscopy (IL-TEM) allowed

us to elucidate the degradation pathways under experimental conditions commonly employed in most

research laboratories. Chapters 4 and 5 encompass our work on Ni–Mo composites for reversible

hydrogen evolution/oxidation reactions. Chapter 4 provides a detailed compositional analysis of

Ni–Mo composites. The revelation of core@shell Ni–Mo metal@oxides led us to explore the growth

of the oxide shell and significance of such metal/metal-oxide interfaces for hydrogen catalysis.

Chapter 5 discusses the practical outlook of Ni–Mo composites for reversible hydrogen elec-

trochemistry. Due to promising hydrogen evolution reaction performance, we progressed towards

establishing an industry collaboration for their implementation in alkaline anion exchange membrane

electrolyzers. We further expanded the scope of Ni–Mo composites for the alkaline hydrogen

oxidation reaction and demonstrated the ability to reversibly generate and oxidize hydrogen using

our nonprecious catalyst.
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Chapter 6 compiles our work on Ni–Fe composites for the oxygen evolution reaction. The

compositional insights obtained from Ni–Mo composites, particularly related to its metal@oxide

core-shell geometry, were extended to Ni–Fe catalysts. Additional insights about the activity and

stability of these composites under the oxidizing conditions associated with oxygen evolution reaction

are provided.

I hope the readers find this dissertation insightful and encouraging about the potential for utiliza-

tion of carbon-neutral technologies, especially for hydrogen production and electricity generation. I

wish that continued laboratory advances of this type will ultimately enable a civilization that is 100

% free of harmful carbon emissions.

1.2 Renewable resource-based devices for hydrogen production and energy storage

Hydrogen is an industrially relevant fuel and chemical feedstock, and it will only grow in

importance as we adopt low- and zero-carbon technologies. This section provides an overview of

the production routes and applicability of green hydrogen. It also presents the motivations of our lab

to work on technologies related to hydrogen production and utilization. With hydrogen as a green

fuel source, we envision to substantially minimize carbon-based emissions for a sustainable future.

1.2.1 Hydrogen economy

A total of 80 million metric tons of hydrogen is produced per year, out of which about 40% is

used in ammonia synthesis, 30% is employed to refine petroleum; 20% is used in methanol synthesis;

and the remaining 10% is used in other applications such as iron, steel or glass making.[1](figure 1.1)

Hydrogen is used in the ammonia synthesis to react with nitrogen in a 3:1 ratio to produce ammonia

gas, which serves as a precursor for various nitrogen-based fertilizers. [11] In petroleum refining,

hydrogen is primarily used to reduce the sulfur content of the diesel fuel.[12] With the historical

increase in demand for fertilizers, transportation, long-term energy storage, and the need to refine

heavy crude oils, the demand for hydrogen has increased commensurately.[1, 2]
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Figure 1.1: (a) Application of hydrogen as a fuel and chemical feedstock with the outer circle

denoting the end user applications. (b) Global annual demand for hydrogen gas over the last four

decades.The data is compiled from prior International Energy Agency (IEA) reports.[1, 2]

Figure 1.2 summarizes the carbon dioxide emissions and cost required to produce 1 kg of H2

using various non-renewable and renewable resources.[3] Most hydrogen production relies on steam

methane reforming (SMR) or coal gasification, as these are the cheapest sources.[3] About 75%

of the hydrogen is generated from steam methane reforming, termed gray hydrogen. Moreover,

hydrogen produced from steam methane reforming consists of a mixture of hydrogen and carbon

monoxide (also known as syngas). To improve the hydrogen yield, additional processing steps such

as water gas shift reactions or pressure swing adsorption reactions are needed. However, these

processes increase the carbon dioxide emissions that result from hydrogen production. Hydrogen

generation from coal gasification, termed brown hydrogen, is responsible for only about 25% of

hydrogen production. However, since coal contains a greater ratio of carbon to hydrogen, coal

gasification releases more carbon dioxide and other harmful emissions.

Based on global reserves and the current rate of consumption of natural gas and coal, it is

estimated that these non-renewable resources will last for 5–10 decades, but it is reasonable to expect

continued exploration to support a fossil resource base that could last for centuries.[13, 14] However,

the carbon emissions from these sources are a serious threat to the climate change. It is therefore
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Figure 1.2: Carbon dioxide emissions per kg of H2 and cost of production of 1 kg of H2 for various

non-renewable and renewable resources. (SMR denotes Steam Methane Reforming). The data is

compiled from prior report from Resources for the Future.[3]

imperative to mitigate carbon-based emissions and limit the net increase in the global temperature.

For example, the Paris Climate Agreement stipulates that global temperature should not be allowed

to increase more than 1.5 oC.[15]

Carbon capture, utilization, and storage (CCUS) techniques can mitigate the carbon dioxide

emission from natural gas- and coal-based hydrogen production. With CCUS, about 90% of the

carbon capture can be achieved, and the hydrogen produced this way is referred to as blue hydrogen.

Nonetheless, the production of clean hydrogen in cost-effective way using these technologies remains

a challenge. Moreover, while natural gas and coal have the potential to meet the current hydrogen

demand with lower average carbon dioxide emissions, they will not suffice for an indefinite time.
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Thus to meet long-term climate goals, while continuing to produce important fuels and chemicals,

there is a need to find an alternative renewable resource-based technique with lower carbon dioxide

emission for hydrogen production.

1.2.2 Water electrolyzers

The main focus of my doctoral research was on water electrolysis, which offers the potential

for a near-zero carbon emission route for hydrogen production. Water electrolysis is the process by

which electricity is used to split water into hydrogen and oxygen gases (equation 1.1).

2H2O(aq) −−→ 2H2(g) +O2 (g) ∆E = 1.23V vs..RHE (1.1)

The potential difference between the two half reactions of water splitting—hydrogen and oxygen

evolution—is 1.23 V, but in practice, at least 1.5–1.6 V is required at modest temperatures due to

sluggish reaction kinetics. Because renewable electricity remains considerably more expensive than

the commodity cost of fossil fuels on a cost/energy basis, the cost associated with renewable hydrogen

production from electrolysis at the current stage is high. Therefore, the overarching objective of my

dissertation research has been to reduce the cost associated with electrolysis to less than $2/kg for

hydrogen production.[16]

A detailed accounting of the technological viability of renewable hydrogen production depends

on the cost and carbon emissions associated with the source of electricity. A cost-effective and

carbon neutral electricity source is therefore needed. Currently, 60% of the global electricity

is produced from non-renewable resources such as coal and natural gas.[17] The carbon-based

emissions arising from these sources can be significantly reduced if the electricity is generated via

renewable sources such as solar and wind. The intermittent nature of these renewable resources,

however, demands efficient electric grid management to maintain a balance between the supply and

demand for electricity. Energy storage thus plays a critical role to reduce the gap between electricity

supply and demand.
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1.2.3 Fuel cells

To enable efficient energy storage, various options can be considered, including: mechanical

(pumped hydrogen systems and compressed air); electrical (supercapacitors); electrochemical

(batteries, flow batteries); and chemical (hydrogen and other fuels); as shown in figure 1.3.[18]

Hydrogen is attractive as a carbon-free store of energy due to its very high gravimetric energy density

of 145 MJ/kg, which is three times greater than gasoline and ∼100 times greater than solid-state

batteries.[19] Thus the use of hydrogen for energy storage is promising and a secondary focus of my

dissertation research was on the development of catalysts for hydrogen fuel cells.

Figure 1.3: Comparison of gravimetric and volumetric energy densities of various energy conversion

and energy storage technologies. The data is compiled from prior work by Rajasegar et al. and

Sabihuddin et al.[4, 5]
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Hydrogen fuel cells combine hydrogen and oxygen gases to generate water and electricity

(equation 1.2).

H2(g) +
1

2
O2 (g) −−→ H2O(aq) ∆E = 1.23V vs..RHE (1.2)

The theoretical voltage extracted from a hydrogen fuel cell is 1.23 V at standard state, but in practice,

the potential lower than 1.23 V is obtained again due to sluggish kinetics.

Some types of hydrogen fuel cell systems can already be considered mature technologies. Fuel

cells have been in commercial operation in space craft for 7 decades.[20] NASA first employed

fuel cells in the Gemini mission and later in the Apollo mission. Fuel cells have been the primary

source of electrical power on human spaceflight systems and efforts are also underway, by Airbus,

to operate an airplane on fuel cells.[21] To minimize carbon emissions and for a sustainable future,

Lancaster, a city in California, has become the first city in the United States to operate with hydrogen

power.[22] Amongst the automobiles, Toyota Mirai, a hydrogen fuel cell-operated mid-size car has

been on market for the last 7 years.[23] More recently, Hyundai Nexo was commercialized as a fuel

cell SUV that runs a total of 551.5 miles in one fuel tank.[24]

In comparison to established battery vehicles, the fuel cell vehicles offer lower greenhouse gas

emissions (provided the hydrogen fuel was generated using low- and zero-carbon resources) and

require less fueling time, but they still suffer from high capital costs.[25] The cost of energy storage

(battery vs. hydrogen) depends on system size and storage times. Based on the cost comparisons

for batteries and hydrogen, it was observed that batteries are advantageous for short-term storage

whereas compressed hydrogen is most effective for storage time exceeding three days. Thus, fuel

cell vehicles are particularly explored for heavy duty vehicles including buses and trucks. However,

the volumetric energy density of hydrogen is low, causing difficulties in its storage compared to

conventional liquid fuel.[26]

1.2.4 Regenerative fuel cells

A significant research effort is underway to develop strategies for efficient hydrogen storage,

including liquid hydrogen, compressed gas, solid-state storage in metal and chemical hydrides, and

liquid-state storage in organic hydrides.[27, 28, 29, 30, 31] Another strategy to minimize the hazards
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associated with storage and transportation of hydrogen is to use hydrogen at the same location where

it is generated in regenerative fuel cells (RFC). A regenerative fuel cell is a type of fuel cell which

operates in a reversible mode, wherein the hydrogen generated from an electrolyzer is used directly

in a fuel cell for electricity generation. Thus, RFCs are similar to batteries but with the added

advantage of decoupled energy and power.[32] Unlike conventional batteries, fuels are stored outside

the electrochemical stack, and thus the energy stored in RFC is unaffected by time, temperature,

and the number of charge/discharge cycles. Moreover, RFCs benefit from the very high gravimetric

energy density hydrogen fuel.[33] RCS are therefore especially useful for applications where a large

amount of energy must be stored for long periods, such as remote off-grid power sources, emergency

or backup power generation. Additional applications include continued development as energy

storage/propulsion systems for space crafts, and long endurance high altitude aircraft. The first

practical demonstration of RFC was by the General Electric Company in 1961, and they argued in

favor of the technology as especially promising for space application.[34]

1.3 Research challenges

Electrochemical technologies related to generating and using hydrogen gas, such as water

electrolyzers, fuel cells, and regenerative fuel cells, have been developed for many decades and

have reached various stages of technological maturity. This section will dive deeper into those

technologies to understand the key research challenges.

Regenerative fuel cells (RFCs) are divided into two configurations – discrete (DRFC) and

unitized (URFC); schematics shown in figure 1.4.[6] DRFC consists of two separate units for energy

generation (fuel cells) and energy storage (electrolyzers). On the contrary, URFCs use a single unit

that can operate as either a fuel cell or an electrolyzer. Compared to DRFC, URFCs offer lower

capital cost, simpler structure, higher specific energy, and no need for auxiliary heating.[6] Such a

reversible system also uses catalysts that are either a mixture of catalysts for electrolyzer and fuel

cell reactions, or they comprise a single catalyst that is reversible for each reaction.
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Figure 1.4: Schematic of (a) discrete (DRFC) and (b) unitized (URFC) regenerative fuel cells [6]

These devices are further divided into two categories depending on the type of electrolyte

used—acidic or alkaline. Schematics for several configurations are shown in figure 1.5. A sub-

group of alkaline systems is the alkaline anion exchange membrane (AAEM) configuration, which

uses an anion-conducting polymer membrane to neutralize charge across the negative electrode

(which catalyzes the reactions involving hydrogen) and the positive electrode (for reactions involving

oxygen).
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Figure 1.5: Schematic of electrolyzer and fuel cell systems in (a) Proton exchange membrane (PEM),

(b) liquid Alkaline, and (c) Alkaline anion exchange membrane (AAEM) configurations. (d) Typical

stack of membrane electrode assembly in an electrolyzer or a fuel cell.

The main characteristics of electrolyzers and fuel cells are described in table 1.6.[7, 8, 9, 10]

Proton-exchange membrane (PEM) electrolyzers and fuel cells are compact systems and are also

commercialized but require precious metal catalysts as electrodes and ancillary components due

to the corrosive acidic environment. Liquid alkaline systems, on the other hand facilitate the use

of non-precious catalysts and ancillary components, which results in significantly lower capital

cost. These systems, however, are significantly bulkier than PEM systems and suffer from higher

electrolyte resistance and gas crossover. AAEM configurations are technologically less mature than
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alkaline systems but are advantageous to overcome their limitations and ultimately decrease the

operating cost.[35, 36, 37] Thus, AAEM systems are promising to meet the DOE cost target of $2/kg

hydrogen production and for cost-effective carbon neutral electricity generation using hydrogen.

However, significant research needs to be directed towards investigating efficient membranes and

catalysts for AAEM configurations.

Our research group is working to develop non-precious catalysts that enable the efficient and cost-

effective interconversion between electricity and energy stored in fuels and chemicals. Various non-

precious catalyst candidates are promising for use in AAEM electrolyzers and fuel cells. However,

the activity demonstrated by non-precious catalysts is lower than precious counterparts, and their

long-term stability is relatively unexplored. The mechanism for activity enhancement in non-precious

transition metal catalysts is also not very clear. Various hypotheses have been put forward, many of

which implicate cooperative reactivity between multiple chemically distinct surface sites. Despite

significant research in the field of fuel cell and electrolyzer catalysis, the dual research challenges of

low activity and poor stability remain.

In that regard, my doctoral dissertation focuses on improving the performance of Ni-based

catalysts for hydrogen evolution, hydrogen oxidation and oxygen evolution reactions with an intention

to ameliorate the technological viability of AAEM electrolyzers and fuel cells. The specific research

aims of this work include:

1. Elucidate the nanoscale composition of several high performing Ni-based catalysts

The composition of Ni-based catalysts was studied using various characterization techniques,

including transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS).

The structural evolution of these catalyst composites was also monitored using in situ TEM analysis.

This work is described in detail in Chapter 4.

2. Develop methodologies to understand the influence of metal/metal-oxide interfaces on

hydrogen evolution/oxidation catalysis

The significance of the compositional analysis on Ni-based catalysts towards their practical

performance for hydrogen reactions was speculated. Novel synthetic and analytical techniques

were also developed to understand how the elementary steps of hydrogen evolution/oxidation are

accelerated at metal/metal-oxide interface sites. These techniques are also discussed in Chapter 4.
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3. Formulate highly active and stable Ni-based catalysts for alkaline hydrogen and oxygen

electrochemistry

Based on the nanoscale compositional insights, the activity of Ni-based catalysts was improved

by developing different synthetic and processing techniques. An assessment of the durability and

practical device performance of the best catalyst compositions was also completed. A detailed

narrative of these studies is presented in Chapters 5 and 6.

We are ultimately interested in developing catalysts that can accomplish reversible hydrogen

and oxygen electrochemistry for applications in regenerative fuel cells. Successful completion of

these objectives will provide insights into the composition-activity relationships of non-precious

electrocatalysts. Better catalysts can then be developed by either modifying the existing catalysts or

synthesizing new ones based on these insights.
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2.0 Scientific and Technological Background

Alkaline anion exchange membrane (AAEM) electrolyzers and fuel cells are promising for cost-

effective and green hydrogen production and energy storage. This chapter will elaborate on their key

components, particularly membranes and catalysts. The primary motive of this chapter is to explain

the functioning of alkaline anion exchange membranes and catalysts and thus describe the critical

performance parameters. Our focus is particularly on Ni-based electrocatalyst materials and therefore

current challenges towards their practical implementation are presented. The interest in AAEM

electrolyzers and fuel cells is spurred because they facilitate cost reduction. Brief economic estimates,

adopted from limited sources, are also provided to envision their commercialization.[38, 39, 40]

2.1 Cost analysis

The complete cost analysis of AAEM electrolyzers and fuel cells has not been executed due to

lack of commercial operations, but accurate estimates have been made. We will focus this economic

discussion only on AAEM electrolyzers, but the results are likely to be similar for AAEM fuel cells.

The total cost of hydrogen production consists of capital expenditure (CAPEX) and operational

expenditure (OPEX). CAPEX includes the cost of an electrolyzer, compression plant (to increase the

pressure of hydrogen for storage), storage system, direct and indirect depreciable capital cost.[39]

OPEX includes the cost of material, labor, upstream products such as deionized water, KOH, steam,

and nitrogen.

The cost of catalysts, membranes and other electrolyzer stack components are considered as

capital expenditures. AAEM systems facilitate the use of Ni-based non-precious catalysts compared

to Pt-based precious metals in PEM systems. And because catalysts contribute significantly to the

cost of the electrode, AAEM electrodes are markedly cheaper than the PEM systems.[40]

Additional components in AAEM electrolyzer stacks comprise gas diffusion layers, bipolar

plates, and current collectors, and these can be fabricated from carbon cloth, stainless steel, or

Ni. Although the material of construction for the gas diffusion layer in PEM electrolyzer stacks
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is the same as that of AAEMs, the bipolar plate and current collector are derived from expensive

Pt coated stainless steel or Ti. Thus, the total stack cost of AAEMs is about half of that of PEM

systems.[38] It is therefore predicted that with non-precious catalysts and ancillary components in

AAEM electrolyzers, the DOE cost target of $2/kg can be attained.[40, 16]

2.2 Membranes

The choice of a membrane is critical for an efficient AAEM electrolyzer and fuel cells. The

primary role of AAEMs is to be able to transfer hydroxide ions through them. Alkaline anion

exchange membranes are polymer electrolytes with cationic (positively charged) groups covalently

bounded to a polymer backbone. These cationic groups can either be incorporated in the back-

bone or bound through side chains (via alkyl or aromatic groups). The most common polymer

backbones are poly(arylene) ethers, poly(ether ketones), poly(ether imides), poly(ether oxadizoles),

poly (phenylene oxides), perfluorinated, polyethylenes, polystyrenes, poly(vinlybenzyl chloride)

and poly(vinyl alcohol). The most studied cationic head-group chemistries include quaternary

ammoniums, heterocyclic systems, guanidinium systems, phosphonium types, sulfonium types, and

metal-based systems.[41]

They have lower conductivity and oxidative stability than well-renowned proton exchange

membranes.[32] Significant research is therefore underway to reduce this performance gap. Moreover,

AAEMs react with carbon dioxide in the air to form carbonates and thus require a closed system

to operate. The parameters of a membrane that are important for their effective performance are

hydroxide conductivity, ion-exchange capacity, swelling, and stability.

Hydroxide conductivity is the measure of the ability of the membrane to conduct hydroxide ions.

It is inversely proportional to the voltage drop across the membrane. Most AAEMs report hydroxide

conductivities between 5–20 mS/cm, while commercialized proton-conducting membrane, Nafion

117, exhibits proton conductivity of 78 mS/cm.[42] The advancement in hydroxide conductivity is

especially challenging because the mobility of hydroxide in aqueous media is considerably lower

than proton mobility.[41] With advancements in polymer chemistry and improved conductivity

measurement techniques, membranes with very high hydroxide conductivity (hundreds of mS/cm)
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are also reported.[43] The hydroxide conductivities of 100 mS/cm are considered to be optimum,

which are expected to give a voltage drop of 1 mV in an electrolyzer operating at 1 A/cm2 with a

100 µm thick membrane.

Ion exchange capacity (IEC) is another important parameter to assess the effectiveness of

a membrane. It represents the number of functional groups per unit polymer mass. Thus, a

high ion exchange capacity of the membrane is desirable to increase the hydroxide conductivity.

However, with an increase in ion exchange capacity, the water uptake and membrane swelling also

increase. Strategies such as synthesis of self cross-linking polymers or self aggregating polymers are

executed to mitigate membrane swelling without affecting the IEC.[44] It is believed that the proton

conduction in Nafion occurs through a hopping mechanism via phase segregation of the hydrophilic

and hydrophobic domains.[45] The IEC of Nafion is about 0.92 mmol/g and is expected that the local

IEC is significantly higher.[41] In AAEMs, the hydroxide conduction is hypothesized to proceed

via the same hoping mechanism but the phase segregation of the hydrophilic and hydrohphobic

domains is expected to assist ion conduction.[46] The highest IEC reported to date for AAEMs is

therefore about 2 mmol/g.[47]

Stability of AAEMs in alkaline conditions is significantly lower than those of PEMs in acidic

conditions. The degradation of AAEMs can occur at the backbone as well as at the functional groups.

The degradation of the polymer backbone decreases the mechanical stability of the membranes while

degradation of the functional groups reduces the ionic conductivity. There are various mechanisms

by which membrane degradation is plausible. The most common cause is nucleophilic substitution

in which hydroxide reacts with the methyl group to form methanol or with methylene group to

form free trimethyl amine.[48] Hofmann elimination of the β hydrogen atoms to form free amine

groups is another possibility. The loss of amine groups from the polymeric chain perturbs the

cross-linking ability of the membrane and also affects the ionic conductivity. AAEMs also tend to

undergo chemical degradation on contamination with transition metal ions (such as Ni or Fe) to form

reactive oxygen species (such as hydroxyl or hydroperoxyl radicals) in the membrane. In general,

degradation of a membrane is proportional to the number of hydroxide ions in the membrane.
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Despite significant progress on alkaline anion exchange membranes, a research challenge to

make conductive and stable membranes remains. Our research group does not develop new AAEM

materials, but we have established a collaboration with a start-up company that has shown a promising

membrane performance. The details of the analysis are presented in Chapter 5.

2.3 Electrocatalysts

As noted previously, the focus of my thesis research was to study non-precious Ni-based cat-

alysts for alkaline hydrogen and oxygen electrochemistry. Alkaline systems offer non-corrosive

environments and facilitate the use of these types of non-precious catalysts, which is expected to

translate into a significant reductions in capital cost. This section presents an overview of the typical

characteristics of the catalysts studied for the hydrogen evolution reaction (HER), the hydrogen

oxidation reaction (HOR), and the oxygen evolution reaction (OER).

2.3.1 Hydrogen evolution

The hydrogen evolution reaction (HER) is the cathodic reaction in an electrolyzer where water

consumes electrons to form hydrogen gas and hydroxide ions are passed through the membrane.

The hydrogen evolution reaction in alkaline conditions is given by equation 2.1.

2H2O+ 2 e− −−→ H2 (g) + 2OH−
(aq) (2.1)

This reaction occurs via a series of elementary steps as shown in equations 2.2- 2.4.

V olmer : H2O+ ∗+ e− −−→ H∗ +OH− (2.2)

Heyrovsky : H∗ +H2O+ e− −−→ H2 +OH− + ∗ (2.3)

Tafel : 2H∗ −−→ H2 + 2 ∗ (2.4)
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The overall reaction is understood to proceed either via a Volmer–Heyrovsky or Volmer–Tafel

mechanism. In either route, hydrogen adsorption also requires dissociation of a water molecule, and

this process is also considered to be critical for efficient alkaline hydrogen evolution.

A major concern in hydrogen evolution reactions is the ability of a catalyst to bind hydrogen.

The propensity is described by the Sabatier principle, where HER catalytic activity can be expressed

as a function of metal-hydrogen bond strength. The metals that bind hydrogen too strongly or too

weakly each display low activity. An ideal catalyst should display an optimum intermediate binding

energy for hydrogen, such that both the hydrogen adsorption and desorption processes are kinetically

fast.

Ni-based catalysts have been extensively studied for the HER due to their relatively moderate

affinity for hydrogen among non-precious transition metals. However, Ni is still understood to bind

hydrogen too strongly and therefore the formation of dihydrogen becomes rate-determining. To solve

this problem, efforts have been directed to make a solid solution of Ni with metals that poorly bind

hydrogen with an intention to optimize the binding energy on Ni. These advances led to the discovery

of various Ni-based alloys including Ni–Co, Ni–Cu, Ni–Mo, and Ni–W.[49, 50, 51, 52, 53] Among

the full library of catalysts studied, Ni–Mo is one of the most active for hydrogen evolution reaction,

and it also displays promising long term stability.[51] Nonetheless, the alkaline HER performance

of these Ni-based catalysts is considerably lower than benchmark precious transition metal-based

catalysts, which are typically based on Pt.

Focusing now specifically on Ni–Mo composites, the mechanism by which these catalysts give

higher HER activity than other non-precious counterparts is still not clear. Various theories have

been put forward to explain the enhanced activity in Ni–Mo composites. Incorporation of Mo may

affect the electronic state or oxidation state of Ni, so that the binding energy of hydrogen is weaker on

Ni–Mo compared to Ni.[54, 55, 56, 57, 58, 59] To this effect, increasing the Mo content of Ni–Mo

alloys has been shown to increase the HER activity.[60, 51] Many Ni–Mo catalyst also contain Ni-

and Mo-based oxides, which have also been implicated as important for HER catalysis.[61, 62]

However, the specific influence these oxides on catalysis is not clear. Several researchers support the

claim that the oxides accelerate the water dissociation step, while others argue that oxides dissolve

in the electrolyte and do not participate in the HER.[63, 64, 65]
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2.3.2 Hydrogen oxidation

The hydrogen oxidation reaction (HOR) is the anodic reaction in fuel cells wherein gaseous

hydrogen in combination with hydroxide ions generate water and electricity (equation 2.5).

H2 (g) + 2OH−
(aq) −−→ 2H2O+ 2 e− (2.5)

This is however not a single step reaction and the detailed reaction mechanism is shown in equa-

tions 2.6- 2.8.

Tafel : H2 + 2 ∗ −−→ 2H∗ (2.6)

Heyrovsky : H2 +OH− + ∗ −−→ H∗ +H2O+ e− (2.7)

V olmer : H∗ +OH− −−→ H2O+ ∗+ e− (2.8)

The reaction proceeds either via Tafel-Volmer or Heyrovsky-Volmer pathway. In either route,

dissociation of hydrogen molecule and recombination with hydroxide are critical parameters for

HOR.

A major concern in the hydrogen oxidation reaction at non-precious catalysts is the stability of

the electrodes under oxidizing conditions. According to the Pourbaix diagram, most non-precious

transition metals exist as oxides or hydroxides in alkaline pH at applied potentials associated with

hydrogen oxidation.[66] A small proportion of oxides/hydroxides on metal surfaces are believed to

enhance HOR by accelerating the hydroxide adsorption step in the HOR reaction mechanism[67].

A study focused on dissolution dynamics of transition metals under HOR conditions showed that

Mo-oxides tend to readily dissolve in solution even under open circuit potential (no current flow),

whereas the dissolution of Cu-oxides is potential dependent.[68] In the same study, Ni, Co, and Fe

oxides were least prone to dissolution.

Historically, Raney Ni derivatives were used as catalysts for HOR in liquid alkaline fuel cell

systems owing to their high surface area.[69, 70, 71, 72, 73, 74, 75] However, the long term stability

of these catalysts is affected due to poor catalyst pore wetting and changes in catalyst morphology.[76]

With advances in catalysts, promising alternative candidates include Ni–Mo, Ni–Ti and Ni–Cu
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composites.[77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88] Tertiary alloys comprising Co, Ni, and Mo

and Ni-based catalysts supported on functionalized carbon are also gaining interest.[89, 90, 91, 92]

Similar to the hydrogen evolution reaction, the overarching design principles for active HOR

catalysts follow the Sabatier principle: they must have binding energy for hydrogen intermediates that

is neither too strong nor too weak. Kabir et al. hypothesized that incorporation of Mo in Ni lattice

decreases the binding energy of hydrogen on Ni. [82] The possibility of accelerating the Volmer step

of the reaction because of the presence of Mo-oxides was also mentioned. However, after long-term

stability experiments in a membrane electrode assembly (MEA), they observed complete dissolution

of the Mo-oxides, while the surface of the catalyst became enriched in Ni-hydroxides and a smaller

proportion of mixed nickel-molybdenum oxides. More recently, Duan et al. synthesized Ni4Mo

alloy catalyst using a microwave synthesis approach and showed excellent activity and stability for

the HOR, comparable to benchmark Pt catalyst.[88] Roy et al. claimed that Ni–Cu alloys are better

than Ni–Mo alloys due to improved dewetting behavior associated with the use of less oxophilic

Cu. A ternary system consisting of CoNiMo alloy was also studied by Sheng et al., who claimed

this mixture exhibits an improved hydrogen binding energy relative to binary Ni–Mo.[93] Despite

these practical advances, the exact mechanism(s) for enhanced HOR activity in all of these Ni-based

alloys is still unclear.

2.3.3 Oxygen evolution

The oxygen evolution reaction is the anodic reaction in an electrolyzer where water and electrons

are produced as by-products. The oxygen evolution reaction in alkaline conditions is given by

equation 2.9.

4OH−
(aq) −−→ 2H2O+ 4 e− +O2 (g) (2.9)

Multiple reaction pathways for this process have been put forward with oxides, peroxides or both

as reaction intermediates.[94, 95, 96, 97] This reaction requires the transfer of 4 electrons, which

results in sluggish kinetics, while the possibilities of various adsorbed intermediates (O∗,OH∗,OOH∗)

makes the identification of a single "descriptor" (analogous to hydrogen binding energy for the HER)

more difficult.
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Metal catalysts generally undergo structural and chemical changes to metal oxides or solu-

ble species during the operating conditions of OER.[66] The aqueous reaction environment also

means that thermodynamically stable (oxy)hydroxides are more relevant for OER than crystalline

oxides. Iridium and ruthenium oxides are the most active precious metal OER catalysts in alkaline

conditions.[98, 99] A comparative benchmarking study of non-precious nickel and cobalt-based

catalysts for OER in alkaline conditions showed that Ni–Fe catalysts display especially promising

activity and stability, better than even precious metal catalysts.[98] Ni–Fe catalysts were first discov-

ered, however, in the 1980s when Corrigan et al. were working on nickel-based batteries and found

Fe impurities to catalyze the parasitic oxygen evolution during the charging phase.[100]

Various types of Ni–Fe composites in the form of mixed oxides, hydroxides, oxyhydroxides,

spinels, alloys, and layered double-hydroxides have all been reported to exhibit alkaline OER

performance that rivals the precious metal catalysts.[101, 102, 103, 104, 105, 106, 107] Despite this

broad range of chemical compositions, it is plausible that the surface chemistry of many of these

catalysts are similar under OER conditions. It is established that the NiO layer is instantaneously

formed when Ni encounters aqueous alkaline solution, which then gets converted to α–Ni(OH)2

under oxidizing conditions.[95] Moreover, in the presence of Fe, Ni(OH)2 converts to a layered

double hydroxide. Ni-based (hydr)oxides are also known to “age” in alkaline solutions, causing the

transformation ofα–Ni(OH)2/γ–NiOOH to more compact and ordered β–Ni(OH)2/β–NiOOH.[102]

The effect of Fe incorporation into these materials has also been studied, and it is believed that up

to 30 mol% Fe can be incorporated in the Ni lattice before it begins to phase segregate.[108, 109]

Nonetheless, all known OER catalysts exhibit a relatively large onset overpotential of about 200–300

mV near room temperature, which constitutes an efficiency loss of 15–20% relative to the free

energy stored in H2 and O2 at room temperature.

Long term stability of Ni-based OER catalysts is generally a major concern for these materials.

Corrosion or degradation of the catalyst under oxidizing conditions often limits the choices for

catalysts and catalyst supports. The conductivity of these catalysts is also a crucial factor, as

metal oxides and hydroxides often exhibit semiconducting or insulating behavior. Incorporation of

graphitized conductive carbon supports is the most convenient solution to deal with this electronic

conductivity concern, but graphitic carbon is thermodynamically unstable under OER conditions.

Nontheless, NiFe layered double hydroxides (LDH) synthesized by direct nucleation and growth
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on oxidized multiwalled carbon nanotubes (CNT) displayed high activity and stability for at least 1

hour.[104] No oxidative etching was reported and the charge transfer was associated with the strong

bonding between LDH and CNTs. A sandwich Ni–Fe/C assembly was also proposed as stable OER

catalyst which displayed excellent stability for 40 hours.[106] However, in practice there have not yet

been credible reports of Ni–Fe catalysts with high stability toward the alkaline OER for thousands

of hours, as would be required for AAEM operation.
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3.0 Unsupported Pt nanoparticles for electrochemical applications

This chapter is reproduced from a manuscript posted on the ChemRxiv preprint server titled

“Unsupported Pt Nanoparticles: Synthesis, Deactivation, and Hydrogen Electrocatalysis in Unpurified

Electrolytes." A version of this manuscript is also under consideration for publication in a peer-

reviewed research journal.

3.1 Introduction

Platinum is one of the most widely studied transition metals for applications in thermal and

electrochemical catalysis.[110, 111, 112, 113, 114] The many thermocatalytic applications of Pt

include automotive exhaust treatment [115, 116, 117, 118] as well as the production of nitric

acid[119, 120], silicones [121, 122], and petrochemical feedstocks[123, 124]. Pt is also used

ubiquitously in analytical and industrial electrochemistry, and many of these applications revolve

around its high catalytic activity toward reactions involving hydrogen.[125, 126, 127, 128, 129, 130,

131, 132, 133, 134] For example, carbon-supported Pt catalysts (Pt/C) are used for the hydrogen

evolution reaction (HER) in proton-exchange membrane electrolyzers and the hydrogen oxidation

reaction (HOR) in low and intermediate temperature fuel cells.[135] Despite its very high catalytic

activity, Pt is susceptible to deactivation under electrochemical conditions; thus, the dynamics and

mechanisms of Pt deactivation have also been studied extensively.[136, 137, 138, 139, 140] The

most prevalent deactivation processes generally fall in one of several categories: catalyst poisoning,

particle growth, particle detachment, and dissolution. Ultimately, the dynamics of these deactivation

processes dictate the practical lifetime of Pt catalysts. Thus, a major research focus on Pt has

been on evaluating and minimizing the impact of catalyst deactivation in analytical and practical

applications.[141, 142, 143, 144]

Owing to its very high catalytic activity for hydrogen evolution/oxidation electrocatalysis, Pt

is used as a benchmark against which novel HER/HOR catalysts are measured. It is also used to

calibrate voltage measurements in aqueous electrocatalysis via the determination of the reversible
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hydrogen electrode (RHE) potential in the electrolyte of interest. The propensity of Pt electrocat-

alysts to deactivate under reaction conditions makes these key measurements considerably more

challenging.[145, 146, 147] Whereas prior studies have generally addressed this challenge by main-

taining scrupulously clean experimental conditions,[141, 140, 142] routine measurements of novel

electrocatalysts (and associated comparisons to Pt) are often carried out in unpurified, reagent-grade

electrolytes. This motivates the question of whether control experiments using Pt electrodes can be

properly executed.

Herein, we describe a straightforward preparation of unsupported Pt nanoparticles (NPs) as well

as their use as a laboratory standard for hydrogen evolution/oxidation studies. We have focused

on experimental conditions that are not scrupulously clean but are nevertheless representative

of the methods and materials used for routine measurements in applied electrocatalysis research

laboratories. Accordingly, we also studied the deactivation of Pt NPs, as reflected in the progressive

loss of electrochemically active surface area. When cycled continuously between oxidizing and

reducing conditions in unpurified aqueous acidic and alkaline electrolytes, our Pt NPs lost 25–40 %

of their active surface area over tens of minutes. We also deployed identical location transmission

electron microscopy (IL-TEM)[148, 149] to differentiate deactivation processes involving changes

in catalyst morphology from those that do not. At positive potential limits below 1 V vs. RHE, we

observed minimal changes in particle size/shape, implying the dominant mode of deactivation is

catalyst poisoning rather than particle dissolution or growth. These observations were found to be

consistent across acid and base conditions, but the relative rate of deactivation were modestly slower

in base than in acid. By contrast, when the positive potential limit was increased to 1.5 V vs. RHE,

the Pt NPs were found to grow in size, leading to irreversible loss in surface area.
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3.2 Experimental

The synthesis protocol for Pt nanoparticles was developed from several prior literature reports.[150,

151, 152] A representative procedure is as follows. Aqueous stock solutions of 12 mM H2PtCl6
(99.5% Alfa Aesar) precursor and 100 mM sodium polyacrylate (average molecular weight ∼1200,

45 wt% in water, 99.5%, Alfa Aesar), respectively, were prepared by dissolution with ultrasonic

agitation for at least 5 minutes. These solutions were prepared in bulk quantities and used for

several synthetic runs. A fresh solution of 100 mM L-ascorbic acid reducing agent was prepared

immediately before the synthesis by adding 0.0195 g of anhydrous L-C6H8O6 (99.5%, Alfa Aesar)

to 1 mL deionized water and mixed by sonication. In a 20 mL scintiallation vial, 0.833 g of 12

mM H2PtCl6 and 0.1 g of 100 mM sodium polyacrylate were added to 1 mL ascorbic acid solution.

deionized water (≥18 MΩ cm resistivity, Millipore) was then added to increase the solution volume

to 10 ml. The final concentrations of the reagents in the precursor solution were 1 mM each of

H2PtCl6 and sodium polyacrylate and 10 mM ascorbic acid. The precursor mixture was initially

transparent with a slight yellow color.

The vial was placed in a preheated bath of silicone oil (Fluke 5010, Type 200.05) at 90 ◦C. The

contents were stirred at 600 rpm for 60 minutes using a magnetic stir bar. The temperature was

monitored using an alcohol thermometer to ensure that the variation was within ±3 ◦C. Within

15 minutes, the solution became black and opaque. The reaction was allowed to continue for 60

minutes, and successive additions of deionized water were made every 20 minutes to maintain a

constant total volume of solution. The vial was then removed from the bath and allowed to cool at

room temperature. After cooling, 0.4 g NaOH (98%, Alfa Aesar) was added to the suspension to

alkalize the solution to pH∼14. The vial was then capped and left to stand at room temperature for

14 days, during which the black suspended solids settled to the bottom of the vial. Note that this

settling process was sometimes found to proceed over a shorter timescale, but a 14-day incubation

period was always found to be sufficient for particles to settle.

The clear solution above the settled layer was decanted using a pipette and the particles were

extracted by centrifugation at 6000 rpm for 15 minutes. The supernatant was again decanted and the

particles were re-suspended and centrifuged using 1 M aqueous NaOH solution a total of 3 times.

Finally, the particles were suspended in 1.5 ml of deoinized water; this suspension was found to
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remain stable for several days. The colloidal solution was either used as-is or further diluted with

pure deionized water as appropriate prior to subsequent analysis.

The NP yield was measured by depositing a known volume of the final colloid on a pre-weighed

borosilicate glass microscope slide. The particles were dried under an infrared heat lamp (McMaster

Carr, 125 watt, BR40 type bulb) for ∼45 minutes. The mass of the glass slide with the dried film

of Pt nanoparticles was again recorded. The particle yield was thus calculated by subtracting the

mass of the initial uncoated slide from the Pt-coated slide. The average yield obtained after the

centrifugation process from 6 synthetic runs was 1.48 ± 0.03 mg, which is 76 ± 1 % of the 1.95 mg

theoretical yield. Note that this error bound, and all others unless otherwise noted, represent 1.96

times the standard error of the mean, which we interpret as a 95 % confidence interval.

The final, purified Pt NPs were characterized with respect to composition and morphology using

Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and transmission electron

microscopy (TEM). FTIR spectra were collected on Bruker VERTEX-70LS instrument using an

attenuated total reflection (ATR) accessory at a resolution of 4 cm−1. Deionized water was used as

a blank solution, with aqueous Pt NP suspension as the experimental sample. A Bruker D8 system

with Cu Kα radiation (λ=1.54 Å) was used for XRD analysis. Diffraction patterns were collected

from 30◦ to 90◦ 2θ with 0.02◦ steps. The data collection time per step was optimized empirically to

yield diffraction peaks that were well resolved from the noise floor.

Transmission electron microscopy (TEM) imaging was executed using a Hitachi H-9500 en-

vironmental transmission electron microscope at an accelerating voltage of 300 kV. For IL-TEM

analysis, the nanoparticles were deposited on center-marked 400 mesh Au TEM grids (Ted Pella).

A perforation was made manually near the edge of the grid using sharp tweezers (Ted Pella). Ap-

proximately 5 µL of the Pt nanoparticle suspension was dropcast on the grid and dried under an

infrared heat lamp. The dried grid was then immersed in water to remove soluble impurities and

poorly adhered NPs. Finally, a hooked gold wire (0.5 mm, 99.999%, Fisher Scientific) was inserted

through the perforation to make electrical contact for electrochemical measurements.

A Gamry Reference 600+ Potentiostat was used to characterized the electrochemical properties of

the Pt nanoparticles. For non-TEM based studies, 10 µL of a known loading of platinum suspension

was dropcast onto a 3 mm diameter (0.071 cm2 surface area) glassy carbon electrode and dried under

infrared. The counter electrode was a Pt wire in acidic electrolyte and Ni foil in alkaline conditions;
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the reference electrode was Ag/AgCl (1 M KCl). The potential from the Ag/AgCl reference electrode

was later converted to the reversible hydrogen electrode (RHE) potential by measuring the open

circuit potential value of a clean Pt NP film in H2-saturated electrolyte at 1 atm. Electrolytes used

for electrochemical analysis were 0.5 M H2SO4 (Certified ACS Plus grade, Fisher Scientific) and

0.5 M KOH (ACS Reagent grade, Sigma Aldrich). Note that the specifications of these reagents

allow them to contain transition metal and anionic (e.g., chloride, sulfate, phosphate) impurities in

the ppm to tens of ppm range. The electrolytes were used as obtained from the supplier and did not

undergo additional purification steps.

To qualitatively assess surface cleanliness and quantitatively estimate the electrochemically

active surface area (ECSA), electrolytes were purged with N2 gas (Zero grade, Matheson gas). Cyclic

voltammograms were then collected at a fixed negative potential limit of 0 V vs. RHE while the

positive potential limit was varied from 0.5 V to 1.5 V vs. RHE at a scan rate of 100 mV/s.

RHE potential calibration and hydrogen evolution/oxidation catalysis measurements were per-

formed on a rotating disk electrode (RDE) in a sealed Teflon cell (Pine Research). For RDE

experiments, a known volume of Pt suspension was dropcast on a 5 mm diameter glassy carbon

electrode for measurements in acid and on 5 mm Au for analysis in alkaline conditions. The Au

substrate in alkaline electrolyte was found to yield improved adhesion, whereas Pt NPs were found

to re-suspend when deposited onto glassy carbon. The electrolytes were purged with H2 and the

potential was scanned in the range of -0.15 V to +0.1 V vs. RHE in acid and -0.2 V to +0.2 V

vs. RHE in base at 10 mV/s. Commercial 10 wt% Pt/C (Alfa Aesar) and a polycrystalline Pt disk

electrode (Pine Research) were used as controls.

3.3 Catalyst synthesis and decapping

Our synthesis of platinum nanoparticles relies on the reduction of H2PtCl6 using ascorbic acid

and sodium polyacrylate as the capping agent. The synthesis procedure is adopted from prior

literature reports, where Pt(IV) salts have been shown to undergo reduction to metallic Pt with

two equivalents of ascorbic acid.[153, 154, 155, 156, 157, 158] Sodium polyacrylate polymer as

a capping agent offers narrow particle size distribution and has been reported previously for Pt
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synthesis.[159, 160, 161, 162, 163, 164, 165] Alkalizing the reaction mixture with sodium hydroxide

destabilizes the colloid and facilitates removal of the polyacrylate from the nanoparticle.[166, 165,

167, 168] The main advantage of this approach (over the use of commercial Pt/C catalyst, for

example) is that it offers a route to synthesize catalytically active Pt NPs that can be deposited on

any substrate and analyzed without the confounding effects of supports or polymer binders. Our

synthetic approach also makes use of low-cost reagents (other than the Pt precursor itself) and

equipment that is readily available in many wet chemistry laboratories.

We executed TEM, XRD, and FTIR measurements to verify the composition and crystallinity

of the Pt NPs before and after removal of the polyacrylate capping agent. Figures 3.1a,b show

representative TEM images of capped and uncapped Pt NPs. The particles in panel a clearly

remain encapsulated in a matrix of polymer several nm in diameter. In some cases the polymer

encapsulates a single Pt particle and in others several distinct particles are visible, which suggests

that the polyacrylate arrests Pt NP growth by encapsulating individual particles, and these core–shell

assemblies further aggregate in solution or upon deposition on the TEM grid. By contrast, particles

that have been uncapped with alkaline solution aggregate significantly on the TEM grid. Manual

analysis of the particle size distribution (see Supporting Information) shows a normal distribution

with a mean diameter of 3.1 ± 0.05 nm and circularity index of 0.906. D-spacings extracted from

high resolution TEM imaging (insets of Figures 3.1a,b) further confirm the particle as face-centered

cubic (fcc) Pt.

Figures 3.1c,d depict representative XRD and ATR-FTIR data of capped and uncapped Pt

NPs. XRD results further confirm fcc Pt as the only crystalline component in the reaction mixture

before and after purification. ATR-FTIR data from capped Pt exhibit absorbance features at 1640

cm−1 and 1723 cm−1, which we attribute to carboxylic and/or alcoholic peaks that are blue-shifted

relative to the aqueous sodium polyacrylate control. This shift has been previously attributed to the

interaction between the particle and the polymer.[169, 170, 171] The uncapped Pt NPs also exhibited

absorbance in this range, but at a considerably lower intensity and without clear evidence for a blue

shift relative to aqueous polyacrylate. This further suggests that the base treament substantially

removes polyacrylate from the NPs, but we cannot rule out the possibility that some polymer remains

in solution or bound to Pt.
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Figure 3.1: Compiled compositional analysis of Pt nanoparticles via (a,b) TEM, (c) XRD, and (d)

ATR-FTIR. The standard XRD pattern of Pt was obtained from the ICDD database via the numerical

index indicated in panel (c).

To further characterize the uncapped NPs, we used surface voltammetry to assess the accessibility

of Pt surface sites to hydrogen via hydrogen underpotential deposition (HUPD). We evaluated the ini-

tial cleanliness of Pt nanoparticles (i.e., the proportion of Pt surface atoms that are electrochemically

accessible) by using HUPD to determine the electrochemically active surface area (ECSA).[128]

We also used changes in the ECSA under continuous voltammetric cycling to assess the rate and

extent of catalyst deactivation over time. Figure 3.2 shows representative surface voltammograms of

uncapped Pt nanoparticles in 0.5 M H2SO4 and in 0.5 M KOH. Using the generally accepted HUPD

surface charge density of 210 µC/cm2,[172] the ECSA-based specific surface area for uncapped Pt
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was found to be 16.2 and 12.6 m2/g in acid and alkaline electrolytes, respectively. These values

can be compared to the expected ECSA of 16.1 ± 0.3 m2/g using the mean particle size obtained

from TEM images as ATEM = 1/ρd where ρ is the bulk density of Pt and d is the mean particle

diameter. Accordingly, despite the tendency for uncapped Pt particles to aggregate—as is clearly

evident from TEM imaging—the observed initial ECSA in acid agrees with the value calculated

directly from individual particle geometries, implying the particle surface is free of capping agent

and other poisons. Moreover, we found similar results for particles deposited from fresh colloids

and those that were re-suspended after being allowed to settle, suggesting aggregation does not lead

to particle growth at room temperature over timescales of hours to days.

By contrast, the ECSA values extracted from voltammetry in base were consistently lower than

those in acid. We tentatively attribute the difference not to residual surface contamination, but

instead to a combination of poor adhesion of the unsupported NPs to the electrode surface and a

systematic underestimation of the HUPD charge that we attribute to the proximity of the oxygen

desorption peak to the HUPD features (see Supporting Information). Nonetheless, these voltammetry

results broadly agree with prior literature reports that NaOH(aq) treatment substantially removes

polyacrylate without inducing a significant increase in particle size.[152]

3.4 Quantifying rates of deactivation in unpurified electrolytes

Prior literature reports have emphasized the susceptibility of Pt electrocatalysts to deactivation,

which negatively impacts activity and lifetime.[173, 174, 175] We were interested in understanding

the mechanism or mechanisms by which our unsupported Pt NPs degrade. To do so, we quantified

ECSA decay under continuous voltammetric cycling. Figure 3.3 presents the results as ECSA versus

cycle number in acid and alkaline electrolytes. For this analysis, 0.2 mg/cm2 of Pt NPs were swept

at 100 mV/s over the potential range from 0 V to one of three positive potential limits: 0.5, 1.0, and

1.5 V vs.. RHE for a total of 50 cycles. A different Pt film was used for each potential window and

15 such films obtained from 5 different synthesis batches were tested for the analysis.

In acid, the initial ECSA showed a pronounced increase with increasing positive potential, which

suggests that the cleaning effect of the first cycle involves oxidative removal of contaminants. A
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Figure 3.2: Cyclic voltammogram of Pt nanoparticles in (a) 0.5 M H2SO4 and (b) 0.5 M KOH under

nitrogen atmosphere at 100 mV/s. The shaded region represents the area used for ECSA calculation.
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monotonic decrease in ECSA was observed in all cases over 50 cycles. Moreover, we observed that

the relative (normalized to initial ECSA) rate of ECSA loss per cycle was nearly identical when Pt

nanoparticles were scanned at 0.5 V and 1 V vs. RHE, suggesting similarity in their deactivation

mechanisms. When scanned to 1.5 V vs. RHE, the rate of deactivation was initially lower, but

accelerated after several cycles such that the total fractional loss in surface area was ∼40 % in all

cases.

ECSA values also decreased monotonically with cycle number in alkaline electrolyte across all

positive potential limits. However, the relationship between initial ECSA and potential limit was

reversed relative to the acid case, with the least positive potential limit resulting in the highest initial

ECSA. We believe this difference again is attributable to the proximity of the oxygen desorption

feature to the HUPD region, which results in a systematic underestimate of the ECSA when significant

surface coverages of PtOx are generated in the positive-going sweep (see Supporting Information).

The relative rates of deactivation in base were also found to be similar at 1 V and 1.5 V vs. RHE,

whereas the less positive potential limit resulted in marginally slower ECSA loss. These observations

are consistent with the ability of aqueous base to remove residual capping agent from the Pt NP

surface (which negates the benefit of positive potential cycling) and suggests the presence of a

second deactivation mechanism that dominates at positive potentials.

We consider it significant that these Pt NPs lost 25–40 % of their initial ECSA over just 50

voltammetric cycles, which required as little as ∼10 minutes. This extent of ECSA loss is large

enough to conclude that the Pt particles are no longer pristine, thereby calling into question their

use as experimental controls or activity benchmarks. Hence, it is reasonable to adopt as a general

guideline that unsupported Pt NPs of this type should be freshly deposited onto a clean electrode at

relatively short time intervals (every few minutes or perhaps between each individual measurement)

if they are to be used to good effect in unpurified electrolytes.

3.5 Differentiating between several modes of deactivation

Several deactivation mechanisms are understood to proceed for Pt catalysts under electrochemical

conditions. These include catalyst poisoning via surface adsorption or electrodeposition of impurities;
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Figure 3.3: Variation of Pt NP ECSA as a function of cycle number when cycled between a fixed

negative scan limit of 0 V vs. RHE and the noted positive scan limits over 50 cycles in (a) 0.5 M

H2SO4 and (b) 0.5 M KOH. Experimental conditions were otherwise identical to that in Figure 2.

Error bars represent 95% confidence intervals from 15 distinct films. The inset shows the relate rate

of ECSA decay versus cycle number by normalizing to that of the first full cycle.
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oxidative dissolution, which could be chemically or electrochemically induced; particle growth

resulting from Ostwald ripening or similar processes; and particle detachment from the electrode

substrate. In acidic electrolyte, unsupported Pt nanoparticles are known to undergo dissolution by

repeated cycling across the potential range required to generate and reduce Pt-oxides.[176, 177,

178, 174, 175] The dissolution proceeds primarily during the reductive scan when platinum oxide is

nominally reduced back to metallic Pt; this reaction proceeds in parallel with dissolution of Pt2+ ions.

Under continuous cycling, these ions may remain in the electrolyte or they may be redeposited as the

electrode potential is swept further negative. This dissolution-redeposition process may then induce

particle growth via electrochemically accelerated Ostwald ripening.[179, 180] Nevertheless, it is

difficult to entirely eliminate oxidative cycling in practice, as this treatment is also highly effective

at removing organic and/or inorganic contaminants from the Pt surface, either through catalytic

oxidation or as a direct result of the dissolution of Pt surface layers.[181]

The deactivation of Pt nanoparticles has not been as thoroughly characterized in alkaline

conditions as in acid. Deposition of transition metal impurities on the electrode surface and analogous

dissolution processes have each been implicated as the root causes of reduced catalytic activity.[129]

Our ECSA variation versus cycle number data in figure 3.3 yield puzzling results where the initial

ECSA values and the potential window are not consistent across acid and base conditions. Moreover,

the relative rates of deactivation (20–40% over 50 cycles) are similar across nearly all conditions

studied. These observations leave open the question of whether the dominant mechanism of ECSA

loss is similar or different across all potential windows and pH conditions.

Figure 3.4 compiles the results of an experiment directed at differentiating between reversible

catalyst poisoning and irreversible loss of surface area, wherein Pt NP films were first subjected to

50 cycles to a positive limit of 0.5 V vs. RHE, followed by 50 cycles to 1.5 V vs. RHE, and then a

third set of 50 cycles to 0.5 V. The ECSA decay on scanning at 0.5 V vs. RHE for the first 50 cycles

in acid and alkaline solutions again resulted in a 20–40% loss in ECSA. When the positive potential

was shifted to 1.5 V vs. RHE, ECSA values in acid recovered over ∼5 cycles and in some cases even

exceeded the initial values. This indicates that the Pt surface was renewed after scanning at oxidizing

potential, which strongly suggests catalyst poisoning dominates at 0.5 V vs. RHE. Nonetheless, after

the initial recovery at 1.5 V vs. RHE, the ECSA decayed again by nearly the same amount as in the

initial set of 50 cycles. Returning the potential window to a 0.5 V positive limit had little further
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impact on the ECSA, which continued to diminish slowly through a final set of 50 cycles. These

data suggest the mechanism by which ECSA diminishes when cycling to a more positive potential

limit is irreversible—dissolution, particle growth, or detachment.

By contrast to the results in acid, when cycled in alkaline electrolyte, the ECSA did not recover

when the voltage range was modulated from 0.5 to 1.5 V and back to 0.5 V. Instead we observed a

nearly continuous decrease in surface area over 150 cycles, with a systematic offset for data collected

to 1.5 V vs. RHE again attributable to systematic errors resulting from the Pt surface oxide reduction

feature in the voltammogram.

Our observations in acid agree with prior reports that electrochemical oxidation is highly effective

at removing catalyst poisons from Pt in acid.[181] Many organic (e.g., hydrocarbons) and inorganic

(e.g., sulfate, chloride) species from the synthesis mixture, the electrolyte, or the atmosphere may

adsorb to the Pt surface and can be removed by cycling to positive potentials.[181, 182, 183] By

contrast, oxidative electrochemical cleaning did not renew the catalyst surface in base. There are

at least three possible explanations for this observation. First, the catalyst surface may become

contaminated with a non-oxidizable poison over all potential windows. A second explanation is that

alkaline conditions facilitate detachment of nanoparticles from the electrode surface, and this may

proceed at some relatively constant rate regardless of cycling conditions. A third explanation is that

the Pt NPs undergo continuous particle growth in alkaline conditions under potential cycling that

again depends weakly, if at all, on cycling conditions.

To further differentiate between loss of surface area via particle growth, dissolution, and detach-

ment, we performed identical location transmission electron microscopy (IL-TEM) experiments

on catalyst thin films before and after they were subjected to CV cycling over a range of potential

windows for 50 cycles at 100 mV/s. Figure 3.5 compiles the results of these experiments in acid

electrolyte. At 0.5 V vs. RHE, the TEM images before and after cycling do not show significant

changes in the particle morphology. The overall particle size distribution also did not significantly

change before and after cycling. Similar results were observed when Pt NPs were scanned to 1 V

vs. RHE in acid. However, a stark difference was observed when the particles were cycled to 1.5

V vs. RHE, where the TEM images clearly show particle growth. The particle size distribution

data confirmed that the mean particle diameter increases by slightly more than two-fold. A similar

analysis was also performed in alkaline solution, where scanning at 0.5 V and 1 V vs. RHE did not
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Figure 3.4: ECSA versus cycle number for Pt NP films scanned to narrow potential of 0.5 V for 50

cycles, followed by positive potential limit of 1.5 V for 50 cycles and again followed by 0.5 V for 50

cycles in (a) 0.5 M H2SO4 and (b) 0.5 M KOH. Experimental conditions and error bounds were

otherwise identical to those in Figures 2 and 3.
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result in a significant increase in particle size but cycling at 1.5 V vs. RHE resulted in a ∼30 %

increase in mean particle diameter (see Supporting Info).

Figure 3.5: Identical location TEM images and particle size distributions of Pt nanoparticles before

and after cycling at three different positive limit potentials in 0.5 M H2SO4.

Combining the ECSA and IL-TEM analysis, it is evident that when the potential is cycled at

least as positive as 1 V vs. RHE, catalyst poisoning is the dominant mechanism by which ECSA

diminishes. This is evidenced by the fact that we saw no changes in particle size before and after

cycling. But when samples were cycled to 1.5 V vs. RHE, the particle size increased significantly in

acid and base. We therefore attribute the growth of Pt nanoparticles to Ostwald ripening, which
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may be facilitated by transient Pt dissolution and redeposition during cycling.[142] The observed

decrease in ECSA in base at 1.5 V vs. RHE can be fully attributed to the increase in particle size.

By contrast, the observed loss in ECSA in acid was smaller than that predicted from increase in

particle size. We speculate that this discrepancy may result from a modest increase in atomic scale

roughness (i.e., increased surface disorder) for Pt NPs in acid that also results from continuous

formation and reduction of Pt-oxides.

It is striking that, despite evidence that at least two different potential and pH-dependent mech-

anisms are involved, the observed rate of Pt NP deactivation was remarkably consistent—tens of

percent loss in ECSA over tens of minutes—across all conditions studied. Absent evidence to

the contrary, we conclude that this consistent rate of ECSA loss is coincidental, and in fact the

comparative rates of catalyst poisoning and particle growth would likely be different in more highly

purified or severely contaminated electrolytes. Indeed, prior work on Pt NPs under scrupulously

clean conditions showed that stable cycling can be achieved when the potential is maintained negative

of 1 V vs. RHE.[163, 152] However, it is challenging and costly to obtain this level of cleanliness;

hence, it may be preferable in many cases to simply refresh the Pt NP film by removing “spent”

particles from the electrode substrate and replacing with a fresh NP film. This approach is directly

analogous to the ubiquitous use of abrasive polishing to clean polycrystalline Pt electrodes between

experiments, with the added benefit of the ability to control the Pt loading, and hence the areal

density of active sites.

3.6 The effect of Pt deactivation on benchmark measurements

Upon determination that our Pt NPs initially exhibit high accessibility to adsorbed hydrogen,

we endeavored to assess their ability to perform routine measurements associated with HER/HOR

catalyst benchmarking. Specifically, we sought to identify experimental timescales over which

our Pt NPs exhibit reduced catalytic activity toward hydrogen evolution/oxidation in reagent-grade

electrolytes.

Figure 3.6 shows representative HER/HOR polarization curves of Pt nanoparticles in comparison

with a commercial Pt/C catalyst at Pt mass loading of 0.2 mg/cm2. Note that, based on ECSA
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measurements and known particle sizes, these electrodes exhibit roughness factors (electractive

surface area normalized to project area of the electrode) of ∼30. We also included a simulated

concentration overpotential curve (simulation details can be found in the Supporting Information),

which represents the current-overpotential response of an ideal nonpolarizable electrode whose

activity is limited only by mass transfer. In acid, the HER activity of Pt/C and our unsupported Pt

NPs are nominally identical and overlay with the concentration overpotential curve. This means that

the hydrogen evolution/oxidation reaction on Pt is purely transport limited, and the true kinetics of

the catalyst are not directly measurable. We then cycled the unsupported Pt NPs in the HER/HOR

region for ∼30 minutes from -0.15 to +0.1 V vs. RHE at 100 mV/s and measured the HER/HOR

performance again. No change was observed in the current-overpotential data after cycling, which

suggests that any loss in catalytic activity was not sufficient to induce a kinetic limitation.

This result illustrates several important properties of Pt catalysts when used for hydrogen

evolution/oxidation measurements in acid. First, a clean, high surface area Pt catalyst film should

generally yield transport-limited activity for the HER/HOR in aqueous acid unless steps are taken to

greatly increase the mass transfer coefficient beyond what is achievable using conventional techniques

like RDE voltammetry.[184, 185] This means the activity should be indistinguishable from that of a

catalyst with a heterogeneous electron transfer of infinity. Such a nanostructured Pt catalyst will

continue to exhibit transport-limited activity even after it becomes poisoned or otherwise deactivated,

provided the remaining areal site density remains sufficiently high. A recent report showed that areal

loadings of unsupported 3.8 nm Pt NPs needed to be reduced to <1 µg/cm2 to observe kinetically

limited behavior.[131] This would be roughly equivalent to a >99.5 % loss in ECSA at the 0.2

mg/cm2 loading we used here. Accordingly, unsupported Pt NPs and commercial Pt/C catalysts

can certainly be used to benchmark the activity of a new HER/HOR catalyst, even in unpurified

reagent-grade electrolyte. However, if a novel catalyst is found to exhibit higher activity toward the

HER or HOR than a Pt control in acid solution, it is in fact very unlikely that the catalyst of interest

is “better than Pt,” but rather the Pt control has likely been severely contaminated by electrolyte

impurities or another source.

We also performed HER/HOR measurements in alkaline electrolyte, which gave considerably

different results. The activity of Pt/C and Pt nanoparticles was similar, and both were lower than the

simulated concentration overpotential. This is consistent with numerous prior reports showing that Pt
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is less active toward hydrogen evolution/oxidation under alkaline conditions than in acid.[185, 128]

Cycling of Pt nanoparticles in the HER region from -0.2 V to +0.2 V vs. RHE for ∼ 30 minutes also

resulted in ∼30% reduction in current density. This agrees well with our ECSA data showing that

accessible Pt surface sites decreased by tens of % over tens of minutes of continuous cycling. It is

also consistent with the expectation that Pt HER/HOR electrocatalysis is kinetically limited in base,

even for electrodes with relatively high Pt surface areas; hence, catalyst deactivation manifests as a

proportional decrease in activity. These results collective suggest that Pt-based control measurements

in alkaline electrolytes are considerably more sensitive to the cleanliness and sample history than

those in acid. Comparisons between Pt and novel HER/HOR catalysts in alkaline conditions are also

more relevant, since Pt remains limited by reaction kinetics over a wide range of catalyst loadings

and it is indeed possible to obtain catalytic activities exceeding that of pure Pt.[186, 187, 188]

As a final assessment of the utility of our Pt NPs for catalyst benchmarking, we used open-

circuit potential (OCP) measurements in hydrogen-purged electrolytes to calibrate our Ag/AgCl

reference electrode to the reversible hydrogen electrode (RHE) potential. This procedure is crucial in

characterizing catalysts for reactions involving proton-electron transfer because it enables accurate

determination of catalyst overpotentials relative to an empirically measured, pH-dependent thermo-

dynamic equilibrium potential. Figure 3.7 depicts representative RHE calibrations using our Pt NPs

alongside polycrystalline Pt disk electrodes in acid and base. For consistency, these measurements

were initiated in electrolytes that were first purged with atmospheric air for several minutes (∼1000

seconds) until a stable potential was attained. The purge gas was then switched to hydrogen at the

same flow rate. The open-circuit potential was found to decrease over several minutes as dissolved

oxygen was replaced with hydrogen until it asymptotically approached a stable potential in the

expected range for a reversible hydrogen electrode (near -0.25 V vs.. Ag/AgCl in 0.5 M H2SO4 and

-1.0 V in 0.5 M KOH). Figures 3.7c and d show detailed views of a narrow range of potentials in the

asymptotic region. In acid, OCP values for the Pt disk electrode and unsupported Pt nanoparticles

remained stable within ±2 mV over the last 10 minutes of the measurement. The minimum OCP

values, which can be interpreted as an estimate of 0 V vs. RHE, were −0.266 and −0.270 V vs.

Ag/AgCl; the modest difference between these values constitutes uncertainty in the RHE calibration

attributable to, e.g., reference electrode drift or incomplete exclusion of atmospheric air during the

hydrogen purge. These data show that clean Pt electrodes of varying surface roughness remain
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Figure 3.6: HER/HOR polarization curve of fresh film of Pt nanoparticles and after cycling in the

HER potential range for 30 minutes (i.e.at 100 mV/s for 300 cycles)in comparison with commercial

10 wt% Pt/C and simulated diffusion overpotential curve under hydrogen gas purge at 1600 rpm in

(a) 0.5 M H2SO4 and (b) in 0.5 M KOH. The Pt mass loading was kept constant at 0.2 mg/cm2.
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sufficiently catalytic over the measurement interval to obtain a stable equilibrium between hydrogen

and protons.

In alkaline solution, Pt nanoparticles gave a similarly stable final OCP value, but the Pt disk

was found to drift positive by ∼30 mV over several minutes. This indicates that this relatively low

surface-area electrode becomes sufficiently deactivated on the timescale of the RHE calibration to

exhibit a mixed potential likely involving equilibration to the HER/HOR equilibrium and one or

more additional equilibria associated with impurities in solution or adsorbed on the electrode.[189]

These data again exemplify the greater sensitivity of Pt to deactivation in base, which results from its

lower catalytic activity toward hydrogen evolution/oxidation and can be ameliorated by increasing

the areal density of Pt surface sites.

3.7 Summary

In summary, we synthesized uniform, 3 nm unsupported Pt nanoparticles via a straightforward

aqueous route involving ascorbic acid and polyacrylate as reductant and capping agent, respectively.

The resulting Pt NP colloidal suspension can be purified by simply basifying the reaction mixture,

which substantially removes the polyacrylate capping agent. The purified particles remain stably

suspended in pure water, which lends well to their use as a laboratory standard for electrochemical

hydrogen evolution/oxidation and potentially in numerous other applications. We further showed

that these catalyst particles lose considerable active surface area over a span of tens of minutes

during continuous electrochemical cycling in unpurified, reagent grade aqueous acid and base. We

contextualized these results in terms of the utility of these Pt NPs for benchmarking novel HER/HOR

catalysts. We further demonstrated that Pt deactivation has a much greater negative impact on these

measurements in base than in acid.

Considering together all the results reported here, we conclude that it is indeed possible to

collect accurate Pt HER/HOR activity benchmark data and to calibrate reference electrodes relative

to the RHE without the need to rigorously purify electrolytes or otherwise maintain scrupulously

clean conditions. To do so consistently, we recommend adopting the following practices:

42



Figure 3.7: Open circuit potential measurements of Pt nanoparticles and Pt disk electrodes under air

purge followed by H2 purge in (a) 0.5 M H2SO4 and (b) 0.5 M KOH. Panels (c) and (d) are details

of the potential vs. time data in (a) and (b), respectively, over a narrower range of potentials after

the solution became saturated with H2.

1. When possible, maximize the areal density of Pt active sites by using Pt NPs with mass loading

≥0.1 mg/cm2 or platinized Pt electrodes.

2. When using Pt NPs, compare the results of ECSA measurements against the surface area expected

from independently measured particle size/shape to determine whether they are free of surface

site-blocking impurities.

3. When operating in an acidic environment, Pt catalysts may be further cleaned by scanning to

oxidizing potentials on the order of 1.5 V vs. RHE. However, these treatments should be limited

to a short duration (no more than a few minutes), after which particle films should simply be
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removed from the electrode substrate and a fresh film deposited.

4. Do not use potential cycling to clean Pt catalysts in alkaline electrolytes, as is has no beneficial

effect. Instead, measurements should be limited to a few tens of minutes or less, between which

catalyst films should be removed and refreshed. Experiments that require longer durations will

likely require electrolyte purification.

5. Regularly execute internal checks for catalyst deactivation. These include hydrogen evolu-

tion/oxidation measurements in acid, which should give mass-transfer limited activity, and RHE

calibrations, which should yield little to no potential drift over at least several minutes.
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4.0 Compositional Analysis of Ni–Mo Catalysts

Nickel Molybdenum (Ni–Mo) alloy composites are used to catalyze redox reactions involving

surface-bound hydrogen intermediates. The water gas shift reaction[190], hydrotreating reactions[191],

CO2 methanation[192] and electrochemical water splitting [193, 194, 195, 196] are some of the

examples of chemical processes where Ni–Mo catalysts are used. Ni–Mo catalysts have been

synthesized by various synthetic approaches, including sol-gel, hydrothermal, co-precipitation,

precipitation-reduction and electrodeposition.[197, 60, 51, 198, 199, 200, 201] In most of these

synthesis routes, the final catalyst is derived from the thermal reduction of the nickel molybdenum-

based oxide intermediate. However, the details of intermediate oxide synthesis and its thermal

reduction have been shown to influence the activity of the final catalyst.[202, 203, 204, 205, 206]

Nonetheless, to date there have been few studies directed at characterizing the precise composition of

these Ni–Mo composites, and how this composition changes as a function of processing conditions.

This chapter summarizes our work to understand the composition of Ni–Mo catalysts in reference to

their application in alkaline hydrogen electrochemistry. It was carried out in close collaboration

with Profs. Stephen House and Judith Yang, who performed the transmission electron microscopy

(TEM) analysis. Shubham Awate, from Prof. Susan Fullerton’s research group, also executed the

atomic force microscopy (AFM) analysis.

4.1 Composition of Ni–Mo catalyst revealed

Numerous prior studies have already clearly demonstrated that Ni–Mo alloy catalysts exhibit

high activity for the alkaline hydrogen evolution reaction.[207, 208, 209, 210, 211, 212, 213, 214,

215, 216, 217, 218, 219, 220, 221, 222, 223, 224, 225] Our work is based on a set of previous studies

in which Ni–Mo alloys were synthesized using a precipitation-reduction approach. This approach

allows for easy variation of the alloy composition, support material, and deposition substrate. This

section compiles complete details on the synthesis and compositional analysis of high perfoming

Ni–Mo composite catalysts, adapted with permission from Rituja B. Patil, Aayush Mantri, Stephen
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D. House, Judith C. Yang and James R. McKone; ACS Applied Energy Materials, 2019, 2, 4,

2524–2533. Copyright 2019 American Chemical Society.

A synthetic procedure for the Ni–Mo was adopted from prior report by McKone et al.[60]. A

representative procedure is described here. A Corning PC-420D hotplate was preheated to 400 ◦C

for 30 minutes. 1.5 g (5.2 mmol) of nickel nitrate hexahydrate and 0.6 g (3.4 mmol) of ammonium

molybdate tetrahydrate were dissolved in a mixture of 5 ml deionized water and 2 ml ammonium

hydroxide in a 100 mL beaker to give a deeply blue solution. 45 ml diethylene glycol was then

added to this solution. The solution was then placed on the preheated hotplate and stirred using a

PTFE-coated stirbar (Fisher Scientific) at 500 rpm. An alcohol thermometer was used to monitor

the temperature. The mixture was heated until the temperature reached 110 ◦C, which we found to

require 5–7 minutes. Upon heating, a green precipitate formed; part of this precipitate remained

suspended in the parent solution and part became entrained on the bottom and sidewalls of the

beaker and stir bar. After reaching the target temperature, the beaker was removed from the hotplate

and allowed to cool slightly. The still-warm reaction mixture was then transferred to a 50 mL

polyethylene centrifugation vial and centrifuged (Thermo Scientific Sorvall ST 8) at 3000 rpm for

10 minutes. A pale blue supernatant remained and was decanted, followed by repeated washing

and centrifugation steps using pure water until the supernatant became colorless. A final rinse and

centrifugation step was carried out using acetone instead of water, and then the final precipitate was

collected by suspending in a minimum of methanol and dried in a drying oven (Fisher Scientific

Isotemp) at 60 ◦C for several hours. The final yield of green powder ranged from 17–21% relative

to the total mass of precursors. A Thermo-Scientific Mini Mite tube furnace was used to reduce

the oxides. The oxides were then transferred to a crucible, and thermally reduced in a tube furnace

under a flow of forming gas (5% H2 and 95% N2) at a rate of 15 sccm. The furnace temperature

was first increased to 200 ◦C and held for 30 minutes, followed by increasing to 450 ◦C for 1 hour.

The forming gas flow was discontinued and the furnace was allowed to cool naturally to room

temperature. The product (still a black powder) was then removed and weighed again.

Figure 4.1 shows XRD results for Ni–Mo oxides and catalysts synthesized by the precipitation-

reduction approach. The oxide precipitate exhibited broad diffraction features at 2θ = 25, 35, and

61◦, which we were unable to index to a known compound containing Ni and/or Mo.
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Figure 4.1: X-ray diffraction patterns of intermediates and products associated with ammonia-based

nanopowders. Standard diffraction patterns corresponding to the indexed compounds are also

included and labeled with card numbers corresponding to entries in the ICDD PDF database.

Upon reduction, Ni–Mo nanopowders with and without carbon supports gave diffraction features

consistent with face-centered cubic (fcc) Ni. The carbon-containing samples also showed a broad

feature at 2θ ∼ 24◦, matching that of Vulcan carbon black alone. Peak positions were shifted

slightly to lower 2θ values than in pure Ni, which is attributable to lattice expansion arising from

the incorporation of Mo into the Ni lattice, as has been reported previously.[219] By application of

Bragg’s law to the fcc peaks, we extracted a lattice constant of 3.56 ±0.017 Å, implying Mo content

of 9.3 ±0.4 mol% in the alloy. Scherrer analysis indicated a crystallite size of 5.48 ±0.54 nm for the

crystalline fcc component. Careful inspection of the ammonia-based Ni–Mo XRD pattern baseline

also showed broad peaks corresponding to MoO2 and NiO (see Supporting Information). Based

on these results, we conclude that the ammonia-based synthesis gave rise to products comprising a

Ni-rich alloy phase along with residual Ni and Mo oxides.
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Figure 4.2 depicts scanning electron micrographs of Ni–Mo oxides and Ni–Mo nanopowder

composites without carbon supports. EDS analysis gave 70–75 mol% Ni and 25–30 mol% Mo,

indicating Mo loss during the precipitation or oxide purification steps. Additional elemental analysis

using inductively-coupled plasma optical emission spectroscopy (ICP-OES) agreed with the EDS

results. This is consistent with the trend observed in prior work on Ni–Mo Nanopowder synthesis.[60]

The final nanopowders were irregular agglomerates that were several hundred nm in diameter in the

oxide and the reduced product.

TEM analysis was used to probe the nanoscale composition and morphology of a representative

sample of unsupported Ni–Mo nanopowder. This examination revealed that the Ni–Mo agglomerates

in fact consisted of Ni-rich nanoparticles encased in a Mo-rich oxide matrix. Examples of the

predominant morphology are shown in Figure 4.3a, where one such Ni-rich nanoparticle is indicated

by a white arrow, and the oxide surrounding it by a black arrow. The Ni-rich nanoparticles were

convex and few tens of nm in size. Most of these Ni-rich nanoparticles came in close contact

with at least one other nanoparticle, effectively forming connected chains, though nanoparticles

on the periphery of these aggregates were more likely to be isolated by an oxide layer. Consistent

with XRD results, electron diffraction showed that the Ni-rich nanoparticles were crystalline with

the fcc structure and the Mo-rich oxide was nanocrystalline with ultra-fine grains (Figure 4.3b).

The Mo-rich oxide coating also varied in thickness from near zero to several nm, but appeared to

fully enclose the Ni-rich phase in nearly all areas (Figure 4.3c and d). The elemental identity and

distribution of the nanoparticles and oxide were verified via EDS mapping, as shown in Figure 4.4.

The maps confirm that the interior nanoparticles were strongly Ni-rich, while the co-localization of

the Mo and O—but not Ni—confirm a Mo-rich oxide matrix into which metallic nanoparticles were

embedded.

The core@shell catalyst geometry was found to be independent of the ratio of Ni and Mo

precursors and the precursor salts of Ni and Mo (Ni nitrates versus chlorides or ammonium versus

sodium salt of Mo).[226, 227] Attempts were also undertaken to remove the Mo-oxide layer by

immersing the catalyst in different concentrations of KOH solutions (1–5 M) for different intervals

of time (minutes to days), but the results were inconsistent. Nonetheless, the presence of an oxide

shell around a nominally metallic catalyst was not explicitly known before, and this motivated our

subsequent work to understand the structural evolution of the core@shell structure.
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Figure 4.2: Representative SEM images of (a) oxide precipitates and (b) reduced powders without

carbon supports.

49



Figure 4.3: (a) Bright-field TEM image of unsupported Ni–Mo, showing Ni-rich particles (white

arrow) surrounded by Mo-rich oxide (black arrow). (b) Selected area electron diffraction (SAED)

pattern showing crystalline Ni and MoO3 phases. (c) Dark-field STEM image from the same

ammonia-based Ni–Mo sample, and (d) detail of the region highlighted in (c).

4.2 Direct observation of core@shell structure in Ni–Mo

We saw in the previous section that Ni–Mo alloys consist of Ni-rich core, coated by a Mo-

rich oxide phase. It was unclear, however, how a pure phase oxide catalyst precursor evolves into

a mixed-phase core@shell structure upon reduction. We therefore performed a series of in-situ

environmental TEM (ETEM) experiments to directly observe the thermal reduction of NiMoO4 to

Ni–Mo composite under hydrogen. This study is published and is reproduced here with permission
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Figure 4.4: HAADF STEM image of single ammonia-based Ni–Mo agglomerate along with corre-

sponding EDS elemental maps of the spatial distribution of Ni, Mo and O.

from Rituja B. Patil, Stephen D. House, Aayush Mantri, Judith C. Yang, James R. McKone; ACS

Catalysis, 2020, 10, 18, 10390–10398. Copyright 2020 American Chemical Society.

4.2.1 Experimental

Nickel molybdate nanorods were synthesized via a hydrothermal reaction between aqueous Ni

and Mo salts, following several prior reports.[228, 229, 230, 197, 231, 232, 233, 234, 235, 236] In
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a representative synthesis, 0.15 g of nickel nitrate hexahydrate (98%, Alfa Aesar) and 0.12 g of

sodium molybdate dihydrate (99.5%, Alfa Aesar) were added to 15 mL of deionized water (purified

using a Millipore Advantage A10 system) and dissolved by sonication in an ultrasonic bath (Branson

M1800). Ni gauze (Alfa Aesar, 100 mesh, 100 mm dia wire) was cut into several 3x8 cm strips and

cleaned by ultrasonication for 5-10 minutes in 2 M hydrochloric acid (99.5%, Fisher Scientific),

followed by rinsing in ethanol (99.5%, Decon laboratories) and deionized water. Several strips were

then vertically oriented against the interior walls of a polytetrafluoroethylene (PTFE) lined acid

digestion reactor (Parr 4744). The reactor was finally loaded with the aqueous Ni+Mo precursor

mixture, sealed, and placed in a preheated muffle furnace (Lindberg/Blue M Moldatherm) at 160◦C

for 6 hours. The reactor was allowed to cool to room temperature passively for several hours prior to

opening. The Ni gauze, which had become matte green in color, was then removed from the reactor

and sonicated for 30 minutes to remove the green solid. The resulting suspension was dried at 60 ◦C

overnight.

Reduced Ni–Mo composites were generated by heating the NiMoO4-coated Ni gauze samples

in a tube furnace (Lindberg/Blue M Mini Mite) under an atmosphere containing 5% H2 and 95% Ar

or N2 (Matheson). The reduction temperatures were varied from 200 to 600 ◦C for a total of 1 hour.

After reduction, the mesh was sonicated in isopropanol to suspend the Ni–Mo catalyst composite.

The mass of catalyst in the suspension was obtained by dropcasting a known volume of the solution

on a borosilicate glass microscope slide and weighing it on an ultramicrobalance. A final suspension

was then prepared with 1 mg/mL of Ni–Mo in isopropanol along with 1 mg/mL of 20 wt% Nafion

solution.

4.2.2 Ex-situ analysis

Initially we focused on ex situ characterization of the NiMoO4 nanorods before and after thermal

reduction by combining temperature-programmed reaction experiments with SEM, TEM and XRD

measurements. The structural and compositional analysis of as-synthesized oxide are compiled in

Figure 4.5. The prominent phases identified by XRD were α– and β–NiMoO4 with the possible

addition of residual NaNO3 from the synthesis mixture. EDS analysis in the SEM gave a 3:2 ratio

of Ni to Mo, indicating unequal incorporation of the metals in the hydrothermal reaction. We
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attribute the presence of a minor fraction of metastable β–NiMoO4 to the excess Ni, as has been

reported elsewhere.[203, 204, 205, 237, 238] The particles were predominately rod-shaped up to a

few hundred nm in diameter and several µm in length (Figure 4.5b). A small fraction of spherical

particles were also observed (see Supporting Information), and exclusion of Ni mesh from the

synthesis mixture gave a much larger proportion of isotropic nanoparticles. TEM examination

(Figure 4.5c–e) confirmed the nanorods to be crystalline NiMoO4 with a high density of planar

faults running parallel to the rod axis.

Figure 4.6 depicts representative diffraction, SEM, and TPR data for thermally reduced NiMoO4

nanorods. On reduction at 200 oC, the catalyst composition resembled the as-synthesized oxide.

Reduction at 300 oC resulted in a marked decrease in long-range crystalline order, as evidenced by

the loss of discernible XRD features associated with NiMoO4. After reduction at 400 ◦C, the XRD

showed peaks corresponding to unreduced NiMoO4 and comparatively broad features at 2θ = 44,

52, and 76◦ (Figure 4.6a), which we assigned to a Ni-rich fcc NixMo1– x alloy. A lattice constant of

3.56 ± 0.01 Å was extracted from these peaks. The Mo content in the reduced alloy was calculated

from the shift relative to that of pure Ni and found to be 9.86 ± 1.99 mol%.[219] Increasing the

reduction temperature to 500 ◦C resulted in a significant decrease in the intensity of the fcc peaks

relative to several new features below 2θ = 25◦; some of these correspond to mixed Ni–Mo nitride

phases, but several others we were unable to index to any known phase containing Ni and/or Mo.

SEM imaging of the Ni–Mo composite after reduction at 400 ◦C (Figure 4.6b) shows that the

rod structure remained intact alongside a modest population of isotropic particles. The TPR data in

Figure 4.6c indicate a monotonic decrease in mass with increased temperature under H2, consistent

with thermal reduction of NiMoO4 to metallic and/or suboxide products.[227] The first-derivative

of the weight loss curve gives three minima at 240, 340, and 460 ◦C. This suggests multiple distinct

chemical transformations occur over the temperature range from 25 to 600 ◦C.

Figure 4.7 compiles XPS data for as-synthesized NiMoO4 and the composite obtained after

reduction at 400 ◦C. Prominent peaks identified in the survey spectra were Mo 3d, C 1s, N 1s, O 1s,

Ni 2p and Na 1s. We attribute the presence of Na and N to NaNO3, the water soluble product of

the salt metathesis reaction that may remain entrained within NiMoO4. High resolution XP spectra

for the Ni 2p and Mo 3d regions were also collected. Nickel peaks in the oxide are consistent with

Ni2+, and upon reduction there emerged evidence for metallic Ni. The relatively low intensity of this
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Figure 4.5: (a) XRD pattern of as-synthesized Ni–Mo oxide nanorod with the corresponding standard

diffraction patterns obtained from the ICDD database. (b) SEM image of the as-synthesized oxide.

(c) TEM micrograph of a representative nanorod. (d) HRTEM of a representative nanorod showing

planar faults running parallel to the rod axis, as seen in the lattice shifts (examples indicated with

dashed lines). These faults also manifest as the stripes in the contrast of (c). (e) Representative

SAED pattern of the nanorod in (c) indexed to α-NiMoO4; the pattern also displays characteristic

streaking (perpendicular to the rod axis) and extra spots associated with planar faults.
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Figure 4.6: Characterization of NiMoO4 nanorods after thermal reduction: (a) Empirical XRD

patterns at 200, 300, 400, and 500 ◦C along with standard patterns obtained from the ICDD database.

(b) Representative SEM image of the product upon reduction at 400 ◦C. (c) TPR data showing

percent weight loss and the first derivative of the weight loss over the temperature range of interest.
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metallic feature is consistent with oxidized Ni on the surface of the catalyst composite, which may

result from incomplete reduction or re-oxidation of Ni in the alloy phase after handling the sample

in air. Similarly, the Mo region in the oxide phase shows only features corresponding to Mo6+, while

the final product shows a clear evidence for partially reduced Mo5+ and Mo4+ and tentative evidence

for Mo0.

The observed changes in composition and morphology can be directly correlated with catalytic

activity toward the alkaline hydrogen evolution reaction. Figure 4.8 collects representative po-

larization data (normalized to macroscopic electrode area) and cathodic current densities at 200

mV overpotential as a function of reduction temperature in 0.1 M KOH. A catalyst mass loading

of 50 µg/cm2 was used throughout these measurements to minimize the confounding effects of

electrical resistance associated with thicker films containing significant residual oxide.[227] The

catalytic activity increased initially up to 400 ◦C and then decreased significantly at higher reduction

temperatures. This trend is consistent with the TPR measurements, where two distinct chemical

transformations were observed below and above 400 ◦C.

These activity measurements, combined with the characterization results, suggest that NiMoO4

reduction is a multi-step process, and the product obtained at moderate reduction temperatures

exhibits the greatest HER catalytic activity. The as-synthesized oxide and the products obtained on

heating at ≤200 ◦C display activity that is not significantly greater than the glassy carbon background

(see Supporting Information). At 240 ◦C, a slight mass loss in the TPR data does not result in

any apparent change in composition (see Supporting Information); hence, we attribute this feature

to be loss of adsorbed water. The HER activity begins to increase discernibly at 300 ◦C, which

also coincides with initial XRD evidence for formation of the fcc Ni–Mo alloy, suggesting initial

formation of the active catalyst. At 400 ◦C, the XRD data clearly indicate the formation of an alloy

phase, but the high XPS intensities for Ni and Mo oxides suggest incomplete reduction. Nonetheless,

the HER activity is maximized at this treatment temperature, which suggests that the active catalyst

may require metallic and oxidized components.

The decrease in activity at 450 ◦C corresponds well to the TPR data showing the onset of

a second major chemical transformation near this temperature. However, additional analysis by

XRD and ex situ TEM (see Supporting Information) do not give a clear indication of the nature of

this chemical transformation. While increased temperature would be expected to decrease surface
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Figure 4.7: Representative XP spectra and fits for NiMoO4 oxide before and after reduction at 400
◦C: (a) survey scans; (b) Ni 2p region; (c) Mo 3d region.

area through particle coarsening, electrochemical impedance spectroscopy and HRTEM data (see

Supporting Information) suggest that the activity maximum around 400 ◦C cannot be attributed to
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Figure 4.8: Representative polarization curves (a) along with absolute values of geometric and mass

activity (b) for NiMoO4 nanorods that were thermally reduced for 1 hour at the noted temperatures.

Measurements were performed in H2-saturated 0.1 M KOH using a catalyst mass loading of 50

µg/cm2 at 10 mV/s scan rate. The error bars in (b) represent 95% confidence intervals about the

mean calculated from at least 10 samples at each temperature.
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surface area alone. Nonetheless, all of the materials analysis presented up to this point leave open

the question of what is the nanoscale composition and morphology of the active form of the catalyst

obtained around 400 ◦C.

4.2.3 In-situ analysis

To provide further insight into the nanoscale structural changes occurring during the catalyst nu-

cleation and growth processes, we performed TEM characterization in situ during thermal reduction

using an ETEM system along with ex situ HRTEM imaging and elemental analysis of the reduced

products. NiMoO4 nanorod specimens were heated under 1.1 x 10-2 Pa of H2 from 25 to 500 ◦C.

Heating was performed in 25 ◦C steps, with the temperature held steady at each step until no further

structural changes were observed. In addition to the nanorods followed continuously throughout

this process, additional nanorods that were not continuously exposed to the electron beam were also

briefly examined after each major transformation (see Supporting Information). The morphological

changes we observed were consistent across all examined nanorods, confirming that these changes

were not merely the result of interactions with the electron beam.

Real-time ETEM data were collected during thermal reduction as continuous videos, which are

included as Supporting Information. Representative bright-field still images as well as selected-area

electron diffraction (SAED) data over a range of temperatures (after cessation of the associated

structural changes) are collected in Figure 4.9. Extensive additional imaging and SAED data have

also been included in the Supporting Information. Consistent with the TEM data in Figure 4.5, the

as-synthesized NiMoO4 rods (Figure 4.9a,g,k) were highly crystalline with planar faults running

parallel to the rod axis. This morphology remained unchanged until reaching 350 ◦C (Figure 4.9b,h,l),

when small Ni-rich nanoparticles (mean of 4.5 ± 1.5 nm, Figure 4.10) were observed to nucleate

in and on a porous Mo-rich oxide “skin.” The nanoparticles were evenly dispersed and, once

nucleated, remained in place, evidently growing via diffusion of Ni from the surrounding NiMoO4

as it continued to react. As seen in the image, as well as by the continued presence of the strong

planar-faulted single-crystal diffraction pattern in Figure 4.9j, the core of the nanorods remained

mostly intact.
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Figure 4.9: TEM micrographs and SAED patterns for NiMoO4 nanorods that were thermally reduced

in the ETEM at selected temperatures. Images were collected after cessation of observable structural

changes. (a-f) Images of the full region continuously followed during reduction. (g-j) Close-ups of a

region of the thin nanorod indicated by the box in (a) at the indicated temperatures. The dashed

lines in (i) delineate the boundary between a porous, Mo-rich outer oxide layer and a solid nanorod

core. Dashed oulines in (j) indicate Mo-rich oxide and/or nitride flakes. (k-o) SAED patterns of the

thin (leftmost in a-f) nanorod at each of the indicated temperatures. The pre-reduction diffraction

pattern (k) indexes as α-NiMoO4 (Miller indices are annotated). The polycrystalline pattern in (n)

is consistent with fcc Ni and one or more Mo-rich oxides/nitrides.
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Increasing the temperature to 375 ◦C (Figure 4.9c,i,m) produced more Ni-rich nanoparticles

along with a coarsening of their overall size to 9.4 ± 3.1 nm (Figure 4.10) as the porous outer

layer progressed deeper into the nanorods. Upon equilibration, the outer layer of each nanorod had

transformed into a porous Mo-rich oxide network, into and onto which was embedded metallic

nanoparticles. Electron diffraction indicated these particles showed the Ni fcc crystal structure;

hence, they agree well with the XRD observations indicating formation of a Ni–Mo alloy containing

∼90 mol% Ni. For all the rods examined, this structural change halted at a depth of 20-30 nm below

the original nanorod surface, leaving the core largely intact (Figure 4.9i,m).

Upon heating to 425 ◦C, the second major reductive transformation began to occur. The previ-

ously intact core of the nanorod completely reacted, leading to a dramatic phase segregation into

isotropic Ni-rich nanoparticles and large, angular Mo-rich oxide crystals (Figure 4.9d,j,n). The

number and average size of the Ni-rich nanoparticles notably increased (14.1 ± 7.4 nm, Figure 4.10),

and the size distribution also increased markedly, with the largest particles growing to nearly 100

nm in diameter. The coarsening of existing nanoparticles combined with a transition to a strongly

lognormal overall distribution (see Supporting Information) indicates that both Ostwald ripening

and particle migration and coalescence were active at this stage. The Mo-rich oxide particles—with

a mean diameter of 72 ± 38 nm and an observed range from 20 to 200 nm—formed by the reduction

of the core were predominantly flake- or rod-like, highly faceted crystals, as confirmed via HRTEM

(see Supporting Information). The porous outer layer that had formed at 350-375 ◦C was also

partially consumed into these crystals as they reacted further.

The overall process of NiMoO4 chemical transformation and phase segregation was largely

complete after equilibration at 425 ◦C, but slight coarsening and particle movement continued until

500 ◦C (Figure 4.9f,o), where the experiment was terminated. The trends were consistent in all

rods observed, regardless of initial diameter or whether they were actively imaged during reduction

(see Supporting Information). In fact, particle coarsening and phase separation were actually more

pronounced in some rods that were only exposed to the electron beam before and after heating. This

suggests that although interaction with the 100-kV electron beam may change some specific details

of the morphology change (e.g., the exact size, number, and/or distribution of nucleated Ni-rich

particles), the general trajectory of oxide reduction is not significantly influenced by the beam.
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Figure 4.10: Size distribution violin plots of the Ni-rich nanoparticles in the Ni–Mo composite after

thermal reduction at 350, 375, and 425 ◦C. The nanoparticle populations were taken from the same

region of the same nanorod at the given temperatures. The dashed lines indicate the median and the

dotted lines indicate the quartiles. Total population sizes were N = 64, 90, 125 particles, respectively.

Only particles that were clearly resolvable were counted.

Attempts to quantitatively identify the crystalline phases present in the fully reacted product

via SAED were hindered by the near-equivalent plane spacings in several Mo-rich oxides as well

as fcc Ni. Thus, for each of the observed diffraction rings we identified at least two possible

phases. Nonetheless, the measured diffraction rings/spots are consistent with a Ni-rich fcc alloy and

the expected Mo-rich oxides. Major diffraction peaks present in the SAED pattern (Figure 4.9n)

corresponding to the dominant phases observed by XRD have been indicated. There was also some
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evidence for Mo nitride in the final product; we speculate that this results from thermal reduction of

residual nitrate from the synthesis mixture.

The phase segregation of the fcc Ni-rich alloy from the Mo-rich oxide was confirmed via

HAADF-STEM imaging and EDS elemental mapping of the fully reduced nanorods (Figure 4.11).

These data show that Ni is localized almost entirely to the isotropic nanoparticles (brighter in the

HAADF image), while the rods’ outer shell and large interior crystals are comprised primarily of

Mo, O, and N. Additional HAADF-STEM images and EDS maps from nanorods in the primary

cluster and from a nanorod that had not been imaged at all before or during the in situ reduction

are included in the Supporting Information. These observations indicate that all of the Ni in the

NiMoO4 precursors that is accessible to the gas-phase H2 reactant is fully reduced at ≤500 ◦C,

and the oxidized Ni observed by XPS likely results from post-synthetic exposure to atmospheric

oxygen. By contrast, the vast majority of the Mo content of the precursor remains oxidized, which

is consistent with prior reports showing that Mo-oxides are highly resistant to complete reduction

under H2 at temperatures below 600 ◦C.[239, 240, 241]

4.2.4 Combining ex-situ and in-situ analysis

Upon consideration of the in situ and ex situ data together, the increase in alkaline HER activity

beginning at 300 ◦C is consistent with the formation of catalytically active Ni-rich nanoparticles

surrounded by porous Mo-rich oxide network. The highest activity is then achieved upon formation

of a substantial number of sub-10 nm Ni-rich nanoparticles that remain embedded in and on the

oxide matrix. This leaves at least two plausible explanations regarding active sites for the alkaline

HER in this catalyst. The first is that metallic Ni0.9Mo0.1 nanoparticles are the only catalytically

competent species, and the narrow activity maximum at ∼400 ◦C corresponds to point at which the

exposed surface area of these particles is maximized. The activity decrease above 400 ◦C then results

from loss of surface area and inter-particle connectivity due to nanorod pulverization. However, the

total number (and apparent surface area, see Supporting Info.) of Ni-rich particles actually increased

at temperatures above 400 ◦C, which makes it difficult to implicate surface-area effects alone.

Another possibility is that the catalytic performance of these materials depends on the inter-

action between the metallic alloy particles and the remaining oxide. This interpretation agrees

63



Figure 4.11: HAADF-STEM image (upper left) and the corresponding EDS elemental maps from a

region of the thinnest (leftmost) rod in Figure 4.9 after thermal reduction at 500 ◦C.

with numerous recent reports indicating that alkaline HER electrocatalysts based on precious and

nonprecious metals benefit from synergistic interactions between metallic and oxidized surface

sites.[64, 65, 242, 63, 243] We speculate that the active catalytic unit in these Ni–Mo composites

comprises interfacial sites where Ni, MoOx (or NiMoOx), and aqueous electrolyte coexist under

HER reaction conditions. Accordingly, the decrease in activity at reduction temperatures above 400
◦C would then be attributable to a significant decrease in metal–oxide contact area that results from

restructuring of the Mo-rich oxide matrix.

Galvanostatic stability analysis performed on the highest performing catalyst (see Supporting

Information) showed a significant decrease in HER activity within tens of minutes. This loss
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in activity was also accompanied by significant restructuring of the catalyst into large isotropic

aggregates. This further suggests that the oxide phase is relevant to the HER mechanism.

Ultimately these data show that the synthesis of catalytically active Ni–Mo composites from

Ni–Mo oxides is a kinetically controlled process that requires intercepting a partially reduced product

containing metallic and oxidized components in intimate contact. While these studies were directed

at electrocatalytic hydrogen evolution, it is plausible that very similar catalyst compositions are

generated spontaneously in thermal hydrogenation reactors.[244, 245, 246, 247, 248, 190, 192]

While it is possible to follow these chemical transformations using ex situ measurements alone,

in situ ETEM enables direct observations that can be used to further inform synthetic strategies

to improve kinetic control. For example, the chemical and structural transformations associated

with each temperature step in the ETEM were complete within a few minutes. Hence, it would be

intriguing to pursue improved control over catalyst microstructure using rapid thermal processing

techniques, which are routinely deploying in the semiconductor industry.[249, 250] Nonetheless,

the multiphase and morphologically irregular nature of this catalyst makes it difficult to implicate

a specific active site or reaction mechanism. Further work would also be warranted to pursue

alternative synthetic routes for Ni–Mo metal/oxide composites with improved control over the

composition and morphology of each component.

Thus, using in situ ETEM alongside extensive ex situ characterization, we showed that the

thermal reduction of NiMoO4 nanorods proceeds via a series of distinct chemical and structural

transformations. The reaction initiates with Ni-centered nucleation events and ultimately leads to

phase segregation between Ni-rich alloy nanoparticles and Mo-rich oxides. The catalytic activity of

this composite toward the HER is maximized over a narrow range of reduction temperatures that

coincide with the formation of small Ni-rich nanoparticles embedded in a Mo-rich oxide matrix.

These data suggest that the active catalyst requires metallic and oxidized species in intimate contact,

but the multiphase nature of the catalyst makes it difficult to identify the precise composition of

the active site or sites. Further work would be warranted to synthesize phase-pure, monodisperse

Ni–Mo alloys and metal/oxide composites to further assess the active sites for hydrogen evolution

and thermochemical hydrogenation reactions in these materials.
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4.3 Metal/metal-oxide interfaces for hydrogen electrochemistry

We have now seen that Ni–Mo alloys consist of an oxide shell and that it is formed due to

incomplete reduction of a mixed NiMoO4 starting material. But there remains a question of whether

these metal/metal-oxide interfaces are important for HER catalysis. A thorough literature review

suggests that there are four mechanisms by which metal/metal-oxide composites may cooperate

to improve catalytic activity. These four are schematized in figure 4.12. In all cases, it is broadly

hypothesized that the water dissociation step associated with the Volmer or Heyrovsky steps in

HER catalysis is rate-determining. One hypothesis is that metal/oxide cooperatively causes directly

accelerates water dissociation at oxide sites proximal to the metallic H-binding sites. Another similar

possibility is that dipolar surface interactions at the metal oxide favorably influence the orientation

of water molecules as they approach the metallic active site. A third possibility involves electronic

synergy, in which unique sites at or near the metal/metal-oxide interface exhibit uniquely favorable

binding energies for H intermediates. Finally, the HER mechanism at metal/metal-oxide interfaces

may involve H-spillover—–that is, the physical migration of H-intermediates between the metallic

and oxidized surfaces.

Metal/metal-oxide interfaces are ubiquitous in thermal catalysis, but they have been considerably

less studied in electrocatalysis since most oxide supports are not sufficiently conductive to enable

facile electron transfer to a metallic active site. Nonetheless, we broadly hypothesize that many

metal/metal-oxide interfaces are beneficial for hydrogen evolution/oxidation electrocatalysis.

4.3.1 Wire catalysts

Motivated by a key finding from Liang et al.,[63], we were motivated to explore whether every

experimentally accessible transition metal surface would exhibit enhanced HER when it was partially

oxidized electrochemically. Specifically, we tested Ni, Co, Cu, Ag, and Fe metals in the form of

wires that were 99.995% pure from Alfa Aesar. These metals were chosen in part because they

are readily commercially available and span a wide range of HER activities. The metal oxides

were generated electrochemically by varying the potential range over which the samples were

cycled electrochemically. The synergy of underlying metal with its oxide on the HER activity was
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Figure 4.12: Possible mechanisms for enhancement in HER activity due to metal/oxide

monitored by measuring the activity at a fixed HER potential as a function of positive potential limit

(figure 4.13), where less positive potential limits corresponded to nominally un-oxidized material

and more positive limits gave rise to progressively greater sample oxidation.

The HER activity of Ni and Co wires increased when dicationic oxides were formed. This

suggests that Ni2+ and Co2+ oxide (or hydoxide) facilitate HER on Ni and Co metals, respectively,

as also reported by several others.[63, 188, 65] The +3 oxidation state of Co continued to promote

HER while Ni+3 suppressed the HER activity. The oxides of Fe, Ag, and Cu had no discernible

beneficial effect on the HER activity of the respective metals, and Cu oxidation lead to a decrease in

performance. Accordingly, this analysis showed that alkaline HER activity is not simply enhanced by

the presence of any transition metal oxide. Rather, only certain oxides appear to behave as effective

co-catalysts; or, alternatively, only certain transition metals benefit from the presence of an oxide

co-catalyst.
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Figure 4.13: Influence of oxidation of metals on their HER activity. (a) shows representative cyclic

voltammograms for respective metals at different potentials at 50 mV/s under N2 purge in 0.1 M

KOH and (b) shows HER activity normalized to the maximum observed current as a function of

different positive limit potentials (-1 to 0.4 V vs. Ag/AgCl). The HER activity was measured at that

potential where there was no influence of the redox peaks.
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4.3.2 Thin film catalysts

The research literature contains several prominent examples of metal/metal-oxide interfacial

synergy that was revealed through a detailed study of composite thin films. For example, it was

shown recently that Ni(OH)2 islands enhance the alkaline HER activity of a wide range of transition

metals.[65, 64] Deposition of discontinuous RuOx layers on Pt also showed enhanced activity for

the methanol oxidation reaction.[251, 252] Many of these studies employed single-crystal surfaces,

which enable highly precise experimentation at the expense of high financial and temporal costs. To

address this constraint, we have adopted a technique called “template stripping” to study thin-film

metal/metal-oxide interfaces. The surfaces generated by template stripping are ultra-flat (RMS

roughness values are routinely sub-nm) and polycrystalline. The polycrystalline nature of the surfaces

allow us to study the influence of metal/oxide interfaces on different crystal facets, at the expense of

site specificity. However, surface probe techniques can be used to directly correlate the composition

and two-dimensional density of metal/metal-oxide interfaces to the observed catalytic activity.

The template stripping process involve depositing the metal of choice on a freshly oxidized prime-

grade single crystal silicon wafer with a surface roughness in the sub-nm regime. A microscope

slide is then coated with an adhesive (e.g., two-part epoxy) and placed on the wafer with glue side

touching the metal (figure 4.14). The glue is cured by heating, after which the microscope slide is

manually separated the wafer, which also strips the metal film from the Si wafer. The metal-deposited

glass slide can now serve as the working electrode in electrochemical analysis, and the morphology

of the metal film exhibit similar roughness as the parent Si wafer.

Figure 4.14: Procedure to fabricate template stripped surfaces

Figure 4.15 depicts the topography of a representative Pt surface as well as cyclic voltammograms

of 3 different metals that we tested, which confirms that the template stripping method works for

these metals. The RMS roughness of each metal surface was found to be sub-nanometer, with
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peak-to-trough vertical displacements of the same order as a single metal-metal bond length over

micron-scale distances. The identity and chemical cleanliness of the metals were confirmed from their

characteristic CV patterns when Pt displayed its typical hydrogen underpotential deposition peaks

in the potential range from 0 to 0.2 V vs. RHE, while Au and Ni exhibited their oxidation/reduction

peaks in 0.8–1.4 V vs. RHE. The absence of peaks other than these characteristic peaks further

indicated that the surfaces were free of electrochemically active contaminants. This degree of

dimensional control is helpful for increasing the resolution of surface characterization techniques,

especially atomic force microscopy (AFM), to correlate surface topology with chemical composition

and, ultimately, interfacial catalytic activity.

Figure 4.15: (a) AFM image of a representative Pt surface; (b) cyclic voltammograms of template-

stripped Pt, Au and Ni surfaces.

Encouraged by these preliminary results, we proceeded to assess the influence of metal/metal-

oxide interfaces on the hydrogen evolution reaction. The aim of these experiments was to correlate

the areal density of interfacial edge sites at the boundary between Pt and Ni(OH)2 to the observed

catalytic activity of the composite. We hypothesize that the observed HER activity would increase

linearly with the interfacial edge length, and not the overall surface area of the metal and hydroxide
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components. To assess this hypothesis, we created metal/metal-oxide interfaces where a template

stripped Pt surface was decorated with Ni(OH)2 in the form of a discontinuous film. Note that this

experimental method closely resembles those used by Danilovic et al. to study Pt/Ni(OH)2 interfaces

using single-crystal Pt substrates.[65]

A typical deposition of discontinuous oxide film began by immersing a template stripped Pt

surface in NiCl2 solution so that the metal chlorides from the solution strongly adsorb on the Pt.

The chloride ions are then replaced with hydroxide ions by removing and rinsing the sample with

pure water and then immersing it in aqueous KOH solution. The concentration of NiCl2 and the

time of deposition were varied to vary the surface coverage of Ni(OH)2. The AFM data shown in

Figure 4.16 (inset on right-hand side) shows that samples in which Ni(OH)2 had been deposited

exhibited notable increased RMS roughness, which is consistent with the formation of discontinuous

islands of Ni(OH)x. The partial coverage of the Pt surface was confirmed by calculating the

electrochemically accessible surface area (ECSA) of pristine Pt versus the Pt|Ni(OH)2 composite.

Importantly, the HER activity of the oxide decorated surface was found to be 2–3 times higher than

the pristine Pt surface, despite a 40 % decrease in the number of exposed Pt surface sites.

Figure 4.16: Enhancement in HER performance due to Pt-Ni(OH)x synergy

To differentiate between Pt and Ni(OH)2 on the sample surface, we performed Peak Force

Tunneling Current AFM (PF-TUNA) analysis. The conductivity of Pt is 9.4 × 106 S/m while

that of Ni(OH)2(aq) is 1 × 10−2 S/m, which is significantly lower than Pt and thus was expected

to yield a clear difference in current flow as a function of AFM tip position on a discontinuous
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Figure 4.17: Electrochemcial and AFM analysis on Pt/Ni(OH)x systems prepared by immersing

template stripped Pt surfaces in different concentrations of NiCl2 precursor. (a) The voltammetric data

collected by scanning the potential from 0–1.6 V vs. RHE encompassing the hydrogen underpotential

region (HUPD) of Pt (0.2–0.4 V vs. RHE) and Ni2+/3+ redox couple (1.2–1.55 V vs. RHE) in 0.1

M KOH at 50 mV/s under nitrogen gas purge. (b) HER polarization curves collected by scanning

the potential from -0.3 to 0.3 V vs. RHE at 2 mV/s in 0.1 M KOH and N2 gas purge. (c,d) PF-TUNA

analysis was done using SCM-PIT tip at 200–500 mV applied DC bias.

72



interface.[253, 254] We prepared 4 different metal/metal-oxide films by systematically varying

the concentration of NiCl2 solution with an expectation to observe changes in the number and/or

size of Ni(OH)x islands on Pt. Freshly prepared template stripped Pt films were immersed in

NiCl2 solution concentrations of 0.01 M, 0.05 M, and 0.1 M each for 20 hours and compared with

pure Pt film. Figure 4.17 summarizes the electrochemical and AFM analysis performed on these

films. The charge densities of the HUPD and the Ni-redox peaks, calculated from the voltammetric

curves, indicate the exposed sites of Pt and Ni respectively after the deposition. With an increase in

precursor concentration, the intensity of Ni2+/3+ peak increased systematically indicating formation

of more Ni-based species on Pt surface. The electrochemically active surface area (ECSA) of Pt

also decreased monotonically by up to a factor of 2 with an increase in the precursor concentration,

suggesting that the exposed surface of Pt decreased continuously. The pure Pt film, however, did

not comport with this trend, and additional experiments will be needed to address this unexplained

result. Moreover, the HER activity of all Pt/Ni(OH)x films was uniform and consistently higher than

pure Pt. This result was also unexpected, but suggests that a synergistic mechanism between Pt and

Ni(OH)x is operative but largely independent of the total amount of Ni-based species on the surface.

The AFM analysis comprising height and peak force tunneling (PF-TUNA) current images of

all Pt/Ni(OH)x films were collected after the electrochemical analysis. The root mean square rough-

ness obtained from the height image increased with an increase in NiCl2 precursor concentration,

indicating a systematic change in the surface roughness that we tentatively attribute to increased

Ni(OH)2 coverage. On the contrary, the PF-TUNA analysis gave neglibly low tunneling currents on

samples immersed in 0.05 M and 0.1 M NiCl2 solution. This suggests that the surface is either fully

covered with Ni(OH)x at NiCl2 concentrations higher than 0.05 M, or that islands are sufficiently

densly packed that the AFM probe tip is unable to extend sufficiently close to the exposed Pt surface

to observe tunneling current.

High-resolution conductive AFM imaging was also performed on template stripped Pt films

immersed in 0.1 and 0.01 M NiCl2 solutions in an effort to more clearly distinguish between Pt

and Ni regions. Figure 4.18 depicts the height and TUNA current measurements on these films.

The high-resolution AFM height image shows regions with different heights that correlates with

the TUNA current images showing different currents in those regions. However, the boundary of
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Figure 4.18: High resolution PF-TUNA AFM imaging to differentiate between Ni(OH)x and Pt

regions

those patterns is not very clear, making it difficult to distinguish between Pt and Ni(OH)x regions.

This analysis, therefore, indicates that conductive AFM is not a sufficient technique to differentiate

between regions of Pt and Ni(OH)x on the surface.

4.4 Summary, Impact and Recommended Future work

This chapter discussed our efforts to understand the composition of Ni-based composite HER

catalysts. We found that Ni–Mo catalysts comprised metal@oxides core-shell structure and also

investigated the evolution of the oxide shell. Based on various literature reports and our results,
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we believe that the Mo-rich oxide shell is necessary for hydrogen evolution reaction and that the

interface between the metallic core and the oxide is active for catalysis. To determine the influence of

the metal/metal-oxide interfaces on HER catalysis, we developed a template stripping methodology

to make thin films of Pt and deposited discontinuous islands of Ni(OH)x. We observed an increase

in the HER catalytic activity on the deposition of Ni(OH)x islands on Pt, as also shown by several

others.[63, 188, 65] Moreover, efforts were made to distinguish between the Pt and Ni(OH)x regions

on the surface using peak force tunneling current (PF-TUNA) AFM.

The compositional insights of Ni–Mo catalysts obtained from this work are essential to determine

their mechanism for electrochemical reactions involving hydrogen. The finding that the formation

of core@shell structures in these catalysts is due to an incomplete reduction of oxides is crucial.

This study can be generalized to state that many catalysts synthesized as nanomaterials from oxide

precursors might possess an oxide shell due to air oxidation or incomplete oxide reduction. Moreover,

the template stripping methodology developed to determine the influence of metal/metal-oxide

interfaces on catalytic activity may be useful as a generalizable analytical strategy. Overall, this work

lays a solid foundation for yet more insights into the compositions of metal/metal-oxide structures.

Clearly more work still needs to be done to generalize the effect of metal/metal-oxide interfaces

on HER catalysis. The efforts made to understand the influence of the interface on thin-film catalyst

geometry using PF-TUNA AFM do not provide a complete understanding of the interface. In the

future, scanning tunneling microscopy (STM) is recommended to be used to obtain atomistic insights

and thus to determine the regions of different chemical compositions on the surface. Additional

surface characterization techniques, including X-ray photoelectron spectroscopy (XPS) and energy-

dispersive X-ray spectroscopy (EDS), can also provide insights into the composition on the surface.

This compositional analysis can then be correlated to the HER/HOR activity measurements to

determine the influence of metal/metal-oxide interfaces. However, the synergy of the metal/metal-

oxide interface may not directly affect the catalysis. This would imply that HER/HOR catalysis

on metal/metal-oxide catalysts enhances by a different mechanism. In this case, a separate series

of hypotheses focused on electronic modifications that result in enhanced water dissociation or

hydrogen binding energies will need to be pursued.

Another possibility is that the deposition process employed to make discontinuous oxide films

on an atomically flat surface always forms a thin porous layer of oxides on the entire surface and
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thus a clear distinction between Pt and Ni(OH)x can never be attained. To avoid this possibility, the

recommended future work is to use photolithography techniques to fabricate well-defined patterns

of Pt and Ni metals. The Ni region can then be selectively oxidized by thermal or electrochemical

treatment. Although some extent of interfacial mixing is still unavoidable in this case, better control

over the individual regions can be attained which might also make it easier to characterize them.

Figure 4.19: Representative TEM data from as-synthesized nonprecious catalysts using the salt-

encapsulation approach

With insights obtained from the thin-film catalysts on metal/metal-oxide interfaces, the horizons

of the work can be expanded towards metal or alloy nanoparticles. A way to verify the influence of the

oxide is to simply synthesize a catalyst without the oxide shell and measure its HER activity before

and after subsequent surface oxidation measurements. From the compositional analysis on Ni–Mo

systems, it is clear that to prepare oxide-free nanoparticles, the synthesis must be done in an air-free

atmosphere using a technique that can directly make the alloys without any oxide intermediate.

Chen et al. reported a procedure that allows the synthesis of compositionally homogeneous metallic

nanoparticles encapsulated in a KCl salt matrix.[255] This synthesis is performed in an inert gas

environment to avoid the interaction of air with the powerful reducing agent. The matrix can later

be removed by dissolving in a solvent. This approach of synthesizing catalysts is advantageous

because it does not involve oxide intermediates or any air exposure, both of which lead to oxide shell

formation in Ni–Mo catalysts. This synthesis procedure should also allow us to control the amount
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of oxidation on the catalyst surface through post-synthetic chemical or electrochemical oxidation

treatments to directly study the impact on catalytic activity.

However this approach was shown before only for precious metal Pt and Pd-based alloys. Our

preliminary results in collaboration with Dr. Thomas Allen from Prof. Raúl Hernández Sánchez’s

group at the Chemistry Department, University of Pittsburgh, suggests that this synthesis is also

applicable to non-precious catalysts, where we have shown that 5-10 nm Ni nanoparticles encapsu-

lated in KCl matrix and encapsulated Ni–Mo nanoparticles can be synthesized (figure 4.19). Having

synthesized oxide-free Ni and Ni–Mo nanoparticles, they can be oxidized using a series of thermal

and/or electrochemical treatments to oxidize their surfaces in a controlled fashion. This analysis

could even be performed in situ in a transmission electron microscope with an electrochemical

holder to continuously monitor the HER activity of the oxidized catalyst. Successful completion

of these studies will provide a detailed understanding of the importance of the oxide shells around

metal nanoparticles for hydrogen electrocatalysis.
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5.0 Ni–Mo Composites for hydrogen Electrochemistry

The focus of this chapter is on the application of Ni–Mo catalysts for alkaline hydrogen electro-

chemistry by leveraging the compositional insights obtained from Chapter 4. From the compositional

analysis, we speculate that the core@shell structure of Ni–Mo composites is beneficial for accelerat-

ing electrochemical hydrogen reactions. But there are a few practical challenges associated with

metal@oxide Ni–Mo catalysts that suppresses their activity. This chapter presents these concerns

and provides our approach to improve their hydrogen evolution/oxidation reaction activity.

5.1 Carbon incorporation

The presence of an oxide shell around a nominally metallic catalyst was interesting because

it led us to hypothesize that the oxide shell may be limiting the overall catalytic activity of the

composite. Specifically, we postulated that the oxide shell restricts the electronic transport to the

core of the catalyst. Thus, the HER activity of such core@shell Ni–Mo alloys might in fact reflect

these electronic transport limitations in excess of any kinetic limitations. A complete discussion

these conductivity limitations and the efforts we undertook to solve this problem by using carbon

supports was published as Patil et al., ACS Appl. Energy Mater. 2019, 2, 4, 2524–2533. The

following sections are adapted from that manuscript with permission from the American Chemical

Society.

To address the possibility of electrical resistivity as the predominant limiting factor in Ni–Mo

nanopowder, we developed a mathematical model that describes how resistive interfaces between

nanoparticles can decrease practical HER catalytic activity. This model simplifies the catalyst film

into a one-dimensionsal string of nanoparticles attached on one side to a conductive substrate and

extending into an electrolyte. The particles are comprised of a metallic core that is catalytically active

and a shell that is catalytically inactive and electrically resistive (with a defined bulk resisitivity, ρ)

while allowing facile migration of reactants to the core. Thus, upon injection of electrons from the

substrate into the particle chain, they may either go on to reduce water to H2 and OH– or migrate
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from one particle to the next through a thin resistive interface. Neglecting losses associated with

solution-phase mass transfer, the HER overpotential for particle n in the string can be approximated

as the sum of its kinetic (via the Tafel equation) and resistive (via Ohms’s law) components:

ηn = ηn,kinetic + ηn,resistive = b log(in/i0) + i(n×Rparticle) (5.1)

where η is overpotential, b is Tafel slope, i0 is exchange current density, in is catalytic current through

particle n, and Rparticle is the interfacial resistance between each pair of particles. This equation can

be solved numerically for total current by specifying the particle geometry and string length along

with the relevant kinetic and resistive parameters. Additional discussion of the model parameters

and software code are included as Supporting Information.

Using this model, we simulated HER polarization data (in terms of mass-specific current vs.

overpotential) for a chain of 100 Ni particles, each 6 nm in diameter and surrounded by a 2 nm oxide

shell (Figure 5.1a). For simplicity, the model relied on reported kinetic values for bulk Ni.[256]

We then systematically varied the oxide resistivity to observe the effect on the mass activity of

individual particles and the entire catalyst string. Figure 5.1b shows representative results for the

particles nearest and furthest from the substrate (n = 1 and n = 100, respectively) as well as the

overall performance of the catalyst chain when the oxide shell had a resistivity of 108 Ω-cm. Using

these parameters, the activity of the first particle was not significantly diminished by resistive losses,

but that of the 100th particle and the overall catalyst performance were both diminished due to the

cumulative effects of many resistive interfaces that need to be traversed to access the full catalyst

surface area.

Figure 5.1c compiles simulated performance of the same catalyst chain using a range of oxide

resistivity values. For these physical dimensions, resistivity values exceeding 106 Ω-cm were

necessary to observe significant losses, while values above 109 Ω-cm were found to completely

shut down catalytic activity at overpotentials below 300 mV. Importantly, this range of resistivity

values is consistent with reported values for Ni and Mo oxides[257, 258], which our microscopy

results showed indeed encapsulate sub-10 nm alloy nanoparticles in our Ni–Mo nanopowders. These

simulations also show that catalyst activity can be decreased due to interfacial resistance even without

obviously exhibiting linear current-voltage behavior that is often characteristic of series resistance

losses in an electrochemical experiment.
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Figure 5.1: (a) Schematic of a 1-dimensional array of 100 Ni particles, each 6 nm in diameter with

a 2 nm oxide coating; (b) simulated mass-specific activity of the 1st, 100th and all particles using

catalyst parameters approximating that of bulk Ni and an oxide resistivity of 108 Ω-cm; (c) simulated

mass-specific activity of 100 particles at resistivity values ranging from 106 to 1010 Ω-cm.

Solid-state electronic conductivity limitations have been identified and addressed for semicon-

ducting catalyst materials,[259, 260, 261] and they are also well-known for non-precious oxide

OER catalysts.[262, 99, 263] Nonetheless, it is not intuitive that analogous conductivity limitations

would exist in Ni–Mo nanopowder since the XRD results indicate that the predominant crystalline

product is a metallic alloy. However, our model results clearly show that even few nm-thin resistive

interfacial layers can have a major influence on practical activity, especially for catalysts comprised

of very small nanoparticles where electric current will necessarily traverse many such interfaces. In
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the present case, the oxides apparently result from incomplete reduction of the oxide precursors,

but similar interfaces could easily result from incomplete removal of the capping agents during

colloidal nanoparticle synthesis, or from aerobic oxidation of non-noble nanoparticles when they

are processed in air.

Figure 5.2: Effect of carbon to minimize the resistivity limitations in Ni-Mo alloys. (a) Unsupported

Ni-Mo alloys are coated with resistive oxides which decreases the rate of electron transfer through

them. (b) The use of carbon supports minimizes the need to conduct electrons through multiple

resistive oxide shells.

Based on our observations that thin surface oxides inhibit electronic transport, we postulated

that depositing Ni–Mo catalysts on conductive carbon supports would address these conductivity

limitations. Vulcan carbon is a commonly used support in fuel cells and electrolyzers owing to

its high surface area, high conductivity, and good processability. Dispersing the catalyst onto a

percolating network of carbon particles will minimize the interfacial resistance imposed by the oxide

shell (figure 5.2).

Carbon was incorporated into Ni–Mo composites using three different methods: (1) the “paste”

method, where the Ni–Mo oxide intermediate and Vulcan carbon were physically mixed (referred to

hereafter as Ni–Mo/C paste); (2) co-precipitation with Vulcan carbon, where Ni–Mo oxides were

precipitated in the presence of Vulcan carbon (Ni–Mo/C); and (3) co-precipitation with oxidized-

Vulcan carbon, which is the same as (2) except that the Vulcan carbon was first oxidized using
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a thermal treatment in air (Ni–Mo/o-C). Subsequent TEM analysis, shown in figure 5.3, clearly

indicates that as the synthetic method progressed from (1)-(3), the overall dispersion of the Ni–Mo

nanoparticles increased. More specifically, increased dispersion means smaller Ni–Mo agglomerates

and higher uniformity of coating on the carbon supports. The next section will detail the influence

of type and amount of carbon support in Ni–Mo alloys for the hydrogen evolution reaction.

Figure 5.3: TEM images of Ni–Mo composites supported on carbon and prepared by paste method

(Ni–Mo/C paste), co-precipitation with Vulcan carbon (Ni–Mo/C) and co-precipitation with oxidized

Vulcan carbon (Ni–Mo/o-C)
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5.2 Hydrogen evolution reaction performance

Carbon supports were first added to Ni–Mo composite via physical mixture. These composites

demonstrated improved HER activity in comparison to unsupported Ni–Mo catalysts. This suggest

that the HER activity in unsupported catalysts was indeed inhibited by the interfacial resisitivity.

We therefore extended the study to improve the electronic conductivity further using co-precipitated

Ni–Mo/C composites and indeed found higher HER activity compared to Ni–Mo/C paste composites.

Finally the highest catalytic activity was obtained with Ni–Mo/o-C composites. The HER activity

and the relevant analysis on Ni–Mo/C paste and Ni–Mo/C catalysts was published and adapted here

with permission from Patil et al., ACS Appl. Energy Mater. 2019, 2, 4, 2524–2533. Copyright 2019

American Chemical Society.

5.2.1 Ni–Mo/C paste composites

Figure 5.4 compares the geometric and mass-specific current vs. overpotential performance of

several representative Ni–Mo films, along with pure Ni and Pt/C controls, toward hydrogen evolution

in 0.1 M aqueous KOH electrolyte. Carbon-supported Pt exhibited similar geometric activity to pure

Ni–Mo in spite of the fact that the metal loading was 50-fold lower. The mass-specific current of the

Pt/C catalyst was therefore much greater than Ni–Mo, which agrees with prior reports showing Pt is

considerably more active than any known non-precious HER catalyst even though it is less active in

base than it is in acid.[264] Pure Ni gave the lowest activity by a considerable margin. We attribute

this to its relatively low intrinsic activity along with the fact that our Ni synthesis resulted in much

larger particle sizes than for Ni–Mo or Pt.

The as-synthesized Ni–Mo nanopowder films (Ni–Mo not annealed) gave rather low catalytic

activity. By contrast, the Ni–Mo films that were hydrogen annealed were comparable to values

that have been reported previously—nearly 10 mA/cm2 at 100 mV overpotential when using a

catalyst loading of 1 mg/cm2.[60] This suggest that the hydrogen annealing is activating the catalyst

towards HER, which we believe is due to fusing of the oxide shells such that interfacial resistance

decreases. Remarkably, Ni–Mo/C paste films yielded similar geometric activities to annealed Ni–

Mo films even though they contained only 25% of the Ni–Mo mass. The implied mass-specific
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activity was also several times larger for Ni–Mo/C paste. We are primarily interested in improving

the mass normalized activity of the catalyst as it closely associates with its intrinsic activity. The

area-normalized activity is relevant for practical implementation but is independent of the mass of

the catalyst.

To further assess the effect of carbon incorporation, we systematically varied the metal loading

over the range from 10 to 100 wt%. Results are shown in Figure 5.5 as geometric polarization

data and activity at 100 mV overpotential. The observed geometric activity first increased with

metal incorporation up to a maximum at 50 wt% metal, and then decreased at 10 and 25 wt%.

Upon normalization to Ni–Mo mass, the 25 wt% carbon sample exhibited the highest apparent

activity—25±6 mA/mg at 100 mV overpotential.

We observed substantial variability in catalyst activity in these experiments, as exemplified by

the large error bars (up to 50% of the mean current densities) in Figure 5.5b. We attribute this

variability to the relatively poor dispersion of Ni–Mo on the Vulcan carbon support material as well

as the use of un-optimized catalyst ink formulations for film deposition on glassy carbon rotating-disk

electrodes. Both of these have been shown to result in increased sample-to-sample variability in

oxygen reduction electrocatalysis.[265, 266, 267] Thus, within the limits of experimental error,

the geometric activities of Ni–Mo/C paste films with 25–100 wt% metal loading were essentially

indistinguishable. However, after accounting for the differences in catalyst mass in these samples, it

is clear that the mass-specific activity increased with carbon loading.

As a compliment to polarization measurements, we performed electrochemical impedance

spectroscopy (EIS) on Ni–Mo/C paste films as a function of carbon loading. Figure 5.6 shows

representative Nyquist plots and the associated charge-transfer resistance values from EIS mea-

surements collected at 150 mV overpotential over a frequency range from 0.2 Hz to 100 kHz. The

impedance data generally exhibited semicircular behavior that was well-described by the parallel

combination of a charge-transfer resistance and a constant-phase element.[268] However, as carbon

loading was increased, the same frequency range sampled a progressively smaller proportion of

the semicircle, which is consistent with the increasing effect of double-layer capacitance from the

carbon support. The charge-transfer resistance results broadly agree with the observed geometric

activity from polarization data, where the 10 and 100 wt% metal films exhibited larger resistance

than the films containing 25–90 wt% carbon.
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Figure 5.4: Polarization data normalized to (a) geometric area and (b) catalyst mass (total mass less

the carbon component) for various Ni–Mo films along with Ni and Pt/C (10 wt% Pt) controls. All

curves were collected in 0.1 M KOH solution using a scan rate of 10 mV/s and corrected for solution

resistance. Total mass loadings were 1 mg/cm2 in all cases except for Pt/C, which was 0.2 mg/cm2.

For the Ni–Mo/C paste data, the metal loading was 25 wt% relative to total catalyst mass.
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Figure 5.5: HER activity of Ni–Mo/C paste films as a function of metal loading: (a) polarization

data normalized to geometric surface area, collected under the same conditions as in Figure 5.4;

(b) geometric current density (left axis) and Ni–Mo mass-specific current (right axis) at 100 mV

overpotential as a function of carbon content. Error bars in (b) represent standard error with 95%

confidence interval of 9 samples each, comprising 3 replicates from 3 separate syntheses.
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Figure 5.6: (a) Nyquist plot depicting EIS data for Ni–Mo/C paste nanopowders containing different

metal loadings. (b) Charge transfer resistance extracted from fits of the semicircular components of

the impedance data. The error bars in (b) represent standard error with 95% confidence interval of 3

samples. Data were collected in H2-saturated 0.1 M KOH electrolyte at 150 mV overpotential over

the frequency range from 0.2 Hz to 100 KHz.
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The electrochemistry data suggest that the HER activity of unsupported Ni–Mo nanopowders is

not limited by electrochemical kinetics. The clearest evidence for this conclusion are the data in

Fig 5.5a, which show that replacing up to 50 wt% of the Ni–Mo catalyst with carbon black (while

keeping total mass loading constant) increased the observed geometric HER activity. This is not

plausible in a kinetically limited regime, where decreasing catalyst loading on the electrode should

always lead to lower geometric activity. Moreover, the catalyst mass activity was found to increase

with carbon loading as high as 75 wt%. We postulate that the catalyst is in fact limited by solid-state

transport of electrons through the Mo-rich oxide shells that coat the Ni–Mo alloy nanoparticles. The

carbon support thus provides percolative pathways for electron conduction, thereby decreasing the

total electrical resistance attributable to these thin oxide layers.

Another possible explanation for these observations—one that does not invoke transport limitations—

is that the carbon support itself contributes significantly to the observed HER activity. However, we

found that Vulcan carbon alone exhibits negligible activity toward alkaline hydrogen evolution at

overpotentials below 300 mV (see Supporting Information). If the co-deposition of Ni–Mo with car-

bon black instead served to increase the intrinsic activity of Ni–Mo toward the HER, then we would

expect to observe a monotonic increase in mass activity with carbon loading. Thus, the observed

decrease at 90 wt% carbon is not consistent with activation of Ni–Mo by Vulcan carbon. Instead we

attribute this decrease to saturation of the solid-state conductivity enhancement accompanied by the

onset of diffusion limitations or physical blocking of the Ni–Mo particles by excessive carbon.

We undertook further experiments to assess the practical performance of Ni–Mo/C paste con-

taining 25 wt% metal. Figure 5.7 compares the observed geometric HER activity at 100 mV

overpotential as a function of total catalyst loading. For mass loadings ≤ 1 mg/cm2, we used glassy

carbon substrates, whereas the substrate was changed to Ni mesh for higher loadings due to poor

adhesion of thick Ni–Mo/C paste films on glassy carbon. Considerable spread was again observed

in the data, particularly for samples with high mass loadings, which we attribute to inhomogeneous

coating thicknesses and variable loss of catalyst from thick films during handling. Nonetheless, these

data are reasonably well described by a power law relationship, J = 11m0.73, where J is geometric

current density and m is total mass loading. If the catalyst were limited only by reaction kinetics at

all mass loadings, this relationship would be purely linear. Deviations from linearity are expected

due to emergent transport limitations, which result in “diminishing returns” in mass activity as
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the catalyst layer thickness and current density increase. However, in this case the deviations from

linearity become significant even at catalyst loadings well below 1 mg/cm2 and current densities

below 10 mA/cm2. These values are lower than the expected onset of solution-phase transport

limitations, providing evidence that these Ni–Mo/C paste films still exhibit electrical resisitive losses

despite the incorporation of carbon black. The dotted line in Figure 5.7 corresponds to a linear fit

between the origin and the mean of the observed Ni–Mo/C paste current density at the lowest mass

loading we tested, which was 50 µg/cm2. The slope of this line is 19 mA/mg (i.e., 76 mA/mg on the

basis of Ni–Mo alone), which we took as an estimate of the achievable mass-activity of the catalyst

even at higher mass loadings if resistive limitations could be entirely eliminated.

Figure 5.7: Geometric HER activity of ammonia-based Ni–Mo/C paste containing 25 wt% metal

at 100 mV overpotential as a function of total mass loading of the composite. The solid red line

corresponds to the best-fit equation: J = 11.07m0.73, and the dotted line is a linear extrapolation

between the origin and the mean of the activity data collected at 0.05 mg/cm2. Glassy carbon

substrates were used for loadings ≤ 1 mg/cm2 and Ni mesh substrates were used for higher loadings.
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5.2.2 Ni–Mo/C composites

Motivated by the results of Ni–Mo/C paste composites, we worked to increase the dispersion

of Ni–Mo on the carbon support to further improve inter-particle conductivity. Results are shown

in Figure 5.8, which depicts polarization data and mass-activity for Ni–Mo/C films at 1 mg/cm2

total mass loading in which Vulcan carbon was included in the precipitation mixture rather than

composited with Ni–Mo oxide by physical grinding. The geometric activity data in Figure 5.8b also

show a non-monotonic trend in which 35 wt% metal loading gave somewhat higher average current

densities than 53 wt% carbon. However, the difference is considerably smaller than the associated

standard deviations, which leads us to conclude that the geometric activities are in fact essentially

the same at these two carbon loadings within our ability to measure them reproducibly.

Remarkably, as the metal loading increased from 20 to 91 wt%, the geometric activity at 100 mV

overpotential decreased only by a factor of ∼2. The mass activities normalized to Ni–Mo content

were as high as 60 mA/mgcat, which is ∼6 times higher than prior results involving post-deposition

annealing and over twice that observed for Ni–Mo/C prepared by physical grinding. We expect that

these observations still represent a lower bound estimate of the true HER mass activity of Ni–Mo

nanopowders prepared in this way.

Prior work on Ni–Mo nanopowders has shown that they are stable under constant cathodic

polarization in alkaline electrolytes for at least several hundred hours.[60] However, it is less clear

how well these catalysts can withstand polarization at positive potentials. Thus, we assessed the

stability of the highest performing Ni–Mo/C composites (co-precipitated with 80 wt% carbon) via

accelerated degradation tests that comprised extended voltammetric cycling over a range of positive

potential limits from 0.2 to 1.2 V vs. RHE. The results are shown in Figure C.8. Unsurprisingly,

the catalytic activity was found to decrease with increasing positive potential limit. Cycling to 0.2

V vs. RHE resulted in a minimal decrease in activity over 200 cycles and a ∼40% decrease after

1000 cycles. Interestingly, we observed a similar ∼90% decrease in activity for positive scan limits

from 0.8–1.2 V vs. RHE. Based on prior results and the established Pourbaix diagrams for the

respective components, we speculate that these large positive potentials substantially oxidize the Ni

and Mo components, resulting in dissolution of Mo oxides and deactivation of the Ni component

via formation of Ni3+ oxyhydroxides.[269, 63]
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Figure 5.8: HER activity of Ni–Mo/C films prepared by co-precipitation with Vulcan carbon as

a function of metal loading: (a) polarization data normalized to geometric surface area, collected

under the same conditions as in Figure 5.4; (b) geometric current density (left axis) and mass-specific

current (right axis) at 100 mV overpotential as a function of catalyst mass. Error bars in (b) represent

standard error with 95% confidence interval of 3–7 samples.
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Figure 5.9: Results of accelerated degradation test of 20 wt% Ni-Mo/C composite by extended CV

cycling at various positive potential limits: (a) geometric current density at 100 mV overpotential

for cycles 1, 200, and 1000; (b) bar chart showing the geometric current density of cycles 200 and

1000 normalized to the initial performance. Experiments were carried out in 0.1 M KOH using a 50

mV/s scan rate.
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Further, we looked at the influence of the amount of polymer binder on the mass-specific HER

activity of 20 wt% Ni–Mo/C catalyst. For all the studies in this dissertation, we used Nafion cation

exchange polymer as binder. Nafion is very often used for electrochemical analysis in both acidic

and alkaline conditions, owing to its high stability and ionic conductivity. Figure 5.10 shows the

variation of HER activity at 100 mV overpotential of Ni–Mo/C composite with different amounts

of Nafion. The maximum HER activity was attained with 15–25 wt% Nafion relative to the total

Ni–Mo/C mass. The decrease in activity at low Nafion content can be attributed to poor adhesion of

the catalyst on the electrode surface, while decreases in activity at high Nafion loading is likely due

to physical blocking of catalyst active sites.

Figure 5.10: Influence of binder content relative to total Ni–Mo/C catalyst mass, on the HER activity

at 100 mV overpotential in 0.1 M KOH at 1600 rpm under H2 gas purge. The error bar represents

standard error with 95% confidence interval.

5.2.3 Ni–Mo/o-C composites

Our rationale to incorporate oxidized Vulcan carbon as the support is from several prior reports

suggesting that oxidized form of Vulcan carbon results in greater adherence of the transition metal
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catalysts on the support, and an increase in the hydrophilicity of the catalyst.[270, 271, 272, 273, 274]

Building on our prior work, we varied the metal loading of Ni–Mo composites supported on oxidized

Vulcan carbon. Figure 5.11 shows that the highest mass specific activity of Ni–Mo/o-C composites

was achieved at 25 wt% Ni–Mo. Figure 5.12 shows SEM images, XRD data, and XP spectra of

Ni–Mo/o-C catalyst in its intermediate oxide form and of the final reduced catalyst. SEM imaging

with a backscatter detector was also used to characterize catalyst dispersion. The bright white spots

correspond to Ni–Mo composite while the grey regions belong to carbon support. EDS analysis gave

a 70:30 ratio of Ni:Mo in the final reduced catalyst. XRD data shows that the intermediate oxide form

of Ni–Mo/o-C catalyst is amorphous and is a mixture of Ni and Mo oxides along with a prominent

peak at 2Θ of 25 o corresponding to oxidized Vulcan carbon. The final reduced Ni–Mo/o-C catalyst

displays peaks corresponding to fcc Ni along with oxides of Ni and Mo and oxidized Vulcan carbon.

The Mo content in the Ni–Mo alloy was calculated from the shift in fcc Ni peaks and found to be

10.12 ± 1.31 mol%.[219] The crystallite size, calculated from the Scherrer analysis, was 3.6 ± 0.2

nm.

Figure 5.13 shows representative bright and dark field TEM images and EDS mapping of Ni–

Mo/o-C catalyst. The dispersion of Ni–Mo on oxidized Vulcan carbon can be seen from the bright

field image. The black particles, with an average diameter of 7.7 ± 0.5 nm, correspond to Ni–Mo

catalyst while the grey particles of the order of 50 nm are of Vulcan carbon support. From the

EDS maps, each Ni-rich particle is surrounded by Mo and O, suggesting the core-shell nature of

Ni–Mo/o-C. The characterization data together suggest that Ni–Mo/o-C catalyst again comprises

an alloy core surrounded by a mixed oxide shell, which further suggests that pre-oxidiation of the

carbon has little to no effect on the composition of the active catalyst.

The performance of Ni–Mo/o-C composite for the hydrogen evolution reaction in alkaline media

is shown in figure 5.14. The mass-specific activity of Ni–Mo/o-C normalized to Ni–Mo mass

at 100 mV overpotential collected over 50 different films was found to be 82.4 ± 5.8 mA/mgcat

where the error represents standard error with 95% confidence interval. This activity is ∼8 times

higher than the unsupported Ni–Mo catalyst and ∼80 times higher than Ni nanoparticles under

mutually similar experimental conditions in alkaline media. Compared to commercial 10 wt% Pt/C

with 0.2 mgtotal/cm2 of catalyst loading, the activity of Ni–Mo/o-C is still 4 times lower. However,

Ni–Mo/o-C catalysts are 3–4 orders of magnitude cheaper than Pt/C.[275] Hence, three orders of

94



Figure 5.11: HER activity of Ni–Mo/o-C catalysts in terms of geometric current density (left axis)

and mass-specific current (right axis) at 100 mV overpotential as a function of metal loading in 0.1

M KOH. Error bars represent standard error with 95% confidence interval for ∼15 different films.

magnitude decrease in cost but only one order of magnitude decrease in HER activity makes these

catalysts promising for hydrogen evolution reaction.

We further varied the mass loading of the catalyst on the electrode surface and plotted it against

the observed current density at 100 mV overpotential to better estimate the intrinsic activity of these

catalysts (figure 5.15), under the assumption that mass transfer at least partially inhibits catalytic

activity at catalyst loadings > 0.1 mg/cm2. A line was fit to the data collected at low total catalyst

mass loadings (< 0.15 mgtotal/cm2) to extract the intrinsic activity from its slope. The predicted

intrinsic activity based on this analysis at 100 mV overpotential is ∼90 mA/mgcat. This value is in

the same range as the observed activity at 1 mgtotal/cm2, suggesting that the performance of this

catalyst in fact diminishes very little with increased loading. A handful of prior reports have also

reported mass-specific activity in this range for Ni–Mo composites.[208, 196, 187] Nonetheless, our

catalyst has the advantage of using carbon supports, which enables them to be processed in exactly
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Figure 5.12: SEM image of Ni–Mo/o-C in (a) intermediate oxide and (b) reduced form collected with

secondary electron detector. (c) Backscatter SEM image of reduced Ni–Mo/o-C catalyst representing

bright white spots for Ni–Mo composite and grey region for carbon support. (d) XRD analysis of

Ni-Mo/o-C in its intermediate oxide and the reduced form in comparison with oxidized Vulcan

carbon and standard patterns obtained from ICDD database.
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Figure 5.13: TEM analysis of Ni-Mo/o-C with bright and dark field images and EDS mapping
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Figure 5.14: (a) Hydrogen evolution reaction activity of 25 wt% Ni–Mo/o-C in comparison with

unsupported Ni-Mo, Ni nanoparticles and Pt/C. The total catalyst loading of Ni-based catalysts is 1

mg/cm2 and that of Pt/C is 0.2 mg/cm2. (b) Chronopotentiometry data of 1.5 mgtotal/cm2 Ni–Mo/o-C

at 10 mA/cm2 HER current density. The catalyst was deposited on a 5 mm glassy carbon substrate

that was made rough by polishing on 240 grit SiC grinding paper (with pressure sensitive backing,

Pace Technology)
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the same way as industry standard Pt/C catalysts. The synthesis of Ni–Mo/o-C catalyst can also be

easily scaled up for large-scale production. Ni–Mo catalysts are currently synthesized for industrial

hydrodesulfurization application using a similar precipitation-reduction approach.[203] Carbon

is also routinely employed at industrial scale as a support for battery materials.[276] Moreover,

we observed that the incorporation of carbon in Ni–Mo composites suppressed their pyrophoric

tendency, thus facilitating safer operations.

Figure 5.15: Current density as a function of total mass loading of 25 wt% Ni–Mo/C catalyst at

-100 mV vs. RHE. A power law model fitted to the data had equation of J−100mV = 12.35 ∗m0.8.

Inset shows the linear fit to the data at mass loadings < 0.2 mgtotal/cm2.

We further analyzed the stability of Ni–Mo/o-C catalyst by performing a chronopotentiometry

experiment by holding a constant current density of -10 mA/cm2 for about 100 hrs as shown in

figure 5.14b. The potential required to maintain this current density fluctuated over a range of 20

mV (which may be attributable to local site blocking and convection due to bubble formation),

but the overall trend was toward smaller overpotentials during this time span, implying increased
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catalytic activity. This modest improvement over time has been observed previously and attributed

to dissolution of undesired Mo-oxides.[51, 225] In any case, stable performance of Ni–Mo/o-C

composites over several days is promising for practical applications.

5.2.4 Performance in AAEM electrolyzer

The promising activity and stability of Ni–Mo/o-C composites motivated us to evaluate its

activity in practical alkaline anion exchange membrane (AAEM) electrolyzers. In that regard, we

have established an industry collaboration with Giner Inc., New York, led by Dr. Judith Lattimer.

Figure 5.16 shows the performance of Ni–Mo/o-C catalyst in comparison with PtRu/C in a membrane

electrode assembly (MEA) with an alkaline anion exchange membrane (AAEM). The AAEMs were

provided by Dr. Keda Hu and Prof. Yushan Yan from Versogen, Delaware, and device tests were

completed by Dr. Shirley Zhong. The total voltage required to electrolyze water was ∼70 mV higher

with a Ni–Mo/o-C cathode catalyst in comparison to a Pt–Ru/C cathode, and this difference persisted

over the entire range of current densities measured. This remarkable small difference agrees well

with our laboratory experiments suggesting that our Ni–Mo/o-C catalyst is less than 10-fold lower

in intrinsic HER activity than the best precious metal catalysts available. By contrast, under a

feed of pure water, the potential difference between Pt–Ru/C and Ni–Mo/o-C was markedly larger.

This difference is tentatively attributable to mass transfer limitations associated with hydroxide ion

conduction through the device, which are likely to be exacerbated by the use of Ni–Mo/o-C at higher

mass loading than Pt–Ru/C. Nonetheless, the potential achieved by Ni–Mo/o-C at 1 A/cm2 under

pure water feed, is ∼2.1 V, which is comparable to the highest performing AAEM electrolyzer

devices observed to date.[35, 277]

5.3 Hydrogen oxidation reaction performance

Considering the promising results with respect to HER performance, we continued to explore

applications of Ni–Mo/o-C composites as catalysts for the hydrogen oxidation reaction (HOR).

Prior work on Ni–Mo catalysts supported on Ketjen Black have shown promising HOR activity.[82]
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Figure 5.16: Full cell performance of Ni–Mo/C in comparison wit 50%Pt-25%Ru/C in AAEM

electrolyzer set up with TP-85 membrane and IrOx anode catalyst. The total catalyst loading of

Ni–Mo/C is 4 mg/cm2 and of Pt–Ru/C is 0.2 mg/cm2 on the cathode side while that of IrOx on the

anode is 3mg/cm2.

However, the synthesis technique employed did not give adequate control over the composition of

the catalyst.[278] We hypothesized that our Ni–Mo/o-C catalysts (supported on oxidized Vulcan

carbon) would display similar activity towards hydrogen oxidation as it does toward hydrogen

evolution—–that is, approaching the catalytic activity of pure Pt. If this is true, we believe that

Ni–Mo/o-C catalysts have the potential to function well in AAEM reversible fuel cell devices.

The hydrogen oxidation reaction environment requires the application of positive potentials

and thus imposes an additional challenge where nonprecious catalysts may be unstable toward
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oxidation. The HOR is also broadly limited in analytical experiments by external mass transfer of

dissolved H2(aq) to the electrode surface. Thus, a limiting current is attained, which limits the range

of potentials over which kinetic data can be collected.

To test our hypothesis that Ni–Mo/o-C can catalyze HOR, we undertook 3 specific research

directions. The first was to assess the potential window for the stability of this catalyst. The second

was to clarify that any anodic current observed is due to HOR and not surface redox reactions. The

third was to assess the influence of internal and external mass transfer limitations on the activity of

these catalysts. Our approach towards these directions is further detailed below.

We observed that Ni–Mo/o-C catalysts are stable up to ∼200 mV anodic overpotential by

monitoring the ratio of HOR to HER activity as a function of the applied potential (figure 5.17).

After establishing a desired potential window, we clarified the distinction between HOR activity

and the surface reaction using constant potential measurements under N2 and H2 environments to

monitor the steady-state current flow. When the electrolyte was purged with pure N2, there was no

reactant supply for hydrogen oxidation and, thus, the current monitored over time was near zero. The

slight negative current indicated a persistent surface reaction. By contrast, under hydrogen gas purge

we observed a continuous positive current flow over several minutes. The magnitude and duration of

this positive current flow, as well as the lack of current observed under N2, provide strong evidence

that Ni–Mo catalyzes hyrdogen oxidation and is not oxidatively degraded at 0.1 V vs RHE.

For more detailed experiments of HOR activity, we discovered that the interfacial capacitance

of Mo-oxides dominates the electrochemical behavior under conditions of transient voltage; this

behavior makes it difficult to directly quantify HOR activity.[213] To minimize the influence of

capacitance on the HOR activity, we performed chronoamperometry (constant potential) analysis

over a range of applied potentials, each for 120 seconds, and analyzed the results with respect to the

total experimental time (figure 5.17c). A voltammogram (current versus potential curve) was then

plotted from the chronoamperometry data using the nearly steady-state current flow observed 120

seconds after each potential step (figure 5.17d). When measured in this way, Ni–Mo/o-C catalysts

under hydrogen purge exhibited HOR limiting current densities of about 2 mA/cm2 which is 30%

lower than that of Pt/C which is 2.6 mA/cm2. The dotted line is the concentration overpotential

curve depicting the expected HOR behavior of a catalyst that exhibits infinitely fast reaction kinetics,

but a well-defined mass transfer limitation. Notably, this model clearly predicts a mass transfer
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limited current density of 2.6 mA/cm2 at 1600 rpm in 0.1 M KOH, in close agreement ot the high-

overpotential data collected for a Pt/C catalyst. Indeed, for an externally transport limited process,

such as HOR at large positive applied potentials, any catalyst should display a limiting current

density of about 2.6 mA/cm2 under these conditions.[125, 128] The fact that Ni–Mo/o-C catalysts

did not reach 2.6 mA/cm2 suggests that additional factors—such as internal mass transfer and/or

reversible catalyst poisoning—negatively impact HOR activity. Moreover, Ni–Mo/o-C composites

exhibited hysteresis in the chronoamperometry-derived cyclic voltammogram despite discharging

the capacitance. However, from these data it is not clear as to why Ni–Mo/o-C catalyst does not

reach the expected limiting current density for the hydrogen oxidation reaction.

Unexpectedly low limiting anodic current densities have previously been observed for Ni–Mo

catalysts, but these results were not explored in detail.[82] To better understand the kinetic limitations

in this system, we systematically varied the total amount of catalyst on the electrode and observed the

effect on HOR activity. Specifically, we varied the total mass loading of 25 wt% Ni–Mo/o-C catalyst

and also varied Ni–Mo content in the catalyst at a fixed total mass loading of 1.5 mgtotal/cm2 on the

electrode surface. Figure 5.18a shows chronoamperometry derived CV plots of 25 wt% Ni–Mo/o-C

catalysts at different catalyst mass loadings. The limiting current density increased with an increase

in the mass loading, which further suggests that the HOR activity becomes increasingly kinetically

limited as mass loading is decreased.

Thus, figure 5.19 depicts the relationship between total mass loading and HOR current density

at a fixed HOR overpotential of 50 mV. Notably, these data follow a clear non-linear trend over

the range from 0 to 1.5 mgtotal/cm2, which strongly suggests mass transfer limitations dominate at

higher loadings. However, even the highest mass loading we tested was unsufficient to achieve the

expected external mass transfer limited current of 2.6 mA/cm2. Moreover, the data at the lowest

range of catalyst mass loadings below 0.2 mgtotal/cm2 show an increasingly linear trend, as expected

for kinetically limited behavior. Together, these data suggest that Ni–Mo/o-C transitions from kinetic

to internal mass transfer limited activity at 50 mV overpotential.

Figure 5.18b shows chronoamperometry derived voltammetric plots at Ni–Mo content varying

from 25 wt% to 100 wt% at 1.5 mgtotal/cm2. Irrespective of the metal content on the electrode

surface, the catalyst did not attain the expected HOR limiting current density. We also observed

that this catalyst does not follow the Koutecký-Levich relationship (Figure 5.18c ), where current
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Figure 5.17: (a) Voltammetric curves of Ni–Mo/o-C catalyst collected at 10 mV/s depicting the

effect of HOR potentials on the HER activity. (b) Chronoamperometry data of Ni–Mo/o-C at a

constant potential of 100 mV vs. RHE under H2 and N2 gas purge. (c) Chronoamperometry plots at

different potentials for 120 seconds and (d) Chronoamperometry derived cyclic voltammogram at

120th second of Ni–Mo/o-C catalyst under hydrogen and nitrogen purge in comparison with 60 wt%

Pt/C and simulated diffusion overpotential.

densities at a fixed overptential increases with the square root of electrode rotation rate. Although

the capacitance in these composites likely plays a role here, the current density should demonstrate

some increase as a function of rotation rate.

Based on these cumulative results, we are confident that Ni–Mo/o-C catalysts exhibit internal

mass transfer limited behavior at modest HOR overpotentials when deposited with high mass loading
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Figure 5.18: Chronoamperometry derived cyclic voltammogram depicting HOR limiting current

density of (a) 25 wt% Ni–Mo/o-C for mass loadings varying from 0.05 mg/cm2 to 1.5 mg/cm2

and (b) Ni–Mo/o-C catalyst with different Ni–Mo content at 1.5 mg/cm2. (c) Polarization curve

depicting rotation rate dependence of 25 wt% Ni–Mo/o-C at 0.2 mg/cm2 loading and (d) shows

the effect of different oxidizing potential limits on Ni–Mo/o-C. Cyclic voltammograms in (d) were

collected by conditioning the catalyst at -300 mV vs. RHE for 2 minutes before the analysis at each

potential and the cycling was performed from -300 mV vs. RHE to the positive potential limits and

back to -300 mV vs. RHE at 2 mV/s.

on electrode substrates. However, this does not explain the inability to achieve an external mass

transfer limit at large positive overpotentials. To explain this observation, we hypythesized that the
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Figure 5.19: Current density as a function of total mass loading of 25 wt% Ni–Mo/o-C catalyst

at +50 mV vs. RHE. A power law model fitted to the data had equation of J+50mV = 1.46 ∗m0.52.

Inset shows the linear fit to the data at mass loadings < 0.2 mg/cm2.

catalyst is further limited by instability toward oxidative catalyst deactivation. Thermodynamically,

the most stable forms of Ni and Mo are as oxides at modest HOR potentials.[66] To determine the

influence of catalyst oxidation on the HOR limiting current density, we ran cyclic voltammetry

experiments while progressively increasing the positive potential limit from 80 to 280 mV vs. RHE

(shown in figure 5.18d). At first, increasing the positive potential limit from 80 mV to 120 mV vs.

RHE increased the anodic current density. However, a further increase in the positive potential limit

did not increase the observed anodic current density further, but instead increased the hysteresis

of the curve. Finally, CV data obtained by scanning to 280 mV vs. RHE clearly showed the onset

of an additional oxidation feature, which we attribute to irreversible catalyst oxidation. Notably, at

least some of the catalyst oxidation appears to be reversible, as is evident from the modest recover in

anodic current density that we observed in the potential range from 0.2 to 0.05 V vs. RHE in the
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negative-going return sweeps.

These results enable us to construct a more complete picture of HOR limitations in Ni–Mo/o-C

catalyst composites: reaction kinetics dominate at modest overpotentials and low catalyst loadings.

Increased catalyst loadings result in internal mass transfer limitations at overpotentials over which

the catalyst remains stable (<150 mV vs. RHE), and partially reversible catalyst oxidation takes

over at HOR overpotentials exceeding 150 mV. Accordingly, these results also show clearly that

oxidative instability is the primary challenge that remains to be addressed for this catalyst.

Prior literature has suggested ways to suppress catalyst oxidation by incorporating a third

transition metal such as Cr or Cu to shift the d-band of Ni (111) away from the Fermi level.[78, 80]

Another way to circumvent the inability to maximize HOR catalytic activity in an oxidatively unstable

catalyst is to increase the system temperature, as has been shown for CoNiMo catalysts.[89] More

recently, the formation of a metallic Ni–Mo alloy with 20 mol% Mo has been shown to achieve a clear

external mass transfer limited current density at HOR overpotentials well below 200 mV.[88, 187]

This result suggests that Ni–Mo alloys with higher Mo content are intrinsically more HOR activity,

and they may also be more stable toward oxidation. These results provide promising potential future

avenues to improve our carbon-supported nanocatalysts.

5.4 Reversibility of Ni–Mo/o-C for hydrogen electrochemistry

Now that we have looked at the activity and stability of Ni–Mo/o-C composites for both hydrogen

evolution as well as the hydrogen oxidation reaction, we saught to explicitly confirm that they can be

used to catalyze reversible hydrogen evolution/oxidation in sequence. Figure 5.20 shows reversibility

of Ni–Mo/o-C and Pt/C for HER and HOR reactions. To demonstrate the ability of 25 wt% Ni–

Mo/o-C composites to switch between HER and HOR region, we performed stability analysis

wherein the potential was varied from -100 mV to +100 mV vs. RHE after every 10 minutes and

compared directly to 60 wt% Pt/C (figure 5.20a). In both cases, catalysts were deposited with total

mass loadings that were optimized with respect to maximizing geometric activity with a minimum

quantity of active catalyst. 60 wt% Pt/C composites with 0.2 mgtotal/cm2 are routinely employed in

fuel cell tests while 1.5 mgtotal/cm2 is the highest amount of Ni–Mo/o-C composites that we were
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able to deposit on the electrode surface without delamination.

Interestingly, the HER activity of Pt/C clearly decreased beginning after the 3rd or 4th cycle, and

the HOR activity started to decrease at 14th cycle. The decrease in the HER activity is attributed

to the stability limitations discussed in Chapter 3. The HER and HOR activity of Ni–Mo/o-C, on

the other hand, increased slightly over the course of the experiment, which is again consistent with

prior results attributed to dissolution of inactive oxides. Nonetheless, the ability of Ni–Mo/o-C to

effectively switch between HER and HOR with their performance only 10–30% lower than Pt/C is

very promising.

With assurance that Ni–Mo/o-C composites can undergo reversible hydrogen reactions. We

further quantified their performance for reversibility by a term denoted as exchange activity (fig-

ure 5.20b). The exchange activity was obtained from the potential regions where both the HER and

the HOR displayed purely kinetic activity. This region, termed as micropolarization region, was

from -10 mV to +10 mV for Ni–Mo/o-C and ± 5 mV for Pt/C. The exchange activity (jo) was then

calculated using the formula jo = (RT/F ) ∗ (j/V ) where R is the universal gas constant (8.314

J/mol.K), T is temperature (298 K), F is Faraday’s constant (96485 C/mol) and j/V is the slope of a

cyclic voltammogram obtained from the micropolarization region. This exchange activity is plotted

as a mass-specific activity calculated based on the metal content as a function of total catalyst mass

loading.

The exchange activity of Pt/C and Ni–Mo/o-C decreased continuously with an increase in the

mass loading and attained a constant value at loadings > 0.25 mgtotal/cm2, which likely reflects the

onset of transport-dominated activity. The reported exchange activities for Ni–Mo catalyst supported

on Ketjen black at a loading of 0.1 mgtotal/cm2 is 4.5 ± 0.2 mA/mgcat, which is about 3 times lower

than the exchange activity of Ni–Mo/o-C.[82] More recently, an exchange activity of 14.1 mA/mgcat

is also reported, which is same as that of Ni–Mo/o-C (14 ± 1.35 mA/mgcat, with standard error

for 3 independent samples).[187] Moreover, in the low mass loading range (<0.15 mgtotal/cm2),

the intrinsic activity of Ni–Mo/o-C was only 5–8 times lower than Pt/C, but is several orders of

magnitude cheaper. This further suggests that Ni–Mo/o-C composites have great potential to operate

as reversible hydrogen catalysts.
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Figure 5.20: (a) Chronoamperometry data of Ni–Mo/o-C and Pt/C catalyst showing reversibility

of the catalysts when held at HER and HOR overpotential of 100 mV. Mass loading of 25 wt%

Ni–Mo/o-C is 1.5 mgtotal/cm2 and of 60 wt% Pt/C is 0.2 mgtotal/cm2. (b) Exchange mass specific

activity of 25 wt% Ni–Mo/o-C and 60 wt% Pt/C at different mass loadings.
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5.5 Summary, Impact and Recommended Future work

In summary, this chapter compiles our efforts in improving the hydrogen evolution/oxidation

reaction performance of Ni–Mo composites. Owing to the low electronic conductivity of the oxide

shells, the catalyst activity, which would normally be limited by reaction kinetics and solution-phase

mass transfer, is also limited by interfacial resistivity (i.e., solid-state charge transfer). To mitigate

this electronic resistivity concern in Ni–Mo alloys, we incorporated conductive carbon supports

and observed that the HER activity of carbon-supported Ni–Mo composites improved significantly

compared to unsupported alloys.

We then set out to maximize the practical HER activity of Ni–Mo composites. To do so, the

dispersion of Ni–Mo alloys on carbon was improved by changing the amount and degree of oxidation

on carbon support. With improved dispersion, the mass-specific HER activity increased significantly.

We found that the optimized dispersion and the highest mass normalized HER activity was obtained

when 25 wt% Ni–Mo is supported on oxidized-Vulcan carbon. This optimized catalyst is also

active for the reverse reaction of hydrogen oxidation and that Ni–Mo/o-C catalyst enables reversible

HER/HOR reactions in alkaline conditions. The stability of Ni–Mo/o-C composites under HER and

HOR conditions (provided the applied potential range is maintained below 0.2 V vs. RHE) is also

very promising. Accordingly, we are now continuing to evaluate catalyst performance in practical

AAEM electrolyzers.

The significance of this work is that we have demonstrated that nominally metallic nonprecious

catalysts can still exhibit electronic conductivity limitations, and it is crucial to address these. We

are also among the only research groups to demonstrate stable, reversible HER/HOR reactions on

a nonprecious catalyst. Finally, the easy and scalable synthesis approach we have developed for

Ni–Mo/o-C composites strongly supports their use in practical devices.

The oxidative stability of Ni–Mo/o-C composites remains a major concern, and future work

is recommended to be directed towards improving this property. The most promising avenues to

pursue include incorporation of a third metal in the Ni–Mo alloy to alter the electronic state of Ni

and subsequently prevent its oxidation.[279, 280, 281] Our preliminary analysis on incorporating

Cu as a third metal with the existing synthesis procedure was not successful, as we were unable to

produce well-mixed ternary Ni–Mo–Cu mixtures. Therefore, a novel synthetic route will likely be
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needed to generate solid solutions of Ni–Mo–Cu and study the influence of Cu on the oxidative

stability of the catalyst.

Another route to improve the oxidative stability and the HER/HOR performance of Ni–Mo/o-C

composites is to increase the Mo content of the Ni–Mo alloy. All the Ni–Mo composites studied

in this work were found to comprise 10 mol% Mo in the alloy, but prior work has shown that

better HER/HOR activity can be obtained with a higher level of Mo.[60, 51] However, tailoring the

existing synthetic approach to increase the Mo content might not work as a complete reduction of

Mo-oxides to metallic Mo requires high temperature (∼90◦C) at which the catalyst sinters. Hence,

new techniques are needed to facilitate more incorporation of Mo in Ni–Mo alloys.

Future aspects of this project can also focus on decreasing the inactive carbon and resdual

Ni–Mo oxide content in the catalyst and decreasing the average particle size. Both of these would

be expected to increase the proportion of exposed catalyst active sites per unit catalyst mass. The

optimized catalyst composition that gave the highest mass-specific activity at lab scale is with 25

wt% Ni–Mo and 75 wt% oxidized Vulcan carbon, thus, at least 3/4 of the catalyst is inactive for

HER/HOR. Although carbon is essential to disperse the catalyst and provide conductive pathways,

the carbon content in the catalyst should be reduced to avoid employing thick catalyst layers in

practical devices. One promising route to decrease the carbon content is to modify the carbon to

generate more sites for nucleation of Ni–Mo oxide during the precipitation step. One way to do this

might be to increase the density of heteroatom functionalities (especially oxygen) on carbon, which

are expected to act as nucleation sites.

Relatively modest improvements, as detailed above, would likely be sufficient to enable practical,

commercial use of our catalysts in AAEM electrolyzers and fuel cells. However, the practical

implementation of AAEM electrolyzers in particular will still be limited due to the sluggish kinetics

of the reactions on the oxygen side. The next chapter will focus on our efforts on Ni–Fe catalysts for

oxygen evolution reaction in water electrolyzers.
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6.0 Ni–Fe Composites for Oxygen Evolution Reaction

Metal oxides are usually used as catalysts under the strong oxidizing conditions of OER. However,

we showed with Ni–Mo alloys that the resistivity of these oxides play a vital role in the activity

of nonprecious electrocatalysts. Moreover, metal oxides are often unstable under OER reaction

conditions because the driving force for lattice oxygen evolution is greater than oxygen evolution

from the electrolyte. Recently, various supported and unsupported Ni–Fe catalysts have shown

excellent stability over several thousands of hours.[282, 283, 284, 285, 286] Although the synthesis

approaches employed for most of these catalysts ensured that they do not easily degrade under OER

conditions, none of the associated procedures are likely to be usable for high-performing AAEM

electrolyzers. Our work is focused on improving the activity, and especially the stability of Ni–Fe

composites synthetized as nanoparticulate powders, to enable their use in current-generation devices.

Based on our work on Ni–Mo composites, we formulated a hypothesis that Ni–Fe core@shell

catalysts, when synthesized on carbon supports, might yield an active and stable OER catalyst. This

work was primarily performed by 2 undergraduate students, Margaret Orr and Jeffrey Hoffmann,

to whom I served as a mentor and was involved in performing TEM-related measurements and

analyzing experimental data. Maggie performed the initial analysis to optimize the composition of

the catalyst, whereas the detailed activity and stability analysis was completed by Jeff. Dr. Stephen

House was also responsible for the HAADF-TEM analysis described herein.

6.1 Core@shell structure and carbon incorporation

We synthesized metallic Ni–Fe alloy particles on oxidized Vulcan carbon black (Ni–Fe/o-C) using

a wet impregnation method where a 70:30 ratio of Ni and Fe precursors were mixed with oxidized

Vulcan carbon and ethanol and kept for stirring at room temperature for 2 hours (figure 6.1).[287]
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After 2 hours, the reaction mixture was kept in the drying oven at 90 ◦C overnight and later reduced

under forming gas mixture (5% H2, 95% N2) at 200 ◦C for 30 minutes and 450 ◦C for 1 hour. The

final reduced catalyst was then analyzed using microscopy and diffraction techniques to understand

its composition.

Figure 6.1: Synthesis schematic of Ni–Fe composites supported on oxidized Vulcan carbon

The metal content in the composite was varied from 35 wt% to 85 wt%. Figure 6.2 shows the

corresponding SEM images and XRD patterns. The SEM images were collected with a backscatter

detector that differentiates between the carbon and the Ni–Fe component based on the atomic number

differences. The bright white particles in all the images correspond to metallic components whereas

the grey regions represent carbon. The dispersion of Ni–Fe component on the oxidized Vulcan

carbon support, demonstrated from these backscatter images indicate that Ni–Fe particles remain

discrete and well dispersed at 60 wt%, but they fuse into larger aggregates at ≥ 84 wt%. The XRD

data for all these powders showed 3 peaks that agree with the fcc Ni structure with a modest shift

toward lower 2-θ values. These peak shifts translate to ∼7 mol% Fe incorporated in the Ni from

Vegard’s law.[288]

TEM analysis of 52 wt% Ni–Fe/o-C composite executed under bright and dark-field is shown in

figure 6.3. The bright-field TEM image shows the dispersion of Ni–Fe nanoparticles on oxidized

Vulcan carbon. The Ni–Fe particle size varies from 5 nm to 20 nm, and the inset shows its core@shell

structure. The composition of the core and the shell was obtained from EDS analysis performed

under the dark field. Just as with Ni–Mo composites, the core was rich in metallic Ni and Fe, whereas

the shell was rich in Ni and Fe oxides. Moreover, the metallic particles are not perfectly spherical
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Figure 6.2: (a-e) SEM and (f) XRD data of Ni–Fe/o-C composite with different metal content. SEM

images were collected with backscatter detector and the standard diffraction pattern of XRD is

obtained from ICDD database. The weight percentages represent the metal content in the catalyst.
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and the outer layers are relatively enriched in Fe. This observation is tentatively attributed to the

Kirkendall effect, in which the composition and shape of a particle exposed to a reactive ambient

environment (aerobic oxygen and/or water in this case) is influenced by the rate of diffusion of the

components of the particle.[289]

Figure 6.3: Bright and dark field TEM image of 52 wt% Ni–Fe/o-C composite with EDS maps

indicating core@shell structure.
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6.2 Oxygen evolution reaction performance

OER activity data for Ni–Fe/o-C composites with different metal content are shown in figure 6.4.

We ultimately determined that Ni–Fe/o-C composites with ∼50 wt% carbon gave the highest OER

activity – that is highest current density at lowest potential. Our best-performing catalysts yielded

10 mA/cm2 (40 mA/mgcat) of anodic current density at 300 mV overpotential at room temperature

in 0.1 M KOH. Consistent with prior reports, we also observed improved catalytic performance with

an increase in electrolyte concentration to 1 M KOH.[105, 109] In 1 M KOH, the potential required

for 50 wt% Ni–Fe/o-C composite to reach 10 mA/cm2 was reduced to 280 mV overpotential.

Figure 6.4: Oxygen evolution reaction activity of Ni–Fe/o-C composites with different metal content

in 0.1 M KOH

Metallic catalysts are known to undergo oxidation under anodic conditions and therefore metal

oxides are typically employed as catalysts for OER. Although the as-synthesized Ni–Fe/o-C compos-

ite possess an oxide shell, we employed an electrochemical activation treatment to the as-synthesized

catalyst involving voltammetric cycling. The purpose of this treatment was to stabilize the oxide

surface layer through sequential oxidation/reduction treatments bracketing the range of interest

for OER catalysis. Despite demonstrating in Chapter 5 that the oxide shells impede the electronic
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conductivity, the conductivity of Ni–Fe oxide was expected to be considerably higher than Ni–Mo

oxides.[258, 290, 263, 291]

The electrochemical catalyst pretreatment, referred to hereafter as catalyst activation, involved

cycling in the potential range from 1.1 V vs. RHE to 1.55 V vs. RHE, which encompasses the

oxidation and reductoin associated with the Ni(III/II) redox couple (figure 6.5). The current values

associated with the Ni(II) oxidation (at ∼1.5 V vs. RHE) and Ni(III) reduction (at ∼1.25 V vs.

RHE) of the catalyst increased and eventually attained a stable value over 400 cycles. This behavior

was interpreted as indicating that the maximum amount of relatively stable Ni–Fe oxide had been

generated.

Figure 6.6 compiles identical-location TEM images collected before and after the activation

step. Notably, despite the fact that we generally observed increased OER activity after activation,

these images clearly show a smaller number of larger particles present after activation compared

to before. For those particles that remained on the carbon support, however, IL-TEM imaging did

not show extensive changes in morphology. Thus, we believe that the activation step converts the

Ni(OH)2 component of the catalyst from its α to β phase.[108, 263] This transformation would not

be apparent from TEM imaging at this length scale. It is also possible that the oxide shell thickness

increased on activation, due to progressive oxidation of the metallic component. Although these

images do not clearly show such a difference, their possibility cannot be eliminated. Nonetheless,

this analysis serves as a good starting point to continue working with Ni–Fe/o-C composites. Further

analysis on the migration or delamination effect of these materials and their stability towards OER

is discussed in the next section.

6.3 Stability of Ni–Fe/o-C composites

Representative stability data for NiFeOx/o-C catalyst after 3 hours of continuous potential cycling

in 1 M KOH are shown in figure 6.7. Before the stability analysis, the catalyst was activated by
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Figure 6.5: Activation of as-synthesized Ni–Fe/o-C composites to convert them in NiFeOx/o-C. 400

cycles were performed during which the current density for the redox peaks increased initially and

later attained a stable value.

scanning from 1 V to 1.55 V vs. RHE for 400 cycles. Specifically, the anodic current densty at

modest OER overpotentials was observed to decrease to near zero after several hundred voltammetric

cycles extending from 1 to ∼1.7 V vs. RHE. This degradation was also coincident with the loss of

the voltammeric feature associated with the Ni(III/II) redox couple.

We suspect that the instability we observed is attributable to oxidative degradation of both

the carbon and the NiFeOx component of the catalyst. Indeed, carbon black and Ni–Fe both have

been previously shown to degrade under OER conditions.[292, 293] Oxidation of these catalyst

components lead to irreversible loss of catalyst active sites (in the case of Ni–Fe oxide) and dissolution

into the electrolyte (which is possible for the transition metals and carbon).

Based on these results, we became interested in understanding better how the potential limits

associated with the activation pre-treatment impacts the practical activity and stability of the catalyst.

To address this question, we adopted an experimental protocol in which the potential range associated
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Figure 6.6: Identical location TEM analysis of Ni–Fe/o-C composites before and after the activation

step
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Figure 6.7: Stability of NiFeOx/o-C with 52 wt% metal in 1 M KOH showing stability after 1st and

600th cycle

with the activation step was varied, followed by a period of voltammetric cycling whose conditions

were held constant. Our hypothesis was that a more positive potential limit during catalyst activation

would create a more oxidizing environment and lead to faster degradation of the catalyst even during

the subsequent cycling treatment.

Figure 6.8 compiles data for our activation–stability sequence. The data in panels a–c generally

agree with our hypothesis, where an increase in potential limit from 1.55 V vs. RHE to 1.85 vs.

RHE during the activation step resulted in decreased catalyst stability when subsequently cycled 800

times. However, when we tried to repeat this experiment with an activation treatment to 1.85 V vs.

RHE (figure 6.8d), we observed unexpectedly high stability. Additional review of laboratory notes

indicated that this unexpectedly stable catalyst sample was derived from a parent catalyst deposition

“ink” that had been left on the benchtop for several weeks. Thus, this apparent increase in stability

might have had to do with as yet unknown reactions that occur in the deposition solution, which

contains Ni–Fe/o-C, isopropyl alcohol, and Nafion ionomer.

To further explore the extent to which this catalyst exhibits stability properties that depend on

its “shelf-life” in the deposition solution, we undertook experiments where Ni–Fe/o-C catalysts
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Figure 6.8: Activation and stability sequences for NiFeOx/o-C catalysts as a function of oxidative

potential limit (a) 1.5 V vs. RHE, (b) 1.7 V vs. RHE, (c) 1.85 V vs. RHE and (d) 1.85 V vs. RHE,

where (d) was an attempt to reproduce (c) with a new film from the same parent solution . The

dotted lines indicate the initial and final cycles in the “activation” phase whereas the solid lines

indicate the initial and final cycles for the “stability” phase. The arrow points to the direction in

which the curves shift after cycling in the activation step (denoted by red dotted arrow) and after

stability step (denoted by black solid arrow).

were prepared and tested at regular intervals over several weeks. These experiments and other

electrochemical measurements described below were performed using 400 activation cycles from
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1.1 to 1.55 V vs. RHE and 875 stability cycles from 1.1 to 1.85 V vs. RHE. We indeed observed

that the initial performance and the stability of the catalyst improved as the catalyst solution aged

(figure 6.9). Aging of Ni(OH)2 catalysts in KOH electrolyte has been previously attributed to the

shift from α–Ni(OH)2 phase to β–Ni(OH)2.[108] It has also been shown that in KOH solution that

has been rigorously purified of Fe contaminant, the activity of Ni(OH)2 decreases with time.[99]

However, the effect that we observed here was not attributable to aging the sample in the alkaline

electrolyte, but rather in the deposition solution. Nonetheless, it may be reasonable to expect similar

catalyst restructuring to occur in any environment in which transition metal oxides may dissolve,

diffuse, and redeposit (e.g., in the presence of Nafion ionomer).

Catalyst restructuring in colloidal solution, and specifically the interactions between Nafion, iso-

propyl alcohol, and NiFeOx/o-C can be conjectured based on several prior reports. The hydrophobic

backbone of Nafion favors adsorption carbon and thus the size of carbon agglomeretes is impacted

by Nafion additives.[294, 295] Another possibility is that because the Nafion ionomer is acidic in

nature (i.e., it contains mobile protons), it may support transient or irreversible dissolution and/or

ion exchange with the Ni–Fe catalyst components.[296, 297, 298, 299] In fact, Fe+2 is considered

as a common contaminant in Nafion in membrane electrode assemblies and influences the proton

conduction and membrane hydration.[300, 301] Upon deposition of the catalyst on an electrode

and submersion in an alkaline liquid electrolyte, transition metal cations associated with the Nafion

ionomer would be expected to repricipitate as hydroxides, and these compounds may be more active

(or simply exhibit higher surface area) than the as-synthesized NiFeOx/o-C. This explanation is

consistent with the increase in the current density for the Ni2+/3+ redox peaks in figure 6.9.

Figure 6.10 presents TEM data comparing Ni–FeOx/o-C composites before and after stability

analysis on samples with and without Nafion to monitor the effect of binder content on catalyst

adhesion. In each case, the after-stability images show significant changes in the morphology of

the Ni–Fe and the carbon components. However, for samples without Nafion, the samples after

electrochemical treatment appear to have lost the majority of the catalyst nanoparticles, or the catalyst

particles have coarsened to such an extent that their size is similar to that of the carbon. By contrast,

the catalyst made with Nafion still shows clear evidence for denser Ni–Fe nanoparticles, but many

of the particles have apparently grown, migrated, or detached. Moreover, there is evidence for the

formation of a continuous coating surrounding all the catalyst particles, which we speculate to be
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Figure 6.9: Stability of NiFeOx/o-C composites after cycling for 875 cycles (∼ 8 hours) at different

ages of the deposition ink containing isopropyl alcohol and Nafion. The dashed lines represents

curves of the 1st cycle for all the solution age days and solid line indicates the 875th cycle curves.

The analysis was done in 1 M KOH by scanning the potential from 1.1 V vs. RHE to 1.85 V vs.

RHE at 100 mV/s under O2 gas purge and was prepared by an activation step from 1.1 V to 1.5 V vs.

RHE under same conditions.

Nafion.

Our work to date on using before/after TEM analysis to understand Ni–Fe oxide stability under

OER conditions has yielded indeterminate results. Based on cumulative results to date, I believe

the most plausible degradation pathway involves carbon oxidation, which causes catalyst particles

to physically detach from the support. Thermodynamically, carbon becomes unstable at potentials

> 0.207 V vs. RHE, and the mass loss associated with using pure carbon as an OER catalyst was
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Figure 6.10: TEM images of NiFeOx/o-C composites with and without Nafion depicting the compo-

sition before and after stability analysis.

previously observed to increase with an increase in applied potential. [302] Moreover, the edge plane

sites of carbon were found to be predominantly responsible for corrosion, and that graphitization of

carbon increased its corrosion resistance.[303] Nonetheless, a recent differential electrochemical

mass spectrometry showed that carbon corrosion can be suppressed when the carbon supports a

highly active OER catalyst.[304]

Based on the TEM analysis we have performed thus far, 8 hours of continuous cycling induces

substantial detachment and/or migration of Ni–Fe oxides, but the composition of Ni–Fe oxide that

remained did not seem to have undergone a significant change. We, therefore, performed the stability

analysis under continuous OER oxidation for a longer time (∼100 hours) with a goal of observing

the timescale over which our NiFeOx/oC undergoes a catastrophic loss in OER activity. This analysis

was performed by arbitrarily depositing a dilute mass of Ni–Fe/o-C composite on hollow Au TEM

grids. The stability analysis was performed by holding the current constant at about ∼20 mA/cm2
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(figure 6.11). The noise in the these data are again attributable to oxygen bubbles that form and

detach from the electrode surface. Remarkably, the overpotential required to sustain this constant

current density was found to decrease by ∼40 mV over the duration of this experiment. Even more

remarkably, subsequent TEM analysis again indicated substantial loss of catalyst particles from the

sample However, for those particles that remained, the core@shell structure of Ni–Fe was intact

(figure 6.12 However, the EDS analysis also showed the presence of Au nanoparticles throughout

the catalyst. The chemical origin of these particles has not yet been determined, but we speculate

that Au atoms simply migrate via concentration-induced diffusion from the TEM grid and distribute

themselves throughout the catalyst sample over timescales in the tens to hundreds of hours. Another

possibility is that the oxidizing conditions of the OER experiment accelerates Au dissolution and

redeposition again throghout the sample.[140] Despite this inconvenient process that precludes

detailed TEM analysis, the ability of some carbon-supported Ni–Fe oxide particles, as well as the

robustness of the core@shell structure to remain intact, are intriguing.

Figure 6.11: Stability of Ni–Fe/o-C composite performed at a fixed current density of 20 mA/cm2 in

1 M KOH under O2 gas purge. The catalyst was activated by scanning from 1.1 V to 1.55 V vs. RHE

for 400 cycles under the same conditions prior to the stability measurement. An arbitrary amount of

catalyst was deposited on 3 mm Au TEM grid for this analysis.
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Figure 6.12: High angle annular dark field TEM image and EDS maps of Ni–Fe/o-C catalysts after

being subjected to a constant current of 20 mA/cm2 for about 100 hours.

6.4 Summary, Impact and Recommended Future work

This chapter summarized our efforts to synthesize core@shell materials for the oxygen evolution

reaction. We found that the Ni–Fe/o-C composites made by the wet impregnation method yield

a broad range of particle sizes and adopt a core-shell metal@oxide structures. These composites
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were electrochemically activated to generate surfaces that were more active toward the OER than in

the as-synthesized catalyst. We also discovered an intriguing shelf-life effect where time spent in a

deposition ink solution containing Ni–Fe/o-C, Nafion, and isopropyl alcohol results in increased

OER activity and stability. Using identical location transmission electron microscopy (IL-TEM)

techniques, we found that catalyst particles substantially migrate and/or detach from the carbon

support, and we speculate that this behavior is attributable to find that oxidative degradation of

carbon under OER conditions. Nonetheless, under constant-current electrolysis conditions our

Ni–Fe/oC catalyst remained stable for at least 100 hours, and catalyst particles that were retained

on the sample over this period retained their core@shell structure and did not undergo drastic

morphological changes.

The insights about the stability of Ni–Fe composites provided from this work are crucial for

designing stable catalysts. Core@shell materials were not tested before for OER, and our work

suggests that they are robust. The ability to generate OER active oxides coating conductive metallic

cores containing the same transition metals is attractive because it helps facilitate electron conduction

and provide a reservoir of fresh catalyst if the oxide shell dissolves. Overall, this work provides a

foundation to continue pursuing core@shell Ni–Fe catalysts, but a shift away from carbon supports

is likely warranted.

If additional work is undertaken to better understand the stability of carbon supports under OER

conditions, future experiments are recommended to quantify the catalyst mass loss. Electrochemical

quartz crystal microbalance (EQCM), possibly coupled with online mass spectrometry, would be

useful for these studies. To determine the robustness of the core@shell Ni–Fe component of the

catalyst, I recommend that future work focus on synthesis of unsupported catalysts or identification

of a more stable support material. Notably, the synthesis approach of wet impregnation that we used

requires catalyst support to nucleate the particles. To create unsupported Ni–Fe catalysts, sacrificial

supports like Al or Si oxides (which can be dissolved with subequent alkali treatments) could be

used. However, this approach is not ideal for practical implementation. Thus, a novel synthesis

approach needs to be developed using a capping agent method or a precipitation reduction approach,

similar to that used for the synthesis of Ni–Mo catalysts.

Some recommendations for stable catalyst supports incude carbon nanotubes, Ni nanoparticles,

magneli phase Ti oxides (e.g., Ti4O7), fluorine-doped tin oxide (FTO) nanoparticles, and indium
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tin oxide (ITO) nanoparticles. However, there are some disadvantages of using these supports.

Although carbon nanotubes are shown to be good as OER catalyst supports, they are costly and may

still degrade over extended periods. By contrast, pure Ni nanoparticles are expected to be stable

and cost effective, but our preliminary efforts to synthesis Ni–Fe on pure Ni nanoparticles were

not successful. Magneli phases are expected lose their conductivity upon extended treatment in

oxidizing environments, and FTO and ITO nanoparticles may also be unstable over long periods

adn are costlier than the catalyst itself. Thus, identifying conductive and stable catalyst supports for

the alkaline OER clearly remains a significant challenge.

We found identical location TEM analysis to be very useful for directly observing changes in the

catalyst before and after stability studies. However, the tendency for Au to migrate into the sample

makes long-term studies where catalyst samples are deposited and tested on Au TEM grids less

attractive. Future work should focus on identifying alternative materials for TEM grid substrates as

well.
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7.0 Conclusions

We have shown over the last five years that Ni–Mo and Ni–Fe composites offer promising

performance for the hydrogen evolution/oxidation and the oxygen evolution reactions respectively.

The synthesis procedures we employed can be easily scaled up and can be executed under safe

operating conditions. The observation of core@shell structure, especially in Ni–Mo alloys, was

not explicitly known before and allowed us to overcome key limitations in the practical use of

these catalysts. Moreover, multiple different catalysts synthesized over these five years, all demon-

strated the core@shell architecture suggesting that this type of structure can be broadly useful for

electrocatalysis.

Our work on Ni–Mo composites has allowed us to demonstrate practical HER activity within

one order of magnitude of that of benchmark precious metal catalysts, and stability results to

date remain quite promising. This is significant improvement from prior work and positions our

Ni–Mo composites, along with Ni–Fe oxides, as promising candidates for next-generation water

electrolysis technology. Successful demonstration of these catalysts at industrial scale will enable

its commercialization in AAEM electrolyzers and reversible fuel cells.

Another significant accomplishment of our work is the reversibility of Ni–Mo alloys for hydrogen

evolution/oxidation reactions. Such a flexibility was not demonstrated before and therefore stands

out as a noteworthy contribution. This finding enables the consideration of Ni–Mo composites for

use in unitized regenerative fuel cells that are being considered for space applications and long-term

renewable energy storage.

Despite remarkable progress in the development of Ni–Mo and Ni–Fe catalysts, challenges of

oxidative stability in Ni–Mo alloys and long-term stability in Ni–Fe alloys remain. For Ni–Mo

alloys, addition of ternary transition metal or increasing the Mo content in Ni are some of the future

directions recommended to improve their oxidative stability. In case of Ni–Fe alloys, it is essential

to identify a new catalyst support or a synthetic route that will enable unsupported Ni–Fe while

retaining the core@shell morphology.

I hope this dissertation is a valuable resource for further advancements in alkaline anion exchange

membrane electrolyzers and fuel cells. I wish that the significant development of Ni-based catalysts
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obtained from this work will motivate researchers to continue pursuing these lines of research to

enable cost-effective and carbon-neutral technologies. I am very excited to see the outcomes from

this field in the coming years, and I look forward to living in a near-zero carbon emission society.
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Appendix A Additional details for unsupported Pt nanoparticles

A.1 Synthesis of Pt nanoparticles

Figure A.1 shows schematic of synthesis procedure for Pt nanoparticles (NPs). The color of the

reaction mixture was slightly yellow to colorless initially. After 15 minutes at 90◦, the color changed

to black but the reaction was allowed to proceed for 60 minutes to ensure completion. After 60

minutes, the reaction mixture was allowed to cool at room temperature and 1 M NaOH was added

to it. The uncapped Pt NPs settled at the bottom of the vial in 1–2 weeks. Note that some dark

coloration was also observed at the meniscus of the reaction mixture, which is consistent with our

observation of non-unity particle yields. The uncapped particles were recovered by centrifugation

and stored in de-ionized water. For TEM analysis, a small amount of this suspension was deposited

on Cu/C TEM grids. A representative particle size distribution for uncapped Pt NPs is shown in

figure A.2. The particle size data were normally distributed with narrow size distribution in the

range from 2–4.5 nm.

Figure A.1: Synthesis schematic of Pt NPs
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Figure A.2: Particle size distribution of uncapped Pt NPs

A.2 Cyclic voltammograms of capped and uncapped Pt NPs

Figure A.3 shows cyclic voltammetry (CV) data for capped and uncapped Pt NPs in 0.5 M

H2SO4 and in 0.5 M KOH. Two full cycles, beginning and ending at 0.25 V vs RHE, are shown.

To avoid the confounding influence of transient current flow upon initial polarization, the maintext

treats the first full cycle beginning and ending at 1.5 V vs RHE as the “initial” state of the particle

films. Capped Pt NPs exhibit very low current densities in the HUPD region compared to uncapped

NPs, indicating that the exposed surface area of Pt in the capped particles is significantly lower

than in uncapped Pt. The ECSA calculated for capped Pt is 1.67 ± 0.15 m2/g in acid and 0.82 ±

0.35 m2/g in base, which is only about 5–10% of that of uncapped Pt. Note also that the hydrogen

desorption features in the positive-going sweep of the first cycle for uncapped NPs are similar to

those in the second cycle, implying that the Pt NP surfaces are already relatively free of impurities.
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Figure A.3: Cyclic voltammograms of capped and uncapped Pt NPs depicting their first and second

cycles.
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Additional ECSA analysis

In alkaline solutions, we observed that the ECSA calculated from voltammetry sweeps to 1.5 V

vs RHE was consistently smaller than those that swept less positive. We attribute this to a systematic

deviation in the ECSA determination resulting from the fact that the oxygen desorption feature

overlaps with the onset of hydrogen adsorption when the Pt electrode is swept sufficiently positive

to generate a high coverage of Pt oxide (figure A.4). Specifically, this obscures the double layer

capacitance in the range from 0.35–0.5 V vs RHE. Because the cathodic current flow in this region

is treated as the background for ECSA calculation, this results in a systematic under-estimate of the

charge associated with hydrogen adsorption.

Figure A.4: Cyclic voltammograms of uncapped Pt NPs depicting second cycle at positive potential

limits of 0.5 V, 1 V and 1.5 V vs RHE.

We monitored the ECSA decay as a function of positive potential limit over an extended set of

100 cycles, as shown in figure A.5. The decay rate was consistent with the observations in the main

text (after considering the associated confidence intervals) up to the first 50 cycles. Scanning for 50

more cycles did not result in a drastic change in the ECSA, as it continued to decay monotonically.
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Figure A.5: ECSA variation of uncapped Pt NPs as a function of different positive potential limits

for 100 cycles in (a) 0.5 M H2SO4 and in 0.5 M KOH under nitrogen purge.

Figure A.6 further shows ECSA analysis of uncapped Pt NPs when scanned at positive potential

limits of 1.0, 1.25, and 1.5 V vs RHE in acid and base. These data were collected to attempt to

observe the transition between deactivation through poisoning and particle growth mechanisms.

Indeed, in acid conditions at 1.25 V vs RHE, the ECSA remains unchanged for at least 10 cycles

and decays marginally slower than at 1.0 or 1.5 V when normalized to the initial value. This is

evidence that cycling to 1.25 V provides a compromise involving slower particle growth than at 1.5

V at the expense of reduced oxidative cleaning effect. Indeed, we speculate that these effects are not

mutually exclusive, as particle growth may result from transient dissolution resulting from Pt-oxide

formation and reduction, and Pt–O intermediates are also likely to be involved in the oxidation of

surface-bound impurities. In alkaline conditions, on the other hand, the relative rate of ECSA loss

per cycle at 1.25 V was statistically indistinguishable (at a 95 % confidence interval) from those at 1

V or 1.5 V vs RHE, implying there exists no positive potential region in which the relative rate of

deactivation per cycle can be diminished.
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Figure A.6: ECSA variation of uncapped Pt NPs as a function of different positive potential limits

for 50 cycles in (a) 0.5 M H2SO4 and in 0.5 M KOH under nitrogen purge.

ECSA and IL-TEM analysis on Au TEM grids: Scanning at fixed positive potential limits

Figure A.7 shows representative ECSA versus cycle number data for Pt NPs deposited on Au

TEM grids in acid and base. ECSA values are reported as surface area (cm2) rather than mass-

specific surface area (m2/g) because the experimental conditions (dropcasting small quantities of

dilute NP suspensions onto porous grids, followed by drying and a brief immersion in pure water to

remove poorly adhered particles) made it difficult to obtain consistent mass loadings. Nontheless,

the relative rate of ECSA loss data agree well with those shown in the main text, except the final

data point in Figure A.7b at 0.5 V, where ECSA decreased precipitously. We attribute this result to

particle detachment, which occurred infrequently but more often in alkaline electrolyte than in acid.

IL-TEM analysis on uncapped Pt NPs in alkaline solution at different positive potential limits is

shown in Figure A.8. At 0.5 V vs RHE and at 1 V vs RHE, the TEM images do not show significant

changes in the particle film morphology or particle size. We therefore attribute the degradation

mechanism to poisoning. An increase in particle size by approximately 30 % was observed at 1.5 V

vs RHE, as discussed in the main text.
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Figure A.7: ECSA variation of Pt NPs when deposited on Au TEM grid and scanned between 0

V vs RHE and the noted positive potential limits in (a) 0.5 M H2SO4 and (b) 0.5 M KOH under

nitrogen purge.

ECSA and IL-TEM analysis on Au TEM grids: Serial change in positive potential limit

We further performed ECSA and IL-TEM analysis on Pt NPs after they were scanned at pro-

gressively more positive potential limits in acid. The ECSA analysis is shown in Figure A.9a and

the corresponding IL-TEM data are compiled in Figure A.10. These data showed that cycling

to 1 V vs RHE after cycling at 0.5 V vs RHE led to a modest increase in the ECSA in the initial

cycles suggesting partial removal of the poison without a significant increase in particle size, which

is consistent with the IL-TEM data. The ECSA then diminished again at a reduced rate and the

IL-TEM data show a modest increase in the average particle size. The complete removal of the

poison is possible at 1.5 v vs RHE where the ECSA recovered to near its initial value, after which

ECSA diminished again rapidly and the particles coarsened to almost double their initial size.

A similar analysis was also performed in 0.5 M KOH (Figures A.9b and A.11), where progres-

sively increasing the positive potential limit had a modest initial positive impact on ECSA, but the

particles ultimately grew by ∼30 % of their initial diameter.
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Figure A.8: Identical location TEM images and particle size analysis of Pt NPs before cycling and

after cycling between 0 V vs RHE and the noted positive potential limits in 0.5 M KOH.

A.3 Concentration overpotential curve simulation details

The concentration overpotential curve shown in the maintext was simulated using the MATLAB

software suite, taking as numerical inputs the electrode rotation rate, concentration, and diffusion

coefficients of protons and hydrogen gas in water.[185, 125] The following equation was used for
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Figure A.9: ECSA variation when Pt NPs were deposited on Au TEM grids and scanned progres-

sively between 0 V vs RHE and a series of positive potential limits increasing from 0.5 V to 1.0 V

to 1.5 V vs RHE in (a) 0.5 M H2SO4 and (b) 0.5 M KOH under nitrogen purge.

the simulation:

ηconc =
RT

nF

[
ln

(
Jl,a
−Jl,c

)
− ln

(
Jl,a − J

J − Jl,c

)]
(A.1)

where R is the universal gas constant (8.314 J/mol.K); T is the Temperature (298 K); n is the number

of electrons transferred (2); F is Faraday’s constant (96485 C/mol). J values are current densities,

where the subscript l stands for limiting, a represents anodic and c denotes cathodic. The limiting

current density for anodic and cathodic sides was calculated using the following relation:

Jl = 0.62nFCbulkD
2/3ω1/2ν−1/6 (A.2)

where Cbulk is the bulk concentration of the reactant species; D is the diffusion coefficient of protons

(for HER in acid), water (for HER in base), or dissolved hydrogen (for HOR); ω is the rotation rate

in rad/s; and ν denotes the kinematic viscosity of water.

Matlab code

%Mass transfer calculation

Dc = 7.62 ∗ 10−5; % cm2/s diffusion coefficient of ions in water: protons=7.62e-5; water for

alkaline = 2.57e-5cm2/s
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Figure A.10: Identical location TEM images and particle size analysis of Pt NPs before cycling and

after cycling to the noted positive potential limits in 0.5 M H2SO4.

140



Figure A.11: Identical location TEM images and particle size analysis of Pt NPs before cycling and

after cycling to the noted positive potential limits in 0.5 M KOH.
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Da = 3 ∗ 10−5; %cm2/s diffusion coefficient of hydrogen gas in water

v = 0.8927*10−2; %cm2/s kinematic viscosity of water

rpm = 1600/60; %rps

w = 2*pi*rpm; %rad/s

moc = 0.62 ∗Dc(2/3) ∗ w(1/2) ∗ v( − 1/6); %cm/s

moa = 0.62 ∗Da(2/3) ∗ w(1/2) ∗ v( − 1/6); %cm/s

% Limiting current calculation

n = 2;

F = 96485; %C/mol

R = 8.314; %J/mol.K

T = 298; %K

A = 0.196; %cm2 (electrode area)

Cobulk = 0.5; %M or mol/l, concentration of protons/electrolyte concentration in acid; concen-

tration of water in base

ilc = n*F*moc*A*Cobulk/1000; %A

jlc = ilc*1000/A; % mA/cm2

Crbulk = 0.0008; % M, concentration of H2 gas in electrolyte

ila = n*F*moa*A*Crbulk/1000; %A

jla = ila*1000/A; % mA/cm2

j = [-60:0.01:2.6]’; %mA/cm2

overpotential = (R*T/(n*F))*(log(jla/-jlc)-log((jla-j)/(j-jlc)));

figure

plot(overpotential,j,’r’)
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Appendix B Supporting information for Ni–Mo composition and carbon incorporation

B.1 Experimental methods

Materials and Reagents

All reagents were purchased from commercial suppliers and used as received, unless other-

wise noted. Nickel(II) nitrate hexahydrate (98%), nickel(II) chloride hexahydrate (99.3%), sodium

molybdate dihydrate (99.5%) and diethylene glycol (99%) were purchased from Alfa Aesar. ACROS

Organics supplied ammonium molybdate tetrahydrate (ACS reagent grade). Ammonium hydrox-

ide (28-30 w/w%, ACS reagent grade), isopropyl alocohol (99.5%), and methanol (99.5%) were

purchased from Fisher Scientific. 99.5% ethanol was purchased from Decon Laboratories. Carbon

black (Vulcan XC-72) was obtained from Fuel Cell Earth. Carbon-supported Pt (10 wt% Pt) was

supplied by Alfa Aesar. Sigma Aldrich supplied potassium hydroxide (ACS reagent grade). Nafion

ionomer solution (20 wt% dispersed in water/alcohol mixture) was supplied by Ion Power. Ni foil

(0.005 in thick, ≥99%) and Ti foil (0.005 in thick, 99%) were supplied by Alfa Aesar. Forming gas

(5% H2 and 95% N2) and ultrapure H2 (99.999%) were purchased from Matheson. Deionized water

was purified to ≥18.2 Mohm-cm resistivity and ≤3 ppb total organic content using a Millipore

Advantage A10 system.

Ammonia-based Ni–Mo oxide precipitation

The synthetic procedure for the ammonia-based Ni–Mo was adopted from prior report by

McKone et al.[60]. A representative procedure is described here. A Corning PC-420D hotplate was

preheated to 400 ◦C for 30 minutes. 1.5 g (5.2 mmol) of nickel nitrate hexahydrate and 0.6 g (3.4

mmol) of ammonium molybdate tetrahydrate were dissolved in a mixture of 5 ml deionized water

and 2 ml ammonium hydroxide in a 100 mL beaker to give a deeply blue solution. 45 ml diethylene

glycol was then added to this solution. The solution was then placed on the preheated hotplate and

stirred using a PTFE-coated stirbar (Fisher Scientific) at 500 rpm. An alcohol thermometer was used
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to monitor the temperature. The mixture was heated until the temperature reached 110 ◦C, which

we found to require 5–7 minutes. Upon heating, a green precipitate formed; part of this precipitate

remained suspended in the parent solution and part became entrained on the bottom and sidewalls

of the beaker and stir bar. After reaching the target temperature, the beaker was removed from the

hotplate and allowed to cool slightly. The still-warm reaction mixture was then transferred to a 50

mL polyethylene centrifugation vial and centrifuged (Thermo Scientific Sorvall ST 8) at 3000 rpm

for 10 minutes. A pale blue supernatant remained and was decanted, followed by repeated washing

and centrifugation steps using pure water until the supernatant became colorless. A final rinse and

centrifugation step was carried out using acetone instead of water, and then the final precipitate was

collected by suspending in a minimum of methanol and dried in a drying oven (Fisher Scientific

Isotemp) at 60 ◦C for several hours. The final yield of green powder ranged from 17–21% relative

to the total mass of precursors.

Carbon incorporation and electrode deposition

For Ni–Mo/C composites, Vulcan carbon black was physically mixed with either of the oxides

(ammonia-based and ammonia-free) prior to thermal reduction, and the procedure was identical in

each case. First, carbon was added to the Ni–Mo oxide in the desired ratio, which was determined

empirically based on the observed mass loss of the neat oxide upon thermal reduction. To this

mixture was added a small amount of isopropyl alcohol to produce a paste, which was ground for

10–15 minutes using a ceramic mortar and pestle (Fisher Scientific) and allowed to dry. This paste

grinding process was repeated 3 times to yield a homogeneous black powder.

A Thermo-Scientific Mini Mite tube furnace was used to reduce the oxides. Carbon incorporated

Ni–Mo oxides were first weighed on a microbalance (Sartorius). The oxides were then transferred

to a crucible, and thermally reduced in a tube furnace under a flow of forming gas (5% H2 and 95%

N2) at a rate of 15 sccm. The furnace temperature was first increased to 200 ◦C and held for 30

minutes, followed by increasing to 550 ◦C for 1 hour. The forming gas flow was discontinued and

the furnace was allowed to cool naturally to room temperature. The product (still a black powder)

was then removed and weighed again.

For electrode deposition, 20 mg of the Ni–Mo/C catalyst composite was mixed with 1 ml

isopropyl alcohol and 20 mg of 20 wt% Nafion (in isopropyl alcohol-water solution) to make a ∼20
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mg/ml Ni–Mo/C colloidal ink. Different Ni–Mo/C loadings of 1 mg/ml, 2 mg/ml, 5 mg/ml and 10

mg/ml were prepared by respectively varying the Ni–Mo/C and Nafion content in 1 ml isopropyl

alcohol. The solution was homogenized in an ultrasonic bath (Branson M1800) for 30 minutes.

Upon homogenization, a 5 µL volume of the catalyst suspension was dropcast onto a fully assembled

glassy carbon rotating-disk electrode assembly (Pine ChangeDisk) and allowed to dry for 10 minutes

under an infrared heat lamp (McMcaster Carr). A second 5 µL quantity of ink was then dropcast

and allowed to dry in the same way.

We found that 20 wt% of Nafion ionomer relative to dry Ni–Mo/C mass was sufficient to give

adherent catalyst films at loadings ranging from 0.05 mg/cm2 to 1 mg/cm2, whereas films with

higher loadings sometimes exhibited observable loss of catalyst. We also found that the catalyst

films were initially difficult to wet with water, presumably due to the highly fluorinated backbone

of the Nafion binder. This issue was resolved by first dipping the electrode in neat ethanol, which

rapidly wet the catalyst film. The electrode was then transferred to a vial containing 0.1 M aqueous

KOH solution to exchange out the ethanol prior to introduction into the electrochemical cell.

Ni nanoparticle synthesis

Ni nanoparticles were synthesized by an analogous precipitation-reduction method involving

Ni hydroxide formation followed by its reduction. A typical procedure for Ni hydroxide synthesis

is as follows. First, 50 mL of 2M KOH(aq) was placed in a beaker and stirred. Then a solution

of 1.5g nickel nitrate hexahydrate in 5 mL water was added to the KOH solution all at once. An

instantaneous precipitation of green solid was observed. The product was purified by sequential

water washes with centrifugation and finally suspended in methanol and dried at 60 ◦C for several

hours. The dried hydroxides were weighed on a microbalance, transferred to a glass crucible, and

reduced in a tube furnace under forming gas at 200◦C for 30 minutes followed by 450◦C for 1 hour.

The electrode deposition procedure of Ni–Mo/C composites was then replicated for Ni nanoparticles.

High-loading catalyst deposition on Ni mesh

Ni–Mo/C loadings of greater than 1 mg/cm2 were obtained by changing the substrate of deposi-

tion from glassy carbon to Ni mesh. Similar to pyrolysis-derived Ni–Mo synthesis, Ni mesh films of
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6x6 mm were cut and weighed on an ultramicrobalance. A 40 mg/ml viscous solution of Ni–Mo/C

containing 40 mg Ni–Mo/C, 40 mg of 20 wt% Nafion (in alcohol-water solution) and 1 ml isopropyl

alcohol was prepared for deposition. The oven was preheated at 125 ◦C along with a glass petri dish.

Ni mesh films were dipped in the viscous solution and placed in the preheated oven for 10 minutes.

The deposition and drying process was repeated 2-3 times and the films were again weighed on

an ultramicrobalance. Flag-type electrodes, similar to those made with pyrolysis-derived Ni–Mo

catalyst were made with Ni–Mo/C on Ni mesh films.

Co-precipitated Ni–Mo/C composite synthesis

Co-precipitated Ni–Mo/C composites were synthesized by precipitating ammonia-based Ni–Mo

oxides in the presence of carbon. 1.8 g Vulcan carbon was mixed with 1.5 g nickel nitrate and

0.6 g ammonium molybdate (targeting 90:10 ratio of carbon to Ni–Mo alloy). 5 mL water, 2 mL

ammonium hydroxide and 45 mL diethylene glycol were then added to this mixture and sonicated.

The precipitation-reduction reaction was carried out at 110◦C and was treated in the same way as

the ammonia-based Ni–Mo oxide, resulting in a black powder containing Ni–Mo oxide and carbon.

The final catalyst was obtained by reducing the oxide-carbon mixture at 200 ◦C for 30 minutes and

450 ◦C for 1 hour. For coprecipitated Ni–Mo/C, carbon was added to the precursors by assuming the

precipitation yield to remain the same as in the ammonia-based Ni–Mo synthesis without carbon

incorporation. The exact carbon content was later found by TGA to be somewhat lower than expected.

For example, 80 wt% carbon was obtained when 90 wt% was targeted, implying more complete

Ni-Mo oxide precipitation occurred when carbon black was added to the reaction. The carbon

contents were therefore reported as the actual values determined by TGA.

Analytical Methods

X-ray diffraction (XRD) measurements were made using a Bruker D8 system with Cu Kα

radiation (λ=1.54 Å). Measurements were collected over the 2θ angle from 10 to 90◦ in 0.02◦ steps.

Total data collection times were varied so as to produce XRD patterns with adequate signal-to-noise

ratios for the associated analysis.
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Scanning electron microscopy (SEM) analysis made use of a Zeiss Sigma 500 VP microscope.

Micrographs were collected of nanopowder films drop-cast onto Ti foils using secondary electron or

backscattor detectors. The accelerating voltage used for SEM was varied from 1 keV to 10 keV to

maximize image contrast and minimize sample charging. SEM images were subjected to a minimum

of post-processing that was limited to brightness/contrast adjustments in order to produce a similar

dynamic range in all images.

Transmission electron microscopy (TEM) analysis was performed using a JEOL JEM-2100F

TEM/STEM (equipped with an Oxford X-MaxN 80T energy-dispersive X-ray spectrometer) and a

Hitachi H-9500 environmental TEM. High-resolution TEM (HRTEM) and selected area electron

diffraction (SAED) were performed on the H-9500 and the JEM-2100F. High-angle annular dark-

field scanning TEM (HAADF-STEM) and STEM energy-dispersive x-ray spectroscopy (EDS) were

performed on the JEM-2100F. Specimens for TEM examination were prepared by drop-casting

nanopowder samples diluted in isopropanol onto 400 mesh ultrathin carbon-coated Cu TEM grids

(Ted Pella Inc.). Both instruments were predominately operated at an accelerating voltage of 200 kV

for these studies, though some of the H-9500 imaging was performed at 300 kV. For STEM-EDS

mapping, a spot size of 1.5 nm and pixel dwell time of 5 µs was used, with total mapping durations

of 8.5 minutes per area. No appreciable changes in the specimens were observed during TEM

analysis, even during the extended EDS mapping, indicating that beam-damage did not result in

sample modifications under these conditions. The observed morphologies were consistent across all

microscopes and imaging modes.

X-ray photoelectron spectroscopy (XPS) was performed using a Thermo Scientific ESCALAB

250Xi instrument. An initial survey scan was used to to identify the major constituents of the sample.

Subsequent high-resolution scans were completed of the Ni 2p region in the range of 845–880 eV

and the Mo 3d region in the 225–240 eV range. To execute peak deconvolution of the high resolution

data, the data were fit to the peaks and binding energy values listed in Table 1.[305, 306].

Thermogravimetric analysis (TGA) was carried out using a SDTQ600 thermogravimetric ana-

lyzer supplied by TA instruments. Argon gas was flowing continuously throughout the experiment at

a rate of 100 sccm. Samples were loaded into an alumina pan, introduced into the sample chamber,

and equilibrated under 20 sccm of N2 gas flow. Temperatures were then varied as a function of time
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Compound type Binding energy (eV)

Ni 2p3/2 852.60

Ni(OH)2 2p3/2 856.30

NiO 2p3/2 857.70

Ni+2 satellite 2p3/2 864

Ni+2 2p1/2 874.26

Mo 3d5/2 228.00

Mo+4 3d5/2 229.20

Mo+5 3d5/2 231

Mo+6 3d3/2 235.6

Table 1: Peak positions used to fit high-resolution XPS data

under either oxidizing (20 sccm air) or reducing (10 sccm H2) conditions. All gases were supplied

by Matheson in their ultra-pure grade.

Electrochemical measurements were carried out primarily using rotating disk electrode (RDE)

voltammetry of catalyst films deposited onto glassy carbon substrates. Electrochemical data were

collected using a digital potentiostat/galvanostat (Gamry Reference 600+) while rotating the working

electrode using a commercial rotor (Pine MSR). We used a single-chamber glass electrochemical

cell with a large-area (several cm2) Ni foil counter electrode and a Ag/AgCl (Thermo Scientific)

reference electrode. The electrolyte was 0.1 M KOH(aq) and was freshly prepared prior to each

measurement. The cell was purged with hydrogen gas for at least 2-3 minutes prior to beginning

measurements to maintain constant hydrogen partial pressure. The Ag/AgCl reference electrode was

calibrated to the reversible hydrogen electrode (RHE) potential using commercial Pt/C composite

deposited onto glassy carbon in the same way as for Ni–Mo composites. To minimize the possibility

of contamination, measurements of Pt-containing films were always carried out after experimentation

with nonprecious catalysts was complete. Cyclic voltammograms were collected over a range of

overpotentials bracketing the equilibrium potential for the hydrogen evolution reaction at a scan rate
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of 10 mV/s. Solution resistance was measured via electrochemical impedance spectroscopy using a

high-frequency AC waveform superimposed on a DC bias of 0 V vs. RHE. These measurements

generally fell in the range from 30 to 50 Ω and were compensated by subtracting the iR drop from

the observed current versus overpotential data after experiments were complete. Electrochemical

impedance spectroscopy was similarly measured over the frequency range from 0.2–100 KHz using

a 10 mV AC perturbation at 150 mV overpotential.

B.2 Catalyst and electrochemical characterization

Evidence of Oxides in Ammonia-based Ni–Mo

Figure B.1 shows a magnified view of the ammonia-based Ni–Mo nanopowder XRD results

from Figure 1 in the main text. Broad diffraction features were observed at 2θ = 25, 38, and 63

suggesting the presence of NiO and MoO2.

Carbon black quantity and activity

The mass loss of the Ni–Mo oxides on reduction and the carbon content of Ni–Mo/C composites

was obtained by thermogravimetric analysis (TGA). The oxide mass loss was found to be ∼40%

for the ammonia-based synthesis (Figure B.2a) and 30% for the ammonia-free synthesis (Figure

B.2b). The carbon content of Ni–Mo/C samples was obtained by TGA in sequential oxidation

and reduction steps. Representative data for 75 wt% carbon is shown in figure B.2c. First the

temperature was ramped to 700 ◦C in the presence of air to burn off the carbon component and

oxidize the Ni–Mo component back to a mixed oxide. The purge gas was then changed to pure

hydrogen and the temperature ramped to 950 ◦C for 1 hour to re-reduce Ni and Mo to the metals.

An initial 17.1 mg mass of the composite reduced to 6.5 mg upon oxidation, and decreased further

to give a final mass of 4.75 mg on reduction. Thus the carbon content calculated from the difference

between the initial and final mass of the powder was 72.2%, in good agreement with the 75 wt%

target.
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Figure B.1: Ammonia based Ni–Mo XRD image magnified to show low-intensity peaks consistent

with MoO2 and NiO.

A geometric HER activity comparison of pure vulcan carbon with Ni–Mo/C is shown in figure

B.3. The samples were prepared and deposited in the same way using 1 mg/cm2 mass loadings of

each on a glassy carbon working electrode. The data show that pure vulcan carbon has negligible

activity for hydrogen evolution in 0.1 M KOH electrolyte at overpotentials at least as large as 300

mV.

Tafel representation of activity data

Fig B.4 depicts representative polarization data for ammonia-based Ni–Mo/C samples as a Tafel

plot. All of the films exhibited nonlinear behavior at modest overpotentials, which is consistent with
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Figure B.2: Thermogravimetric analysis to determine mass loss on reduction of Ni–Mo oxide of (a)

ammonia-based Ni–Mo and (b) ammonia-free Ni–Mo. (c) Thermogravimetric analysis to determine

carbon content in Ni–Mo/C by an oxidation-reduction process.
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Figure B.3: Geometric activity of Vulcan carbon compared with ammonia based Ni–Mo/C.

the fact that oxidation processes compete with net hydrogen evolution near the equilibrium potential

for the HER. The data at overpotentials larger than 100 mV exhibited mutually similar Tafel slopes

that were all in excess of 100 mV/decade. These values are too large to attribute solely to kinetic

limitations associated with the known mechanistic pathways for the HER,[307] but they may be

consistent with a mixed kinetic-transport limitation.

B.3 Catalyst simulation details

As noted in the main text, we used Matlab to numerically solve maintext Equation 1 iteratively

for a string of 100 oxide-coated catalyst particles comprised of a 6 nm catalyst core coated with

a conformal 2 nm resistive shell. The following HER kinetic parameters corresponding to bulk
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Figure B.4: Tafel plot of ammonia-based Ni–Mo/C containing the noted carbon loadings.

Ni were used in the mathematical model: exchange current density (jo) of 10-6 A/cm2 and tafel

slope (b) of 120 mV/decade.[256] Kinetic constributions to overpotential were calculated based

the assumption that the entire surface area of the 6 nm core was equally active, and electrolyte

transport losses were not considered. The resistive interface was accounted for by calculating a

value of inter-particle resistance assuming that electrons would travel between particles through a

cylindrical layer of oxide 2 nm thick, 6 nm in diameter, and with a bulk resistivity that was varied

between 105 and 1010 Ω-cm. The mass specific activity for each particle was then calculated as a

function of overpotential. Ensemble mass activity was further calculated by summing the individual

particle current contributions at each overpotential and dividing by total catalyst mass. In this case,

because each catalyst particle was identical in mass, this operation was mathematically equivalent to

averaging the mass activity of all the particles at each overpotential.

Matlab code %Numerical solver to calculate current vs overpotential data for a catalyst

%that accounts for kinetics via the Tafel equation and series resistance via ohms law
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%NOTE: should be able to revise this script to calculate three different

%overpotential contributions separately - kinetic + particle resistance + electrolyte resistance

(via ASR)

j0 = 1e-6; %exchange current density in A/cm2

b = 0.12; %Tafel slope in V/decade

dia = 6e-7; %particle diameter in cm

density = 9; %mass density of catalyst in g/cm3

pV olume = 4/3 ∗ pi ∗ (dia/2)3; %volume of single particle in cm3

pMass = pVolume * density; %mass of each particle in grams

chainlength = 5; %length of particle chain in number of particles

resistivity = 1e10; %resistivity value for resisitive interface layer in ohm-cm

layerThickness = 2e-7; %thickness of resistive interface layer in cm

layerArea = 28e-14; %contact area between particles through interface layer in cm2

Rinterface = resistivity*layerThickness/layerArea; %inter-particle resistance in ohms

eta=[0:-.01:-.3]’; %overpotential range and simulation interval

syms q; %dummy variable for current, which we are solving for

ivectors=cell(chainlength,1); %raw current from each particle

Jvectors=cell(chainlength,1); %current density in terms of real surface area

Mvectors=cell(chainlength,1); %mass-specific current in A/g (same as mA/mg)

pArea = 4 ∗ pi ∗ (dia/2)2; %area of individual particle in cm2

i0 = pArea*j0; %exchange current for single particle

R=zeros(chainlength,1); %initialize resistance variable

R(1) = Rinterface;

for g=2:length(R);

R(g) = R(g-1)+Rinterface;

end;

%initialize figure

figure;

hold all;

for m=1:length(R);
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%initialize variable for calculated current

current=zeros(length(eta),1);

%specify a for loop to step through each overpotential value and calculate

for n=1:length(eta);

clc

disp([’particle number ’,num2str(m),’/’,num2str(length(R)),’...overpotential = ’,num2str(eta(n))]);

eq=eta(n)==-(b*log10(q/i0)+q*R(m)); %writing out full overpotential expression

current(n)=-vpasolve(eq,q,i0); %numerical solver where i0 is initial guess

end

%stash the calculated current values in the appropriate cell

J=current./pArea;

M=current./pMass;

ivectorsm=current;

Jvectorsm=J;

Mvectorsm=M;

%plot the data for this resistance value

%plot(eta,Mvectorsm,’DisplayName’,[’Particle ’,num2str(m), ’ R = ’,num2str(R(m))],’LineWidth’,2);

xlabel(’overpotential (V)’)

ylabel(’particle specific current (A/g)’)

end

% plot only the first and last particle

plot(eta,Mvectors1,’–’,’LineWidth’,3); % first particle

plot(eta,Mvectorsm,’–’,’LineWidth’,3); % last particle

% find the average current value for all particles

matrix=[Mvectors:]; % convert all Mvector cells to matrix

averagecurrent=sum(matrix,2)/m; % take average by adding all columns of a row and dividing

by number of columns

plot(eta,averagecurrent,’b’,’LineWidth’,3)
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Appendix C Supplementary data for the evolution of core@shell Ni–Mo composites

C.1 Ex-situ analysis

XRD data

X-ray diffraction patterns of the as-synthesized NiMoO4 and the products obtained after reduction

at different temperatures are shown in Figure C.1. The as-synthesized oxide is crystalline with major

peaks that index well to α-NiMoO4 with minor fractions of the corresponding β phase and NaNO3.

On heating to 200 ◦C under H2(g), the composition remains unchanged. Increasing the reduction

temperature to 300 ◦C results in a substantial loss of crystalline order in the oxide phase, with a new

broad feature that corresponds to the most intense (111) reflection for fcc Ni. As the temperature

is increased further, additional diffraction features emerge that are broadly indicative of a mixture

of fcc alloy, Ni/Mo oxides, and one or more nitride phases. Nitrides are formed irrespective of the

reduction gas mixture used (5% H2+ 95% N2 or Ar), which suggests that residual NaNO3 from the

NiMoO4 precipitation reaction acts as the primary nitrogen source. In addition to diffraction lines

that are attributable to nitride phases, several additional peaks appeared below 25◦ after annealing at

≥450 ◦C that we were unable to index to any known phase containing Ni or Mo.

A compilation of the Mo content and crystallite size of the Ni–Mo catalyst composite obtained at

different reduction temperatures is given in Table 2. The Mo content in the Ni lattice was calculated

using the empirical equation given by Chialvo et al.,[219] which relates the lattice parameter a to

the Mo content via:

a[nm] = 0.35242 + 4.2× 10−4 × [mol% Mo] (C.1)

The lattice parameters for each of three observable fcc reflections were extracted using Bragg’s law,

wherein the interplanar distance d for a given diffraction line was calculated as

2d sin θ = nλ, (C.2)

where θ is the incident angle relative to the sample plane, n is positive integer, and λ is wavelength of

incident radiation, which was 0.154 nm for the Cu source used in our instrument. Using the catalyst
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Figure C.1: XRD data for NiMoO4 reduced under a gas mixture containing 5 % H2(g) and 95 %

Ar(g) at various temperatures. The standard patterns were obtained from the ICDD database.
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synthesized at 400 ◦C as an example, the first fcc Ni peak appeared at 2θ = 43.93◦; the interplanar

distance was therefore 0.2059 nm. Bragg’s law for a cubic system was again used to calculate lattice

parameter a from d and the miller indices using

d =
a√

h2 + k2 + l2
(C.3)

Using the same peak noted above (hkl) = (111) and the lattice parameter becomes 0.3566 nm. The

Mo content was then calculated from Equation C.1 to give 9.86 at% Mo.

Using this method, the Mo content reported in the main text was taken as the mean value using

each of the fcc reflections and one standard deviation as the uncertainty. Note that this analysis

does not take into account systematic errors in peak position associated with the imperfect optical

configuration of the XRD system. Accordingly, we consider the XRD data to indicate that the

metallic component of the Ni–Mo composite contains a small but nonzero fraction of Mo0, which is

further corroborated by the XPS results shown in the main text.

Electron Microscopy

Figure C.2 shows additional SEM images of as-synthesized NiMoO4. Figure C.3 shows a

representative TEM image of NiMoO4 after thermal reduction (in a tube furnace) at 500 ◦C. These

data show that the morphological changes observed during in situ measurements coincide with the

ex situ thermal reduction.

C.2 Electrochemical characterization

EIS Analysis

Along with the polarization data presented in the main text, electrochemical impedance spec-

troscopy (EIS) analysis was also performed on Ni–Mo catalyst composites generated at each reduction

temperature. The EIS data were collected at 140 mV overpotential over the frequency range from

0.2 to 105 Hz. Results are compiled in Figure C.4. The model used to fit the EIS data consisted
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reduction

temperature (◦C)

crystallographic

index

2θ observed

(◦)

implied Mo

content

(mol%)

crystallite size

(nm)

111 43.95 9.49 6.89

375 200 51.1 11.05 5.32

220 75.69 6.09 5.32

111 43.93 9.86 6.10

400 200 51.02 12.29 4.36

220 75.55 7.42 5.70

111 43.91 10.23 6.18

425 200 51.04 11.98 4.82

220 75.44 8.47 6.97

111 43.83 11.70 9.51

500 200 51 12.61 5.75

220 75.51 7.80 8.58

Table 2: Mo content and crystallite size for NiMoO4 reduced at different temperatures.

of an uncompensated resistance and 2 RC circuits in series, where the capacitance elements were

replaced with a constant phase element. Because NiMoO4 is an electrical insulator, very high values

of charge-transfer resistance were observed at 25 and 200 ◦C. With increasing reduction temperature,

the charge transfer resistance decreased drastically and then tracked well with the observed HER

activity over the range from 350 to 500 ◦C.

Mass Loading Dependence

We used a mass loading of 50 µg/cm2 for the polarization measurements presented in the main

text to avoid the confounding effects of electronic conductivity and mass transfer through the porous

catalyst film.[227] To confirm that the observed activity was indeed kinetically limited, we performed
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Figure C.2: SEM images across multiple areas of NiMoO4, indicating the dominant nanorod

morphology, albeit with a broad distribution of diameters and lengths.
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Figure C.3: Representative TEM image of NiMoO4 after ex situ thermal reduction at 500 ◦C.

a mass-loading dependence of the HER activity of the best Ni–Mo catalyst (processed at 400 ◦C).

Compiled results at 200 mV overpotential are shown in Figure C.5. These data show considerable

spread: the observed cathodic current densities varied over approximately a factor of three for

catalyst films at a given mass loading. We attribute this behavior to the poor catalyst dispersion that

likely results from using micron-sized Ni–Mo particles, as well as the inherent uncertainty in the

deposition and drying of µL volumes of dilute suspensions onto glassy carbon disks. Nonetheless,

the overall trend is well described by a linear relationship, particularly at mass loadings below 0.1

mg/cm2.
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Figure C.4: (a) Compiled Nyquist plots for EIS measurements of Ni–Mo catalyst composites

reduced at the noted temperatures. (b) Charge-transfer resistances values extracted from the data in

(a).

Figure C.5: Observed HER activity at 200 mV overpotential for Ni–Mo composites prepared by

reducing NiMoO4 nanorods at 400 ◦C. The dots are individual datapoints and the solid line indicates

the best fit with a constrained y-intercept of zero.
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Electrocatalyst Control Data

Figure C.6 shows the area-normalized HER activity of as-synthesized NiMoO4, the catalyst

composite reduced at 200 ◦C, and the bare glassy carbon substrate. These data show that the

electrochemical response of both catalyst films is indistinguishable from that of glassy carbon at

overpotentials up to ∼250 mV.

Figure C.6: Polarization data for as-synthesized NiMoO4, NiMoO4 reduced at 200 ◦C, and a glassy

carbon substrate in H2-saturated 0.1 M KOH.

Surface Area Analysis

While the catalyst mass loading was held constant for all the data shown in the main text,

varying thermal treatment conditions may give rise to differences in specific surface area, which

could contribute significantly to the observed differences in catalytic activity. However, accurate

measurements of electrochemically active surface area are challenging, especially for nonprecious

catalysts and multiphase materials. Accordingly, we semi-quantitatively assessed the surface areas

of our Ni–Mo composites using two methods: double-layer capacitance from EIS and geometric
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analysis from HRTEM. The results of each are shown in Figure C.7 as a function of thermal

reduction temperature. Double-layer capacitance values were extracted from EIS data colleced

at 140 mV HER overpotential (again using 50 µg/cm2 mass loading in all cases). The geometric

analysis shown in Figure C.7b involved estimating the total surface area of the fcc alloy nanoparticles

contained within a single Ni–Mo nanorod and normalizing this area to the total volume of the rod.

Note that this analysis was only possible for reduction temperatures between 375 and 500 ◦C where

the Ni-rich particles were clearly discernible.

Figure C.7: (a) Capacitance of Ni–Mo composite catalyst films calculated from EIS analysis and

plotted as a function of temperature. (b) Surface area to volume ratios of nanoparticles obtained

from TEM analysis.

The interfacial capacitance of our Ni–Mo composites increased with thermal reduction tem-

perature, which is consistent with an increase in the surface area of the active catalyst. However,

the interfacial capacitance continued remained quite high for reduction temperatures above 400 ◦C

before finally decreasing substantially at 600 ◦C, implying the electrochemically accessible surface

area did not decrease substantially despite the decrease in HER activity. Similarly, the apparent

surface area of the fcc alloy component of the Ni–Mo catalyst increased monotonically between 375

and 500 ◦C despite the clear maximum in catalytic activity at 400 ◦C. Accordingly, these data are

not consistent with an explanation based on surface-area enhancement alone. As discussed in the

main text, these data, along with the catalyst morphologies observed in ETEM and HRTEM, lead us

to conclude that active sites for the HER involve metallic and oxidized sites working in tandem.
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Stability Analysis

We measured the stability of the best performing Ni–Mo catalyst obtained on reduction at 400
oC under HER conditions. The “as-synthesized” catalyst, with a loading of ∼0.7 mg/cm2 on ∼2.25

cm2 Ni mesh, was used as a working electrode. A constant current of −20 mA (i.e., ∼9 mA/cm2 or

∼30 mA/mg) was maintained for a duration of 21 hours. The result, compiled in Figure C.8 show

that the catalyst remains stable at ∼175 mV overpotential only for several tens of minutes, after

which the activity decays exponentially (linear on a log scale) over the remainder of the experimental

period. Polarization data taken before and after the galvanostatic measurement confirm the significant

Figure C.8: (a) Chronoamperomtery analysis (not corrected for iR) of Ni–Mo catalyst reduced at 400
oC at a constant current of -20 mA over a period of 21 hours. (b) Resistance-corrected polarization

data for the same Ni–Mo catalyst before and after stability measurements in H2-saturated 0.1 M

KOH.

decrease in activity as well as a decrease in the capacitive hysteresis near 0 V vs. RHE that we

attribute to MoOx pseudocapacitance.

We also performed TEM characterization of the Ni–Mo composite before and after stability

measurements, as shown in Figures C.9– C.12. The “before” stability sample exhibited essentially

the same composition and morphology as shown in the main text. The “after” stability data show

that the catalyst underwent substantial restructuring from the predominantly nanorod morphology to

large isotropic agglomerates, albeit without substantial coalescence of the Ni-rich fcc nanoparticles.
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We speculate, then, that the Mo-rich oxide shell in the as-synthesized catalyst dissolves in the alkaline

electrolyte, leading to loss of the nanorod morphology and catalyst aggregation. This is consistent

with recent work showing that Ni–Mo catalyst composites are susceptible to Mo leaching under

HER reaction conditions in base.[308, 309] However, the oxide in the near vicinity of the fcc alloy

appears to be more stable toward dissolution, perhaps because it contains a substantial fraction of

insoluble NiOx.

Figure C.9: (a-c) HAADF-STEM and (d-f) BF-TEM images of catalyst material before stability

testing, after thermal reduction in H2 at 400 oC. The yellow boxes indicate regions of corresponding

close-up images, as labeled.

Comparison with Precipitation-Reduction Synthesis

We compared the most active Ni–Mo catalyst obtained by hydrothermal synthesis with a Ni–Mo

catalyst synthesized by precipitation-reduction synthesis following a prior report.[60] Figure C.13

166



Figure C.10: EDS elemental maps from the catalyst rod shown in Figure C.9. The maps confirm

that the porous rods are Mo-rich oxide while the Ni is localized to the nanoparticles. This same

distribution was observed in all rods examined.

shows representative TEM images of the two catalysts along with polarization data. The isotropic

catalyst prepared by precipitation-reduction shows activity similar to the catalyst obtained from

hydrothermal synthesis at the same reduction temperature, but both are lower in activity than the

hydrothermal catalyst reduced at 400 ◦C. This suggests that the core-shell catalyst formation and
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Figure C.11: (a,b) BF-TEM and (c-f) HAADF-STEM images of catalyst material after stability

testing. The sample was found to be heterogeneous, consisting of (a) large, sphere/ovoid-like

particles up to 1 um in diameter; (b-d) various irregularly shaped aggregates; and (e) nanorods with

effectively identical morphology to the “before” sample; (f) is a close-up of the region indicated in

(c).

the activity-temperature dependence is a broad characteristic of Ni–Mo composites derived from

phase-pure mixed oxides.

Activity of Ni–Mo Nitride Phases

Consistent with prior observations,[213] our Ni–Mo catalyst shows evidence for nitride formation

on reduction at temperatures exceeding 500◦C. Ni–Mo nitride composites have also been reported

to exhibit high HER activity.[310, 311, 312, 313] Figure C.14 juxtaposes XRD and polarization
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Figure C.12: EDS elemental maps from the catalyst particle shown in Figure C.11. The maps

confirm that the nanoparticles are still predominantly Ni, while the matrix is Mo-rich oxide.

data for Ni–Mo composites with (600 ◦C reduction) and without (400 ◦C reduction) evidence for

nitride formation. The activity of the nitride-containing catalyst was markedly lower than “pure”

Ni–Mo, but the difference is attributable at least in part to a decrease in specific surface area that

results from the increased thermal reduction temperature. Thus, we cannot rule out the possibility

that the intrinsic activity (i.e., turnover frequency) of Ni–Mo nitride toward the HER is comparable

or greater than that of the Ni–Mo metal/oxide composite obtained at 400 ◦C.
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Figure C.13: TEM images of Ni–Mo catalysts synthesized by (a) co-precipitation in an open system

and reduced at 450 oC and (b) hydrothermal synthesis reduced at 400 oC (as in the main text). (c)

Polarization data comparing catalysts prepared by these two routes.
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Figure C.14: (a) XRD data showing Ni–Mo catalysts that do (600oC) and do not (400oC) show

evidence for crystalline metal nitride formation. (b) Polarization curve for the same catalyst materials

as in (a).

C.3 In-situ TEM data and analysis

Figure C.15 shows TEM images and an SAED pattern from a single representative NiMoO4

nanorod. Figure C.16 shows an example of the structural damage that was observed in the NiMoO4

nanorods when imaged for an extended period of time (on the order of a few minutes) at operating

voltages above 100 kV. Particularly at high resolutions (those sufficient to resolve lattice fringes),

interactions with the electron beam would induce the formation of small voids throughout the

material. In these images, the voids appear as round regions—a few nm across—with lighter

intensity. The continued visibility of the crystal lattice indicates that the rods were not entirely

amorphized. No void formation was observed when imaging was at an operating voltage of 100 kV

for at least tens of minutes.
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Figures C.17– C.18 show images and SAED patterns of several regions of the nanorod at

key temperature points. These were not followed continuously, but instead imaged briefly after

the continuously imaged region of the sample had equilibrated at the noted temperature. The

morphological changes observed in these regions are consistent with those that occurred in the

primary region, as shown in main text Figure 4.9.

Normal and lognormal quantile-quantile plots of the measured Ni-rich nanoparticle sizes follow-

ing in situ reduction at 350, 375, and 425 ◦C are included in Figure C.19. The measured 350 ◦C and

375 ◦C data fit both types of distributions reasonably well. By contrast, the 425 ◦C measurements

deviate significantly from normal, exhibiting a distinct positive skew (also easily seen in the violin

plots). The nanoparticle sizes fit a lognormal distribution, however, very well. This indicates that

the reduction process proceeded through Ostwald ripening, particle migration, and coalescence.

Figure C.20 shows representative HRTEM images of the nanorods after in situ reduction at 500
◦C. The lattice fringe spacings observed are consistent with those of various Mo-rich oxides and

nitrides. The continuity of the lattice fringes across each flake indicates that they are individually

single-crystal. They were typically highly faceted and in many cases even atomically flat.

Figure C.21 shows a pair of TEM image montages of a single NiMoO4 nanorod before any

heating or exposure to H2 and after in situ reduction at 425 ◦C. This nanorod was not actively imaged

during the reduction process. It exhibits the same phase separation of Ni-rich nanoparticles and large

Mo-rich crystals, as seen in the primary cluster of nanorods, but to a greater degree. This implies that

while even light exposure to the electron beam can affect the specifics of the morphological change

(e.g., the size, number, and/or distribution of the Ni particles nucleated), the general observations

and trends hold.

Additional TEM images and elemental analysis results are shown in Figures ??– C.22. The

associated captions indicate the salient details of each. Movies M1-M3 (attached separately as

video files) are portions of the in situ TEM reduction, during heating up to 350, 375, and 425 ◦C,

respectively. The videos have been drift-corrected and sped up by a factor of 16. The small black

spot to the right of the thin (leftmost) nanorod that appears to be moving is a dead pixel in the camera.

It appears to move as a result of the motion-stabilization process.
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Figure C.15: TEM and electron diffraction data for a representative example of a NiMoO4 nanorod.

(a) TEM image of one end of a nanorod. The white boxes indicate the regions shown in the HRTEM

close-ups in (b-c). (d) SAED pattern from this end of the nanorod, indexed as α-NiMoO4. The

planar faults running parallel to the rod axis are visible in the contrasting bands in (a-b) and more

directly in (c), where the shifts in the atomic arrangement and/or visibility of the lattice fringes is

seen. The streaking in the diffraction pattern (d) perpendicular to the rod axis (and thus the fault

planes) is further confirmation. Panel (d) is a composite of two images: the portion of the pattern

that would be obscured by the beam-blocker has been overlaid on the same pattern acquired without

the beam-blocker (as well as a shorter acquisition time to minimize saturation around the transmitted

spot). This allowed for the otherwise-blocked spots to be visible while not obscuring the rest of the

pattern due to the significantly higher intensity of the transmitted spot.
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Figure C.16: HRTEM images showing the beam-induced void formation that occurred in NiMoO4

nanorods at an operating voltage of 200 kV.

Figure C.17: TEM images at different temperatures of the nanorod that was not exposed to the

beam.
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Figure C.18: Close-up of a Ni–Mo composite reduced at 375 ◦C clearly showing the porous

nature of the outer Mo-rich layer (some example pores are indicated by arrows) with small Ni-rich

nanoparticles in/on it.
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Figure C.19: Normal and lognormal quantile-quantile plots of measured Ni-rich nanoparticle size

after in situ reduction at 350, 375, and 425 ◦C.
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Figure C.20: HRTEM images of NiMoO4 nanorods reduced at 500 ◦C. These images have been

Fourier filtered to enhance the contrast of the lattice fringes. All scalebars are 10 nm.
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Figure C.21: TEM image montages of a NiMoO4 nanorod before (left) and after (right) in situ

reduction at 425 ◦C.
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Figure C.22: EDS sum spectra from three fully reduced NiMoO4 rods comprising two different

diameters and one that was not tracked during the in situ reduction. Selected elemental peaks have

been labeled. The strong Si peak is from the TEM grid membrane, which is SiNx. The Cu peak

comes from the washers of the TEM holder.
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