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Splitting water to hydrogen and oxygen is a promising approach for storing energy from intermittent

renewables, such as solar power. Efficient, scalable solar-driven electrolysis devices require active

electrocatalysts made from earth-abundant elements. In this mini-review, we discuss recent

investigations of homogeneous and heterogeneous hydrogen evolution electrocatalysts, with emphasis

on our own work on cobalt and iron complexes and nickel-molybdenum alloys.

I. Introduction

Sunlight is the only renewable energy source that alone can

scale to levels required to replace fossil fuels.1 Although solar is

quickly approaching cost parity with traditional fuels,2 the

temporal intermittency of sunlight limits the scale at which

solar technologies can be incorporated into the energy mix.3,4

Indeed, current solar technologies contribute mainly to elec-

tricity usage, and electricity itself accounts for approximately

40% of total energy use in the United States.5

Several methods for storing electricity derived from photo-

voltaics and other intermittent renewables are available, but all

have drawbacks. For example, pumped hydro energy storage is

efficient and inexpensive, but limited by geographic require-

ments.6,7 Large-scale electricity storage in batteries is efficient,

but suffers from high cost and low energy density.8 Water

electrolysis is also a promising mode of energy storage, as it is

possible to obtain reasonably high efficiency and high energy

density using hydrogen compressed in high-pressure

cylinders.9,10

Photovoltaics and water electrolysis are both mature tech-

nologies, but current-generation photovoltaic modules and

electrolyzers do not provide electricity and hydrogen, respec-

tively, at costs comparable to existing fossil fuel sources.

Therefore, innovations are needed to realize solar energy

storage technologies that are competitive with non-renewable

fuels. Many research groups, including ours, have focused on

the development of integrated solar water splitting systems

based on the direct coupling of semiconductor light absorbers

with catalytic species.11–15 Several other approaches to solar-

driven electrolysis are also being studied with respect to their

technological and economic feasibility.16,17

Whether or not they are driven by sunlight, water electrolysis

devices require efficient catalysts for electrochemical hydrogen

and oxygen evolution. Notably, catalysts based on platinum, the

industry standard for proton exchange membrane (PEM) elec-

trolysis, are not likely to be viable for solar water splitting

schemes. This is because PEM electrolyzer systems would

require millions of kg of Pt to store even a small proportion of

the global energy demand, whereas the total global annual Pt

production is only �200 000 kg per year.18 Therefore earth-

abundance is a key requirement for materials to be used in

highly scalable water splitting systems.

Much work has gone into evaluating homogeneous and

heterogeneous hydrogen evolution catalysts for applications in

efficient, scalable energy storage. Molecular species or solid

compounds may be used to catalyze electrochemical or photo-

chemical hydrogen evolution, and they may either be attached

to an electrode surface or freely diffusing in solution. While

molecular compounds have played a primary role in elucidating

mechanistic details of hydrogen evolution electrocatalysis, solid

catalysts have generally performed better in functional systems.

Here we present a mini-review of recent work on homoge-

neous and heterogeneous hydrogen evolution electrocatalysts.

To differentiate our article from other reviews,19–31 we empha-

size elucidation of mechanisms employed by homogeneous

catalysts, especially those incorporating cobalt. Additionally, we

discuss recent work on Ni–Mo composites as earth-abundant

heterogeneous catalysts for solar-driven hydrogen evolution.

II. Homogeneous systems

Enzymes can perform the hydrogen evolution reaction (HER)

efficiently through nickel and iron cofactors, which evolve

hydrogen catalytically near the thermodynamic potential with

turnover frequencies as high as 9000 s�1 at 30 �C.32,33 However,

the relative instability of these enzymes under aerobic condi-

tions has led to a search for robust inorganic compounds that
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can produce hydrogen from water. Platinum is an excellent

catalyst for proton reduction and hydrogen oxidation, but

scarcity and high cost limit its widespread use.

Considerations of cost and scalability have led to the devel-

opment of catalysts for hydrogen evolution that employ earth-

abundant metals.21,23,34–36 While homogeneous catalysts typi-

cally degrade faster than their heterogeneous counterparts,

molecular systems are easier to study mechanistically, and

several research groups, including ours, have undertaken

extensive efforts to synthesize and characterize such electro-

catalysts. It is our view that understanding the fundamental

mechanisms of electrocatalytic hydrogen evolution will aid the

design of better homogeneous and heterogeneous catalysts.

Work on molecular systems

Recent work has yielded molecular HER catalysts using a variety

of transition metals with higher abundance than Pt. DuBois

reported the production of H2 in acetonitrile solution with

turnover frequencies above 100 000 s�1 for a family of mono-

nuclear nickel–phosphine complexes (1, Fig. 1) containing

pendant proximal bases.37 The proposed mechanism of proton

reduction and hydrogen oxidation with nickel–phosphine

complexes involves the cooperative interaction of H2 with both

the metal center and multiple proton relays incorporated in the

second coordination sphere.25,26,38 Molybdenum oxo (2)39 and

molybdenum sulde (3)40 species also catalytically generate

hydrogen from water. Related cobalt species catalyze the

hydrogen evolution reaction, albeit at high overpotentials.41–44

Co-diglyoxime complexes (4) generate H2 from protic solutions

at overpotentials as low as 40 mV.19,20,22,45–49 Recent reports

indicate that cobalt dithiolene complexes (5) catalyze both

photocatalytic and electrocatalytic hydrogen production from

water,50,51 and a cobalt bis(iminopyridine) complex (6) also is a

highly active electrocatalyst for water reduction in buffered

aqueous media.52

Although molybdenum, cobalt, and nickel are more abun-

dant than platinum, an even more attractive candidate for the

catalytic metal center is iron, the most abundant transition

metal. Savéant has shown that Fe porphyrin complexes such as

[(TPP)Fe(Cl)] (7) catalyze hydrogen evolution, albeit at very

negative FeII/I potentials (below �1.5 V vs. SCE).53–56 [(bdt)Fe(P-

Me3)2(CO)2] (8) (bdt ¼ 1,2-benzenedithiolate) also catalyzes

hydrogen evolution at similar potentials.57,58 Biomimetic diiron

complexes,59–64 such as 9 (ref. 24, 65 and 66) and 10,67,68 act as

hydrogen evolution catalysts at potentials in the range �1 to

�2 V vs. SCE. The mechanism of hydrogen evolution catalyzed

by diiron complexes, as proposed by Darensbourg, involves the

reduction of the FeIFeI parent complex to Fe0FeI, followed by

uptake of protons to generate (h2–H2)Fe
II
–FeI,69 a species

believed to be a key intermediate in the electrochemical

pathway for hydrogen evolution. We have found that iron

complexes containing the uorinated ligand 1,2-bis(per-

uorophenyl)ethane-1,2-dionedioxime [(dArFgBF2)2Fe(py)2] (11)

act as electrocatalysts for hydrogen evolution at �0.9 V vs. SCE

with a turnover frequency (TOF) of 20 s�1.70 The corresponding

monouoroborated, proton-bridged complex [(dArFg2H–BF2)

Fe(py)2] displayed an improved TOF of 200 s�1 at �0.8 V.

Mechanism of hydrogen evolution.

Given the broad interest and potential applications of articial

photosynthesis, we focused on elucidating mechanisms of

cobalt-catalyzed hydrogen evolution, an area where there have

been both experimental45,47,71–78 and theoretical investiga-

tions.79–82 All of the proposed mechanisms (Scheme 1) begin

with reduction of CoII to CoI, followed by protonation to

generate CoIII–H. Hydrogen evolution can occur via protonation

of CoIII–H or upon the bimolecular combination of two CoIII–H

species. Alternatively, CoIII–H can be further reduced to CoII–H,

which can react via similar homolytic or heterolytic pathways to

produce hydrogen.

The mechanistic details of cobalt-catalyzed hydrogen evolu-

tion imply different optimum operating conditions. For

example, if the bimolecular reaction of two CoIII–H species is

the predominant pathway, then, for an efficient process, two

Fig. 1 Selected molecular hydrogen-evolving catalysts.
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CoIII–H species should be immobilized in close proximity to one

another on a cobaloxime-modied electrode. Accordingly,

understanding basic mechanistic details of HER electro-

catalysis might inform the design of catalyst candidates for

subsequent research.

All of the previously discussed mechanisms invoke a key

reactive intermediate, CoIII–H, which has only recently been

observed directly.83 Several cobalt hydride species supported by

phosphine ligands, however, have been reported.84–90 Some

examples are [CpCoIIIH(P)2]
+ (P ¼ PPh3, PEt3, P(OMe)3) and

[CpCoIIIH(P2)]
+ (P2 ¼ PPh2CH2PPh2, PPh2CH2CH2PPh2, or

PPh2CH]CHPPh2 (12, Fig. 2)), generated by protonation of

[CpCoI(P)2] and [CpCoI(P2)], respectively, with ammonium

ions.91 These cobalt hydride complexes have been characterized

by 1H NMR spectroscopy. DuBois and coworkers investigated

the ability of Co hydrides, such as [CoH(dppe)(MeCN)]2+

(dppe ¼ bis(diphenylphosphino)ethane) (13–15), to act as

hydride donors.92 Cobalt(III) hydrides supported by tripodal

(16,88,89 17 (ref. 93)) or tetrapodal (18,84 19 (ref. 86)) phosphine

ligand frameworks have also been reported. The hydridocoba-

loxime [HCo(dmgH)2P(n-C4H9)3] (20), a proposed HER inter-

mediate, was reportedmuch earlier by Schrauzer and Holland.78

Interestingly, a broad 1H NMR signal at d ¼ 6.0 ppm was

assigned to a hydride, a surprising value for this ligand. Almost

40 years later, Artero and Fontecave employed a combined

theoretical and experimental approach to show that this

“hydride” was more likely an isomeric bridge-protonated

cobalt(I) species (21).77

Recent work in our group examining the mechanism of

hydrogen evolution from a photogenerated hydridocobaloxime

suggests that reaction via protonation of CoII–H is favored

under certain conditions, such as in solutions where CoIII–H is

in low concentrations and reducing equivalents are in excess.74

We employed laser ash-quench techniques to investigate

electron-transfer kinetics and the barriers to redox intercon-

versions in cobaloxime complexes: in one study, a photoacid,

6-bromo-2-naphthol (BrNaphOH), was used to monitor CoI

protonation and hydrogen evolution; laser transient spectro-

scopic measurements revealed that excited-state proton transfer

from BrNaphOH to [(dmg)2Co
I(CH3CN)]

� produces

[(dmg)2Co
III(H)(CH3CN)] with a rate constant of 4(1) � 109 M�1

s�1 (Fig. 3).

Two additional processes appeared in the transient kinetics:

a faster phase that exhibited a rst-order dependence on the

[(dmg)2Co
I(CH3CN)]

� concentration; and a slower phase that

Scheme 1 Homolytic and heterolytic pathways for hydrogen evolu-

tion catalyzed by cobalt complexes, from ref. 34. Copyright 2009, the

American Chemical Society, used with permission.

Fig. 2 Cobalt complexes related to HER intermediates.
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was rst order in the concentration of BrNaphOH. The former

process, with a rate constant of 9(1) � 106 M�1 s�1, corresponds

to reduction of [(dmg)2Co
III(H)(CH3CN)] by excess

[(dmg)2Co
I(CH3CN)]

� to generate [(dmg)2Co
II(H)(CH3CN)]

�.

The slower, acid dependent process arises from protonation of

[(dmg)2Co
II(H)(CH3CN)]

� by ground-state BrNaphOH (pKa ¼

26.1 in acetonitrile) to generate hydrogen and

[(dmg)2Co
II(CH3CN)2]. Two key observations emerged from

these kinetics studies: [(dmg)2Co
I(CH3CN)]

� readily reduces

[(dmg)2Co
III(H)(CH3CN)], and [(dmg)2Co

II(H)(CH3CN)]
� reacts

rapidly with extremely weak acids in a heterolytic fashion to

evolve hydrogen.

Computational studies by Hammes-Schiffer79,80 and Muck-

erman81 suggested that a mechanism involving a CoII–H inter-

mediate, generated by reduction of CoIII–H, is likely. This

suggestion also was supported by an experimental study of a

hangman metalloporphyrin complex that provided strong

evidence for formation of a CoII–H intermediate before

hydrogen evolution.94,95 Moreover, electrochemical studies of a

covalently linked dicobaloxime revealed that the rate of

hydrogen evolution was not signicantly different from that of a

monomeric analogue.96 These experiments suggested that

hydrogen evolution likely occurs by protonation of reductively

generated CoII–H rather than homolysis of two CoIII–H units.

In very recent work, we found that a cationic cobalt(I)

complex supported by a triphos ligand framework (triphos ¼

1,1,1-tris(diphenylphosphinomethyl)ethane) reacts with p-tou-

lenesulfonic acid to evolve hydrogen at room temperature.83

Cyclic voltammograms of [(triphos)CoI(CH3CN)]
+ (22) in aceto-

nitrile feature a reversible CoII/I oxidation wave at �0.68 V vs.

Fc+/0, an irreversible CoIII/II oxidation wave at 0.66 V, an irre-

versible CoI/0 reduction wave at �1.81 V, and an irreversible

Co0/�1 wave at �2.73 V. Voltammograms recorded with varying

concentrations of p-toulenesulfonic acid monohydrate

(TsOH$H2O) exhibit current enhancements at potentials near

those for the CoII/I and CoI/0 couples, with a larger increase in

catalytic current at potentials near those for the CoI/0 couple

(Fig. 4).

Bulk electrolysis of [(triphos)CoI(CH3CN)]
+ at �1.0 V vs. Fc+/0

in the presence of TsOH$H2O and 0.1 M n-Bu4NPF6 in aceto-

nitrile generated hydrogen with a faradaic yield of 99 � 10%.

Addition of TsOH$H2O to a [(triphos)CoI(CH3CN)]
+ (22) solution

produced a color change from blue to yellow/green, and NMR

spectra of the reaction mixture indicated formation of hydrogen

and [(triphos)CoII(TsO)(CH3CN)]
+ (23), as evidenced also by

X-ray crystallography (Scheme 2). Analysis of the products

conrmed generation of 0.5 equivalents of hydrogen. The 1H

NMR spectrum recorded immediately aer the addition of 10

equivalents of TsOH$H2O to a solution of [(triphos)-

CoI(CH3CN)]
+ (22) revealed a doublet of triplets at d �7.6 ppm

(coupling constants: Jcis–P–H ¼ 65 Hz; Jtrans–P–H ¼ 130 Hz),

indicative of a hydride signal, as expected in [(triphos)-

CoIII(H)(CH3CN)2]
2+ (24). The 31P NMR spectrum displayed two

peaks in a 2 : 1 ratio, conrming the assignment (protonation of

CoI produces a transient CoIII–H complex).

Our observation of CoIII–H allowed direct probing of the

mechanisms proposed for cobalt catalyzed hydrogen evolution

(Scheme 3). Direct protonation of CoIII–H to produce CoIII and

H2, as in mechanism 1, was expected to display a rst-order

dependence on [CoIII–H]. The bimolecular reaction between two

CoIII–H complexes (mechanism 2) was expected to display a

second-order dependence on [CoIII–H] and no dependence on

acid concentration. For the third pathway (mechanism 3), the

reduction of CoIII–H by CoI to generate CoII–H and CoII, the rate

of the reaction should be second order in [CoIII–H] and inverse

order in [HA] ([CoI] can be obtained from the pre-equilibrium

equation).

We investigated the decay kinetics of CoIII–H as a function of

acid concentration (Fig. 5).83 The CoIII–H concentration

exhibited an inverse dependence on reaction time, consistent

with a reaction that is second order in the concentration of

CoIII–H. We also found a decreasing rate constant with

Fig. 3 Kinetics parameters for reactions leading to hydrogen evolution

from a cobaloxime.

Fig. 4 Cyclic voltammograms of [(triphos)CoI(CH3CN)]+ (22) in 0.1 M

[nBu4][PF6] acetonitrile solution in the presence of TsOH$H2O.

868 | Chem. Sci., 2014, 5, 865–878 This journal is © The Royal Society of Chemistry 2014
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increasing acid concentration, conrming that mechanism 3 in

Scheme 3 is the predominant pathway. Analysis showed that the

rate constant associated with the reduction of CoIII–H by CoI

(k4¼ 4.4� 10�2M�1 s�1) is almost a factor of 20 higher than the

one corresponding to the bimolecular reaction of CoIII–H (k3 ¼

2.5 � 10�3 M�1 s�1). Electrochemical experiments also support

the conclusion that hydrogen evolution proceeds almost

exclusively by the pathway involving CoII–H, as large catalytic

currents were observed upon formation of Co0 (or CoII–H in the

presence of acid). Thus our homogeneous and electrochemical

kinetics analyses demonstrated that CoII–H is the active species

for hydrogen evolution.

III. Supported catalysts

Immobilization of molecular species on semiconductor mate-

rials has gained recent interest.11 Several reports have focused

on the development of efficient and robust electrode materials

for hydrogen evolution in a scalable electrolysis or photo-

electrolysis cell. In this context, the development of advanced

Scheme 2 Hydrogen evolution from a cationic cobalt(I) phosphine complex.

Scheme 3 Proposed mechanisms for cobalt catalyzed hydrogen evolution, from the ESI of ref. 53.

This journal is © The Royal Society of Chemistry 2014 Chem. Sci., 2014, 5, 865–878 | 869
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materials and techniques has allowed signicant progress such

as the attachment of molecular sensitizers and catalysts to

semiconductors for developing integrated photoanodes and

photocathodes. Practical applications of these immobilized

species require that these materials can operate under entirely

aqueous conditions.

Peters and coworkers have reported that Co(dmgBF2)-

(MeCN)2 (dmg ¼ dimethylglyoxime) can be adsorbed on glassy

carbon electrodes by controlled potential electrolysis at �0.6 V

vs. SCE for 1 h.97 The chemically modied electrode material

was active for hydrogen evolution in acidic aqueous solution

(pH ¼ 2), with an overpotential of only 100 mV. Le Goff et al.

have shown that the covalent attachment of a nickel bisdi-

phosphine system onto amine-modied multiwalled carbon

nanotubes (MWCNTs) generates a high surface area cathode

material (25, Fig. 6).98 The nickel functionalized MWCNTs

material evolved hydrogen from a 0.2 M nBu4NPF6 acetonitrile

solution in the presence of [DMFH]OTf/DMF with an over-

potential of 200 mV. The generated electrocatalytic material

showed high activity towards the production and oxidation of

hydrogen, as well as operation under acidic aqueous conditions

(0.5 M sulfuric acid). These extreme conditions are required for

catalyst viability in proton exchange membrane systems. In a

similar fashion, a cobalt diimine–dioxime complex was graed

to the surface of a carbon nanotube electrode, and the resulting

electrocatalytic cathode material (26) evolved hydrogen from

aqueous solutions (pH¼ 4.5) with an overpotential of 590 mV at

a current density of 1 mA cm�2.99 UV-induced immobilization

chemistry of alkenes to visible light-absorbing semiconductors,

such as p-type (100) GaP and p-type (111) Si, was used to

generate photocathode materials that are relevant to light

capture and conversion applications in articial photosyn-

thesis.100 This graing procedure was used to generate the

material 27. The catalytic activity of this material has not been

reported. Another procedure involves UV-induced immobiliza-

tion chemistry of vinylpyridine to p-type (100) GaP surface,

followed by coordination of the cobaloxime complex

(Co(dmgH2)(dmgH)Cl2) to pyridine moieties to generate a

photocathode material (28) that showed enhanced photo-

chemical performance in aqueous conditions at neutral pH.101

Despite these promising results, nding ways to immobilize

catalysts on semiconductor surfaces remains a major challenge.

If the catalysts are attached to light-absorbers, one of the

requirements for an efficient device is to optimize absorber

surface area and catalyst loading. Lowering the overpotentials

and enhancing the stabilities of immobilized catalysts under

aqueous acidic conditions are areas where much additional

work is needed.

IV. Heterogeneous systems

Heterogeneous hydrogen evolution was the subject of several of

the earliest studies of electrode kinetics by Tafel.102,103 Subse-

quent efforts have shown that hydrogen evolution can proceed

at metallic electrode surfaces through the following primary

steps:104

HAþ * ���!
e
�

H*þA
� (1)

H*þHA ���!
e�

H2 þA
� (2)

2H*/ H2 (3)

where the asterisk (*) indicates a surface adsorption site. Eqn (1)

is commonly known as the “discharge” or Volmer step, eqn (2)

is known as the “atom + ion” or Heyrovsky step, and eqn (3) is

known as the “atom + atom” or Tafel step. Hydrogen evolution

proceeds through eqn (1) followed by either eqn (2) or (3). These

heterogeneous mechanisms are directly analogous to the

mononuclear and binuclear pathways for homogeneous

hydrogen evolution catalysis.

Several theoretical,105,106 experimental,107,108 and computa-

tional109–111 studies have concluded that the fastest reaction rate

for heterogeneous hydrogen evolution can be obtained when

the bond energy between hydrogen and the catalyst surface is

optimized at an intermediate value. Hydrogen evolution activi-

ties of pure metals were collected by Trasatti108 (acidic condi-

tions) and Miles107 (alkaline conditions) to construct what are

known as “volcano plots” illustrating the correlation of activity

with metal–hydrogen bond strength or periodic group. This

relationship between activity and intermediate bond strength

can be regarded as one of many manifestations of the Sabatier

principle.112

Elucidating the mechanism of heterogeneous hydrogen

evolution usually takes the form of Tafel analysis, where the

steady state or quasi-steady state current, i, at a catalyst of a

given composition is measured over a range of overpotential, h.

Then log(i) can be plotted against h to give a linear relationship,

known as a Tafel line. The intercept of the Tafel line with the

current axis gives the exchange current density, i0, which is

related to both the inherent reaction exchange rate at dynamic

equilibrium and the electrochemically active surface area of the

catalyst. The slope of the Tafel line is independent of surface

area and takes on a limited number of values that correspond to

the dominant mechanism. Generally Tafel slopes equal to
2:3RT

aF
(or�120mV per decade for a¼ 0.5 at room temperature), where

Fig. 5 Kinetics of CoIII
–H (24) decay measured by 1H NMR spec-

troscopy as a function of acid concentration.
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a is the electrochemical transfer coefficient,113 are taken to

indicate that the initial discharge step is rate-determining,

whereas lower Tafel slopes indicate that either the atom + atom

or ion + atom step is rate-determining.114 Additionally, if the

electrochemically active surface area can be measured directly, i

at any overpotential can be converted through the Faraday

constant to units of electrons s�1, normalized to the active

surface area and the stoichiometric number of electrons

transferred per turnover, and interpreted as a TOF.

Our research group has been interested in studying

earth-abundant heterogeneous hydrogen evolution electro-

catalysts for use in solar water splitting systems.

Several earth-abundant heterogeneous catalyst candidates

have recently emerged as particularly promising,

including Mo suldes and Ni–Mo composites. Recent

developments in Mo suldes have been reviewed else-

where.115,116 In the following we discuss work on Ni–Mo

composites.

Fig. 6 Molecular hydrogen-evolving catalysts immobilized on solid materials.

This journal is © The Royal Society of Chemistry 2014 Chem. Sci., 2014, 5, 865–878 | 871
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Previous work on Ni–Mo

Nickel-based composites have been studied for decades as

hydrogen evolution catalysts in alkaline electrolyzers.104

Composites based on mixtures of Ni and Mo exhibited the

highest activity, stability, and they were therefore studied

extensively. Work in the late 1950s and early 1960s showed that

metallic molybdenum could be electrodeposited from

aqueous solution as an alloy with iron-group metals, whereas

pure molybdenum-containing solutions would only electrode-

posit as the partially reduced oxide.117,118 Furthermore, the

cooperative deposition of metallic material only proceeded

under conditions where hydrogen also was evolved, implying

unique interactions between Ni, Mo, and H2 or HER

intermediates.

Researchers working for British Petroleum demonstrated in

the early 1980s that Ni–Mo alloys synthesized by a pyrolysis/

reduction method exhibited the lowest reported overpotentials

required to reach industrially relevant HER current densities for

non-noble catalysts.119,120 Around the same time, Stachurski

et al. patented a Ni–Mo–Cd catalyst that could be electro-

deposited onto a substrate and exhibited high activity and

stability under alkaline hydrogen evolution conditions.121 This

ternary catalyst was studied in detail by Conway, who concluded

that adsorbed hydrogen or a surface hydride is responsible for

the improved performance of Ni–Mo–Cd compared to pure

Ni.122–125

In subsequent work, Raj and coworkers evaluated many

Ni-based composites.126–131 All of these composites were elec-

trodeposited and tested under alkaline conditions over a range

of temperatures. Those that were composed of Ni–Mo or Ni–

Mo–X, where X is another transition metal, consistently

exhibited higher catalytic activities than those without Ni and

Mo. These researchers focused particularly on the composite

Ni–Mo–Fe, as it exhibited the highest activity under alkaline

conditions.

The mechanism by which Ni–Mo exhibits enhanced catalytic

activity toward hydrogen evolution compared to pure Ni has not

been established. Some authors have argued that bulk Ni–Mo is

not inherently more active than Ni, but instead exhibits higher

activity merely as a result of increased surface area for highly

porous coatings.124,132 This conclusion is consistent with the

observation that Ni–Mo alloys become “activated” even further

during the rst few hours of operation, concomitant with

removal of some of the Mo component.121,133

Other researchers have claimed that there is an increase in

inherent (i.e., per-active site) catalytic activities for Ni–Mo

compared to pure Ni, with two possible modes of enhancement

(Fig. 7). The rst involves electronic synergy, in which bonding

in a Ni–Mo alloy or intermetallic phase on the catalyst surface

results in a more favorable energy landscape for hydrogen

evolution catalysis as a result of mixing elements on either side

of the volcano plot for the HER.119,134–136 Put more simply, Ni–Mo

composites are more “platinum-like” than pure Ni or Mo due to

an averaging effect between the hydrogen adsorption energies

of the respective metals.

The second proposed mechanism for Ni–Mo activity

enhancement involves hydrogen spillover.137 In this mecha-

nism, the surface of the Ni–Mo composite contains distinct but

closely spaced nickel and molybdenum components. Enhanced

hydrogen evolution proceeds because one of the components

facilitates the rst primary step and then transfers the bound

hydrogen intermediate to the other component through

hydrogen spillover. The second component then completes the

reaction. In this case, two distinct species, each with relatively

low hydrogen evolution activity, interact cooperatively to facili-

tate catalysis.

Kinetics analyses of highly active Ni–Mo alloys have yielded

Tafel slopes as low as �30 mV per decade at low overpotentials,

as well as very high exchange current densities.120,124 Both of

these factors play a role in the observed catalytic activities of the

composites. High exchange current densities are indicative of

very high surface areas for synthesized catalysts, and low Tafel

slopes imply that the discharge step, which is likely the slow

step in Ni electrocatalysis, is fast on Ni–Mo surfaces. Analysis of

a Tafel slope, however, cannot differentiate between electronic

synergy versus spillover as the operative mechanism for

hydrogen evolution.

Recent work on Ni–Mo

We have studied Ni–Mo alloys for use in Si-based hydrogen

evolving photocathodes. We developed methods by which Ni–Mo

alloys can be electrodeposited onto Si substrates and evaluated the

resulting composite photocathodes on the basis of thermody-

namically based energy conversion efficiency, which is analogous

to photovoltaic device efficiency.138,139 More recently, we developed

a method by which Ni–Mo nanopowders can be synthesized

independently from a substrate.140 These powders were charac-

terized with respect to their composition, morphology, activity,

and stability under hydrogen evolution conditions.

Electrodeposited Ni–Mo on Si. Previous methods for elec-

trodepositing highly active Ni–Mo were based on mildly or

moderately alkaline deposition solutions,118,121,141,142 where the

molybdate anion is soluble and nickel(II) can be stabilized by a

coordinating ligand such as ammonia or pyrophosphate. We

found these deposition solutions to be incompatible with Si

photoelectrodes. Instead, we developed a mildly acidic Ni–Mo

deposition solution based on nickel sulfamate143 that allowed

for Ni–Mo deposition on Si surfaces.138 Catalytically active

Ni–Mo can be coated onto Si substrates (Fig. 8) by either

potentiostatic or galvanostatic deposition.
Fig. 7 Schematic depiction of the two proposed mechanisms by

which Ni–Mo exhibits enhanced activity compared with pure Ni.

872 | Chem. Sci., 2014, 5, 865–878 This journal is © The Royal Society of Chemistry 2014
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We employed Ni–Mo, deposited from sulfamate solution, in

testing the activity and stability of catalyst lms on Si electrodes

of various types.138 First, we evaluated the pure catalytic activity

of Ni–Mo deposited onto planar and high-aspect ratio Si

microwire structures. Silicon is a convenient substrate for

testing the activities of catalyst coatings, because Si itself

exhibits very low HER activity and it can heavily doped either p-

or n-type so as to make it a metallic conductor.

Ni–Mo lms on degenerately doped, planar p+-Si electrodes

exhibited highly porous morphologies and signicantly higher

activity toward the HER than electrodeposited Ni metal coat-

ings. Both Ni and Ni–Mo, however, exhibited poor stability

under strongly acidic conditions, as expected for non-noble

transition metal catalysts. Si, on the other hand, exhibited low

stability under alkaline conditions. Therefore we performed

experiments under mildly acidic conditions, which represented

the best compromise between activity and stability for the

catalyst and semiconductor components. The high aspect ratio

of microwire arrays increases the available surface area over

which catalyst may be deposited. As a result, when Ni–Mo was

deposited onto p+-Si microwire substrates, the coatings exhibi-

ted comparable catalytic activity to Pt deposited onto the same

substrates (Fig. 9). We concluded that electrodeposited Ni–Mo

alloy is a promising non-noble catalyst for hydrogen evolution

on structured Si photoelectrodes.

Pt can be coupled with Si light absorbers to carry out pho-

toelectrochemical hydrogen evolution with rather high effi-

ciency.138 We characterized the activities of electrodeposited

Ni–Mo/p-Si photoelectrodes and compared them with photo-

electrodes deposited with Ni and Pt.138 When coupled directly to

p-type Si in planar and microwire geometries, electrodeposited

Ni–Mo alloy exhibited higher apparent catalytic activity than

pure Ni deposited under the same conditions, and comparable

activity to Pt. However, p-Si/Ni–Mo composite electrodes

exhibited low photovoltages compared to p-Si/Pt electrodes

(Fig. 10). Subsequent efforts in coupling electrodeposited Ni–

Mo to n+p-Si microwire homojunctions yielded photoelectrodes

with comparable photovoltages to those using Pt as the HER

catalyst.139 However, photocurrents for the n+p-Si/Ni–Mo

composite photoelectrodes were generally lower than those

incorporating Pt.

Synthesis and characterization of Ni–Mo nanopowder.

Electrodeposition is perhaps not the best method of attaching

Fig. 8 Scanning electron micrographs of Ni–Mo electrocatalyst

deposited galvanostatically from sulfamate solution onto a heavily

doped, roughened Si substrate.

Fig. 9 Polarization curves at pH 4.5 for hydrogen evolution by elec-

trodeposited Ni–Mo (blue) and Pt (black, deposited via electron-beam

evaporation) on heavily doped planar (dashed lines) and microwire

(solid lines) Si substrates.

Fig. 10 Polarization curves at pH 4.5 for hydrogen evolution by

electrodeposited Ni–Mo (blue) and Pt (black) onto p-Si (dashed lines)

and n+p-Si (solid lines) microwire substrates under 100 mW cm�2

white light illumination from a tungsten-halogen light source.

This journal is © The Royal Society of Chemistry 2014 Chem. Sci., 2014, 5, 865–878 | 873
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catalysts to semiconductor substrates. The dynamics of elec-

trodeposition of many materials depend critically on the

specic surface chemistry of the substrate; in particular, many

semiconductor candidates for water splitting photocathodes

(Si, GaAs, InP) exhibit very sensitive surface chemistry, espe-

cially under aqueous conditions. Additionally, in the absence of

complex templating approaches, electrodeposition results in

conformal coverage of a substrate with a catalyst layer. Such

coverage is desirable for “dark” electrocatalysis, where usually

the substrate is inactive compared to the catalyst coating, and

somaximal coverage by the catalyst layer is important. However,

for semiconductor photocatalysis, conformal coverage of cata-

lyst will attenuate light absorption. Heller did not observe

signicant absorption losses on p-InP coated with thin layers of

Pt-groupmetals,144–147 but amuch larger mass of non-noble (e.g.,

Ni–Mo) material is required to attain comparable catalytic

activity, resulting in high optical opacity for the catalyst

layer (Fig. 11).

Owing to challenges posed by sensitive surface chemistry

and parasitic light absorption, as well as the difficulty of fully

characterizing the composition and properties of electro-

deposited materials, we developed a chemical method for

synthesizing highly active Ni–Mo “nanopowder” in large quan-

tities.140 First, a mixed Ni–Mo oxide was precipitated by heating

an ammonia solution of nickel(II) and ammoniummolybdate in

diethylene glycol. The intermediate oxide powder was reduced

under a hydrogen-containing atmosphere at elevated tempera-

ture. The result was a nanoparticulate powder of Ni–Mo alloy

that could be made with a variety of compositions and pro-

cessed into lms on substrates. Ni–Mo nanopowder lms

exhibited high catalytic activity for hydrogen evolution in

compositions ranging from 10–40% Mo by mole.

Our Ni–Mo nanopowder synthesis was modeled aer

previous work in synthesizing highly HER-active Ni–Mo coat-

ings120 and Ni–Momixed oxides.148,149 Unlike previous methods,

however, our synthesis did not require deposition of Ni–Mo

precursors directly onto a substrate. As a result, it is easy to scale

to large quantities and to characterize the physical properties of

the catalyst without the convoluting effects of a substrate. The

pale green oxide was amorphous and nanoparticulate (Fig. 12).

The product Ni–Mo nanopowder was black, crystalline, and

highly porous. Films could be loaded onto inert electrode

substrates with varying mass loading to determine the mass-

specic catalytic activity. We observed a power law relationship

between mass loading and current density at a given over-

potential under alkaline conditions (Fig. 13), consistent with

“diminishing returns” in activity with increased catalyst

loading, as thicker Ni–Mo coatings obscured underlayers from

access to reactant.

We also found that Tafel responses for Ni–Mo nanopowders

were nonlinear at low overpotentials, especially at high mass

loadings. This nonlinear behavior might imply a complex

mechanism under operating conditions at low overpotentials.

The Tafel expression assumes the rate of the forward reaction

far exceeds that of the back reaction.113 For most electro-

chemical processes at overpotentials of <120 mV, such an

Fig. 11 Schematic of photoelectrodes coated with a thin layer of

noble metal catalyst (top), allowing most solar photons to transmit.

Conversely, a thick layer of non-noble metal catalyst (bottom) atten-

uates light absorption by the underlying substrate.

Fig. 12 Transmission electron micrographs (TEM) and optical images

(insets) of the intermediate Ni–Mo oxide (left) and Ni–Mo nanopowder

(right). Scale bars in the TEM images are 100 nm.

Fig. 13 Tafel plot showing catalytic HER behaviors of selected Ni–Mo

nanopowder samples with various mass loadings on Ti-foil substrates

in 1 M NaOH at room temperature. Higher activities correspond to

electrodes with higher mass loadings. The inset shows current

densities at h ¼ 100 mV for the HER over two orders of magnitude in

catalyst mass loading.

874 | Chem. Sci., 2014, 5, 865–878 This journal is © The Royal Society of Chemistry 2014
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assumption does not hold. In this potential range, a Butler–

Volmer rate law, which accounts for the back reaction rate and

does not exhibit a linear relationship between h and log(i), must

be employed. Further analysis, especially employing in-oper-

ando spectroscopic techniques, should be helpful in probing

kinetics and intermediates of hydrogen evolution on Ni–Mo

composites.

Stability and applications of Ni–Mo nanopowder. Ni–Mo

nanopowders exhibited very high stability under hydrogen

evolution conditions in alkaline solution. In fact, we observed a

slight enhancement in activity over 100 hours of continuous

operation at room temperature, consistent with previous

observations of very high activity and stability in concentrated

alkaline solution for thousands of hours at elevated

temperature.119

Under strongly acidic conditions, Ni–Mo nanopowders

exhibited low stability. Although the initial activity was high

even in 0.5 M H2SO4, Ni–Mo catalyst coatings with mass load-

ings of several mg cm�2 rapidly degraded aer several hours.

We concluded that such coatings are stable enough under

acidic conditions for laboratory testing but are not commer-

cially viable in proton exchange membrane electrolysis systems.

A key ongoing challenge is increasing the stability of Ni–Mo

materials under acidic conditions, or stabilization of photo-

cathode absorbers, such as Si, under alkaline conditions.

Recent efforts have shown that Mo-containing catalysts can

be stabilized under acidic conditions with the addition of

nitrogen and carbon.150,151 Chen and coworkers also showed

that a Mo-rich Ni–Mo nitride, supported on carbon black,

exhibited good activity that was largely retained even aer

cycling continuously to very positive electrochemical potentials

in 0.1 M HClO4.
152 Pure carbon-supported Ni–Mo controls

tested under the same conditions by these researchers also

exhibited fairly high stability, but very low catalytic activity.

Incorporation of carbon, nitrogen, and sulfur additives has

been shown to enhance the activity and stability of Co and

Fe-based catalysts toward oxygen reduction under acidic

conditions.153 It is possible that the mode of stability enhance-

ment in both cases is similar.

Additional work on Ni–Mo composites has demonstrated

potentially viable operation in a full solar water splitting system.

Nocera and coworkers reported the use of a ternary Ni–Mo–Zn

electrocatalyst electrodeposited onto the cathode terminal of an

amorphous Si triple-junction solar cell.154,155When paired with a

suitable water oxidation catalyst, a full “articial leaf” was

fabricated that was capable of carrying out water splitting at

neutral pH without the need for an applied bias. A similar

amorphous-silicon based water splitting system, reported by

Rocheleau, operated under alkaline conditions with a related

Co–Mo HER catalyst.156 These demonstration water splitting

systems are encouraging indications of the plausibility of solar

fuels generation using earth-abundant elements.

V. Concluding remarks

Great progress has been made in the last several decades on

catalysis of the HER by molecular and solid-state compounds

containing earth-abundant metals. For cobalt-catalyzed

hydrogen evolution, we have shown that the predominant

pathway involves a highly reactive CoII–H intermediate, gener-

ated by reduction of CoIII–H; and our work with Ni–Mo has

demonstrated that non-noble solid HER catalysts are active

enough to be useful for efficient solar hydrogen generation.

Challenges remain in the development of molecular and

solid materials for solar-driven hydrogen evolution. Molecular

systems, in spite of their thorough characterization, do not

exhibit sufficiently low overpotentials or aqueous stability to be

used in demonstration devices. Earth-abundant solid catalysts

such as Ni–Mo suffer from high mass-loading requirements

resulting in unwanted light absorption by the catalyst layer.

Additionally, many earth-abundant solid catalysts, including

Ni–Mo, are not stable under acidic conditions. Incorporation of

carbon, nitrogen, and sulfur, however, appears to be a prom-

ising strategy to increase their stability.

As the high HER activity of Ni–Mo is not yet understood,

there is a clear need to design experiments to differentiate

between electronic versus spillover processes. For molecular Co

complexes, the key challenge is developing ligand frameworks

that tune the CoI/0 reduction potential sufficiently positive to

give low overpotential operation while retaining catalytic

activity. Similar arguments can be made for tuning the reduc-

tion potentials of molecular catalysts incorporating Fe, Mo, and

Ni. In all cases, understanding the predominant pathways for

molecular and solid-state hydrogen evolution will continue to

aid the design of more efficient catalysts.
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F. M’Halla and J. M. Savéant, J. Electroanal. Chem., 1980,

113, 19–40.

57 S. Kaur-Ghumaan, L. Schwartz, R. Lomoth, M. Stein and

S. Ott, Angew. Chem., Int. Ed., 2010, 49, 8033–8036.

58 L. Schwartza, P. S. Singha, L. Erikssonb, R. Lomotha and

S. Otta, C. R. Chim., 2008, 11, 875–889.

59 C. Tard and C. J. Pickett, Chem. Rev., 2009, 109, 2245–2274.

60 J. C. Fontecilla and S. W. Ragsdale, Adv. Inorg. Chem., 1999,

47, 283–333.

61 S. Ezzaher, P.-Y. Orain, J.-F. Capon, F. Gloaguen,

F. Y. Pétillon, T. Roisnel, P. Schollhammer and

J. Talarmin, Chem. Commun., 2008, 2547–2549.

62 G. A. N. Felton, C. A. Mebi, B. J. Petro, A. K. Vannucci,

D. H. Evans, R. S. Glass and D. L. Lichtenberger,

J. Organomet. Chem., 2009, 17, 2681–2699.

63 Z. Wang, W. Jiang, J. Liu, W. Jiang, Y. Wang, B. Åkerman
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