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Abstract

Alkaline water electrolysis offers the use of low-cost active materials and ancillary

components, making it attractive for renewable hydrogen production. Nevertheless, the

practical performance of non-precious electrocatalysts for alkaline hydrogen evolution

still lags behind platinum-group metals. This disparity motivates continued work to

understand how the solid-state chemistry of non-precious transition metal alloys influ-

ences their activity toward alkaline hydrogen evolution. To this end, we have clarified

the composition, chemical structure, and morphology of a previously reported Ni–Mo

nanopowder electrocatalyst. The as-synthesized catalyst is mixed phase—comprising

crystalline Ni-rich alloy nanoparticles embedded in a Mo-rich oxide matrix—and ex-

hibits low activity toward hydrogen evolution. Its alkaline hydrogen evolution activity
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greatly increases upon activation by post-deposition reductive annealing or by includ-

ing carbon black as a catalyst support. These results are consistent with a physical

picture in which activity is limited not by kinetics, but by electrical resistivity aris-

ing from thin oxide layers at the interfaces between Ni–Mo nanoparticles. Additional

efforts to optimize the dispersion of Ni–Mo nanopowders on carbon black supports

resulted in mass activities exceeding 60 mA/mg (on the basis of Ni–Mo mass) at 100

mV overpotential. This is over 5-fold greater than we observed for activation by hy-

drogen annealing, and we postulate that these Ni–Mo/C films are still limited in part

by electrical resistivity.
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Introduction

Hydrogen is a vital commodity chemical, important as a feedstock to sustain heavy-volume

industries like ammonia synthesis, methanol production, and petroleum refining.1 Hydro-

gen is also useful as a fuel, and it is widely considered as a sustainable alternative to fossil

resources for transportation and energy storage.2 Currently, hydrogen production is domi-

nated by fossil-fuel based methods like steam reforming and coal gasification. These schemes

are problematic since they operate on non-renewable feedstocks and result in harmful car-

bon emissions. By contrast, water electrolysis from renewable electricity offers an attractive

platform for large-scale hydrogen production in the future.

While electrolyzer systems are technologically mature, their large-scale implementation

is still limited by high capital and operating costs.3 Two types of water electrolyzer that

have seen extensive laboratory and commercial development are based on aqueous alkali

2



and proton-exchange membrane (PEM) electrolytes. Liquid alkaline electrolyzers are char-

acterized by their use of non-precious catalysts for the hydrogen evolution reaction (HER)

at the cathode and the oxygen evolution reaction (OER) at the anode. However, alkaline

electrolyzers operate at relatively low current densities and energy efficiencies, which makes

them suitable mainly in locations where large quantities of low cost electricity are available,

such as hydroelectric facilities.4 PEM electrolyzers operate with characteristically higher

energy efficiencies even at very high current densities due in part to the use of very thin

layers of precious metal catalysts for the HER and OER.5 Nevertheless, large-scale hydro-

gen production by PEM electrolyzers remains challenging due to the high costs for these

active layers and for ancillary components that must be corrosion resistant to operate in

acid environments.6

Recent interest has grown in alkaline anion exchange membrane (AAEM) electrolyzers

as a way to combine the benefits of PEM and liquid alkaline systems.7–11 AAEMs are struc-

turally and operationally comparable to PEMs, but they conduct hydroxide ions instead of

protons. This enables AAEM electrolyzers to use catalyst materials and balance-of-plant

components that are considerably lower in cost than in PEM electrolyzers, while also po-

tentially achieving high efficiencies and reaction rates. Thus, active research is oriented

toward synthesis and benchmarking AAEMs that display suitable stability and hydroxide

ion conductivity.11–16 Analogous work is also focused on the discovery, characterization, and

benchmarking of alkaline hydrogen17–26 and oxygen evolution electrocatalysts.27–37 In this

context, we are studying Ni–Mo composites for alkaline hydrogen evolution, with the ulti-

mate goal of closing the gap in activity between non-precious and Pt-based HER catalysts.

Pure Ni cathodes exhibit moderate activity toward alkaline hydrogen evolution, which

can be enhanced by alloying with one or more additional transition metals.13,19 Alloys and

intermetallic compounds containing Ni and Mo have shown particular promise.28,38 For ex-

ample, Brown et al. synthesized Ni–Mo alloy on Ni and steel current collectors by a pyrolysis-

reduction method.39 These cathodes exhibited remarkable HER activities exceeding 1 A/cm2
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current density at <100 mV overpotential, and were stable for over a year in 30 wt% KOH

at 70 ◦C. Raj et al. reported extensively on electrodeposition of Ni-based alloys and con-

sistently found that binary and ternary cathodes containing Ni and Mo gave the best per-

formance.40–42 Gao et al. reported high surface-area Ni–Mo microspheres electrodeposited

on Cu that exhibited HER activity of 20 mA/cm2 at 63 mV overpotential in 1 M KOH at

room temperature.43 Electrodeposition of Ni4Mo on Cu-foam also lead to remarkably low

overpotentials of 34 mV at 20 mA/cm2 in 1 M NaOH at room temperature.44 Another Ni4Mo

catalyst was synthesized by hydrothermal precipitation and thermal reduction, which yielded

10 mA/cm2 at 15 mV overpotential in 1 M KOH at room temperature.45 McCrory et al.

electrodeposited a wide range of hydrogen evolution electrocatalysts and found that Ni–Mo

alloys exhibited alkaline HER activity and stability that was competitive with smooth Pt

electrodes.20 These reports, along with numerous others,46–69 illustrate the attractiveness of

alkaline HER catalysts based on mixtures of Ni and Mo. Nevertheless, these prior studies

encompass a wide range of catalyst compositions, morphologies, and mass loadings. Thus,

the reported geometric current densities and overpotential performance also varied widely, in

spite of the fact that active sites may be similar between various types of Ni–Mo. This moti-

vates continued work to understand the precise composition and activity of Ni–Mo alkaline

HER electrocatalysts.

The focus of this study was on Ni–Mo alloy nanopowders synthesized by serial precipi-

tation of mixed Ni–Mo oxides followed by thermal reduction under hydrogen gas. Previous

work on these Ni–Mo nanopowders resulted in HER activities exceeding 10 mA/cm2 at

100 mV overpotential at room temperature in alkaline aqueous electrolyte at mass loadings

on the order of 1 mg/cm2.70 Ni–Mo nanopowder has also been used in hydrogen-evolving

photocathodes and full solar water splitting devices.71,72 Ni–Mo alloys obtained by similar

methods have achieved 700 mA/cm2 at 150 mV overpotential in 5 M KOH at 70 ◦C when

deposited at high mass loadings (tens of mg/cm2) on Ni foam substrates.73 Several reports

have also emerged in which Ni–Mo nanopowders were used as cathodes in functional AAEM
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and alkaline water electrolysis assemblies.10,46

Building on these prior studies, we report here new insights into the composition and

structure of Ni–Mo nanopowder electrocatalysts. We found that Ni–Mo synthesized by two

different precipitation-reduction methods—one using ammonia-based precursors and another

based on a simple salt metathesis reaction without ammonia—were multi-phase, consisting

of a Ni-rich face-centered cubic (fcc) alloy component coated with a nearly conformal layer

of Mo-rich oxide. Importantly, the as-synthesized nanopowder exhibited only modest HER

activity in alkaline aqueous electrolytes; an additional thermal annealing step following de-

position on a substrate was required to activate the catalyst.70 We were able to achieve a

similar activating effect by instead incorporating carbon black into the oxide precursor prior

to reduction to the final Ni–Mo catalyst. Based on these results, we conclude that the ob-

served activity is limited primarily by inter-particle electrical resistivity rather than kinetics

or mass transfer. We have formulated a mathematical model that reproduces these effects

by simulating a combination of reaction kinetics and electrical resistivity in a 1-dimensional

chain of nanoparticles separated by thin oxide layers. Additional efforts to optimize Ni–

Mo/C dispersion resulted in HER activities (based on the mass of the Ni–Mo) that were

6-fold greater than carbon-free nanopowders that were synthesized under otherwise identical

conditions and activated by thermal annealing.

Experimental

A detailed discussion of experimental methods, including materials and reagents, synthetic

methods, and analytical procedures are provided in the Supporting Information. Briefly, we

synthesized Ni–Mo nanopowder composites via serial precipitation and thermal reduction

reactions, analogous to several prior reported syntheses.39,45,70 Two different approaches were

used to precipitate mixed Ni–Mo oxides from aqueous solution. The first was an ammonia-

based reaction that began with a 6:4 mole ratio of Ni and Mo. This synthesis was essentially
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identical to a previously reported procedure.70 However, the ratio of Ni and Mo changed

to 7:3 in the oxides and in the reduced powder, indicating Mo loss during the synthesis

or during oxide purification. In a second ammonia-free precipitation reaction, equimolar

aqueous solutions of sodium molybdate and nickel chloride were mixed and heated in the

presence of diethylene glycol to precipitate hydrated NiMoO4. This latter procedure was

developed to eliminate ammonia from the synthesis in favor of NaCl as a comparatively

nonhazardous byproduct. In a typical precipitation, the precursors were first dissolved in

water, mixed with a suitable quantity of diethylene glycol, and heated on a ceramic hotplate

with stirring for several minutes to precipitate a solid mixed oxide precipitate. The reaction

mixture was then centrifuged and washed several times with water and organic solvents to

separate out the oxides.

To prepare Ni-Mo/C catalyst composites, a mixture of the precursor oxides and Vulcan

carbon black were obtained by physical grinding with a mortar and pestle for 15 minutes,

or by carrying out the associated precipitation reaction in the presence of Vulcan carbon.

Precursor composites were prepared targeting final carbon contents of 10, 25, 50, 75, and

90 wt% relative to total Ni–Mo/C mass. Ni–Mo oxides were also deposited directly on Ni

mesh substrates by a flame pyrolysis method, following a previous report.39 Nanostructured

Ni catalysts were synthesized by another precipitation-reduction method, wherein aqueous

Ni nitrate was added to concentrated KOH to cause instant precipitation of nickel hydrox-

ide, which was again purified by centrifugation. In all cases, the precursor mixtures were

converted to active catalysts by thermal reduction under forming gas in a tube furnace first

at 200◦C for 30 minutes and then at 450–550 ◦C for 1 hour.

Reaction products were analyzed with respect to composition and crystallinity using

X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron mi-

croscopy (TEM), and energy-dispersive X-ray spectroscopy (EDS). Thermogravimetric anal-

ysis (TGA) was used to measure the mass ratio of carbon to transition metals via sequential

oxidation to remove carbon (along with concomitant regeneration of mixed metal oxides)
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followed by hydrogen reduction to again remove oxygen. Catalyst films were coated onto

suitable substrates from alcoholic colloids, and their catalytic activity toward alkaline hy-

drogen evolution was characterized using cyclic voltammetry. In some cases Nafion ionomer

was included as a binder in the colloidal solutions, and in other cases catalyst films were

subjected to post-deposition thermal annealing to improve adhesion and catalytic activity.

Simulations were executed using the Matlab software suite to formulate and numerically

solve algebraic equations that describe contributions to overpotential from reaction kinetics

and inter-particle resistivity.

Results and Discussion

Figure 1 shows XRD results for Ni–Mo oxides and catalysts synthesized by the ammonia-

based and ammonia-free methods. The oxides synthesized in the presence of ammonia ex-

Figure 1: X-ray diffraction patterns of intermediates and products associated with (a)
ammonia-based and (b) ammonia-free Ni–Mo 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.

hibited broad diffraction features at 2Θ = 25, 35, and 61◦. The breadth of these peaks

indicates that the products were poorly crystalline, and we were unable to index them to

any known compound containing Ni, Mo, or composites containing both elements. The
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as-synthesized oxides from the ammonia-free synthesis gave diffraction patterns that closely

resemble hydrated NiMoO4 as reported by Brito.74 As further evidence of a hydrous product,

the ammonia-free precursor oxides could be converted to crystalline NiMoO4 after a heat

treatment in air at 400 ◦C for 30 minutes.

Upon reduction, Ni–Mo composite nanopowders with and without carbon additives gave

diffraction features consistent with face-centered cubic (fcc) Ni. The carbon-containing sam-

ples 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.60 By application of Bragg’s law to the fcc peaks, we extracted a lattice

constant of 3.56 Å for the ammonia-based synthesis and 3.57 Å for the ammonia-free synthe-

sis, implying Mo content of 9.25 mol% and 10.6 mol% in the alloy respectively. We estimate

an error of ±1 mol% in the Mo content values. Thus, the Mo content of these alloys was

mutually similar and considerably lower than the Mo mole fraction incorporated into the

synthesis in both cases. The ammonia-free product also gave diffraction features consistent

with crystalline MoO2, which accounts for the additional Mo in excess of that incorporated

into the alloy. Careful inspection of the ammonia-based Ni–Mo XRD pattern baseline also

showed evidence of poorly crystalline MoO2 and NiO (see Supporting Information). Based on

these results, we broadly conclude that the ammonia-based and the ammonia-free syntheses

gave rise to compositionally similar mixed phase Ni–Mo products.

Figure 2 depicts micrographs of Ni–Mo oxides and unsupported Ni–Mo nanopowder com-

posites by both synthesis routes. Ammonia-based nanopowders were irregular agglomerates

of nanoparticles that were several hundred nm in diameter both in the oxide and the reduced

product. By contrast, the ammonia-free synthesis resulted in a mixed morphology comprised

of nanoparticles and nanorods with somewhat larger feature sizes than the ammonia-based

product. Because the ammonia-based catalyst gave smaller and more homogeneous particles,

it was used as the primary basis for subsequent studies of carbon incorporation.
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Figure 2: SEM images of oxide precipitates and reduced powders generating by two synthetic
routes: (a) ammonia-based Ni–Mo oxide; (b) ammonia-based Ni–Mo; (c) ammonia-free Ni–
Mo oxide; and (d) ammonia-free Ni–Mo.

We characterized the distribution of Ni–Mo and C in ammonia-based Ni–Mo/C compos-

ites using SEM imaging with a backscatter detector, as shown in Figure 3. This detector

is sensitive to atomic number, where heavier elements give increased backscatter intensity,

leading to lighter regions in the associated micrographs. Figure 3a,c shows backscatter im-

ages of Ni–Mo/C samples containing 75 wt% and 25 wt% carbon respectively. These images

suggest that the Ni–Mo/C composites consisted of micron-scale Ni–Mo agglomerates that

were homogeneously distributed with carbon over the length-scale of tens of microns. SEM

images taken at higher magnification using a secondary-electron detector (Figure 3b,d) con-

firm that the Ni–Mo component, which exhibits characteristically smaller particle sizes than

Vulcan carbon, remained as irregular agglomerates several hundred nm in diameter.
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Figure 3: SEM images of ammonia-based Ni–Mo/C samples containing two different carbon
loadings. Panels (a) and (b) are of a sample containing 75 wt% carbon, while panels (c) and
(d) are of a sample containing 25 wt% carbon. The left images (a, c) were taken using a
backscatter detector, in which Ni–Mo appears brighter than carbon, while the right images
(b, d) were taken using a secondary-electron detector.

TEM analysis was used to probe the nanoscale composition and morphology of a rep-

resentative sample of ammonia-based 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, 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 a 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
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more likely to be isolated by an oxide layer. Consistent with XRD results, electron diffrac-

tion showed that the Ni-rich nanoparticles were crystalline with the fcc structure and the

Mo-rich oxide was nanocrystalline with ultra-fine grains. The Mo-rich oxide coating varied

in thickness from near zero to a few nm, but appeared to fully enclose the Ni-rich phase in

nearly all areas.

The elemental identity and distribution of the nanoparticles and oxide were verified via

energy-dispersive x-ray spectroscopy (EDS) mapping, as shown in Figure 5. 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 the nanoparticles were

embedded. Similar results were found for the ammonia-free Ni–Mo nanopowder product (see

Supporting Information).

Figure 6a compares the mass-specific activity of representative ammonia-based 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 by far the highest HER activity, 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.75 Pure Ni

gave the lowest mass-activity by a considerable margin. We attribute this to the relatively

low intrinsic activity of Ni along with the fact that our synthesis resulted in much larger

particle sizes (i.e., smaller specific surface area) than for Ni–Mo or Pt. Ni–Mo nanopowder

films containing the as-synthesized catalyst also gave rather low mass activity. Hydrogen-

annealed Ni–Mo films gave HER activities that were comparable to values that have been

reported previously (∼10 mA/mg at 100 mV overpotential).70 By contrast, Ni–Mo/C films

containing 75 wt% carbon were considerably more active than hydrogen annealed Ni–Mo

when normalized to the mass of the Ni–Mo component.

Figure 6b compares the geometric activities of Ni–Mo catalysts synthesized by the two

different routes with and without incorporation of carbon at a 3:1 mass ratio with Ni–Mo.

The total catalyst mass loading was held constant at 1 mg/cm2. Interestingly, the ammonia-
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Figure 4: (a) Bright-field TEM image of ammonia-based Ni–Mo, showing Ni-rich particles
(white arrow) surrounded by Mo-rich oxide (black arrow). (b) Dark-field STEM image from
the same ammonia-based Ni–Mo sample, and (c) detail of the region highlighted in (b).
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Figure 5: HAADF STEM image of single ammonia-based Ni–Mo agglomerate along with
corresponding EDS elemental maps of the spatial distribution of Ni, Mo and O.
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based Ni–Mo catalyst films gave essentially identical geometric activities in spite of the fact

that the carbon-containing sample had only 25 % of the catalyst loading per unit elec-

trode area. Thus, the implied specific activity was indeed considerably higher even though

the chemical composition of the Ni–Mo component was indistinguishable by XRD or elec-

tron microscopy. Similar results were observed for the ammonia-free Ni–Mo samples, where

carbon-containing films showed only ∼2-fold lower geometric activity than films without

carbon despite the 4-fold reduction in Ni–Mo mass loading.

Figure 6: (a) Polarization data normalized to catalyst mass (total mass less the carbon
component) for ammonia-based Ni–Mo films prepared three ways along with Ni and Pt
controls. (b) Geometric activity of Ni–Mo films synthesized by both routes with and without
carbon additives. 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, which was 0.04 mg/cm2. For Ni–Mo samples containing carbon, the carbon
loading was 75 wt% relative to total catalyst mass.

To further assess the effects of carbon incorporation, we systematically varied the carbon

loading in ammonia-based Ni–Mo over the range from 0 to 90 wt%. Results are shown in

Figure 7 as geometric polarization data and mass activity at 100 mV overpotential. The

observed geometric activity first increased with carbon incorporation up to a maximum at

50 wt% carbon, and then decreased at 75 and 90 wt% carbon loading. Furthermore, upon

normalization to Ni–Mo mass, the 75 wt% carbon sample exhibited the highest apparent

activity, exceeding 25 mA/mg at 100 mV overpotential.

These data collectively lead us to conclude that the observed catalytic activity in unsup-
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Figure 7: HER activity of ammonia-based Ni–Mo films as a function of carbon loading: (a)
polarization data normalized to geometric surface area, collected under the same conditions
as in Figure 6; (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) are
one standard deviation from the mean of 9 samples each.

ported Ni–Mo nanopowders is limited by electrical resistivity within the catalyst film rather

than reaction kinetics or transport within the electrolyte. The strongest evidence for this

conclusion are the data in Fig 7a, which show that replacing active catalyst with carbon

black leads to increased geometric activity. We postulate that carbon provides percolative

pathways for electron conduction throughout the catalyst film, thereby mitigating solid-state

resistivity limitations that result from the need to transfer electrons through the oxide layers

that coat the Ni–Mo agglomerates. However, we also found that the mass-specific activity of

Ni–Mo/C catalyst containing 75 wt% carbon was essentially identical to that of a carbon-free

Ni–Mo in which the catalytic coating was synthesized by pyrolysis-reduction directly on a

Ni mesh substrate, as shown in Figure 8. In this case we postulate that catalyst sintering

during thermal reduction results in unbroken pathways for electron migration from the sub-

strate into the catalyst coating. The same sintering effect likely occurs when nanopowders

are annealed under a hydrogen atmosphere, which explains why this process activates the

catalyst toward the HER, albeit not as effectively as carbon supports. We also found that

carbon-free nanopowders often exhibited pyrophoric behavior upon withdrawal to air after

thermal reduction, whereas Ni–Mo/C generally did not. This may be because physical dis-
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persion of the metal nanoparticles on a carbon support provided sufficient additional thermal

mass and conductivity to suppress runaway oxidation.

Figure 8: HER mass-specific activity of ammonia-based Ni–Mo/C compared to Ni–Mo de-
rived from a pyrolysis-reduction method. Total mass loading was ∼1 mg/cm2 in both cases.

Another possible explanation for these observations is that the carbon support 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). Additionally, if the co-deposition of Ni-Mo with carbon

black activates carbon toward hydrogen evolution, we would expect normalization of observed

activity to the mass of Ni–Mo alone would result a monotonic increase in HER activity as

carbon loading increases. Thus, the observed decrease in activity at 90 wt% carbon is not

consistent with this explanation. Instead we attribute this decrease to saturation of the

conductivity enhancement accompanied by physical blocking of the Ni–Mo particles from

contact with the electrolyte by excess carbon.
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To further address the possibility of electrical resistivity as the predominant limiting

factor in Ni–Mo nanopowder, we developed a model that describes how resistive interfaces

between nanoparticles can result in diminished practical performance. This model simplifies

the catalyst film to 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 electri-

cally resistive 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 from one particle to the next through a thin resistive interface.

Neglecting transport and solution resistance losses, the HER overpotential for particle n in

the string can be approximated as the sum of its kinetic and resistive components:

ηn = ηn,kinetic + ηn,resistive = b log(in/i0) + i(n×Rparticle) (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 particle geometry

and string length along with the relevant kinetic and resistive parameters.

Using this model, we simulated HER polarization data (in terms of mass-specific current

vs overpotential) using catalytic parameters corresponding to a 1 µm chain of 6 nm Ni par-

ticles surrounded by a 2 nm oxide shell with variable bulk resistivity (Figure 9a). Figure 9b

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 an interfacial resistivity of 108 Ω-cm. Using these parameters, the activity of

the first particle was not significantly diminished by resistive losses, but the 100th particle

and the overall catalyst performance were both diminished due to the need for electrons to

traverse many resistive interfaces to access the entire available catalyst surface area.
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Figure 9: (a) Schematics of a 1-dimensional array of oxide-coated Ni particles stacked to
make a 1 µm thick film; (b) simulated mass-specific activity of 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 over the range
from 105 to 1010 Ω-cm.
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Figure 9c compiles overall performance of the same catalyst chain using a range of

resistivity values. For the specific physical dimensions we chose, oxide resistivity values ex-

ceeding 106 Ω-cm were necessary to observe significant resistive losses, while values above

109 Ω-cm were found to completely shut down catalytic activity at overpotentials below

300 mV. Importantly, these resistivity values are consistent with reported values for Ni and

Mo oxides,76,77 which our microscopy results showed indeed encapsulate sub-10 nm alloy

nanoparticles in our Ni–Mo nanopowders. These simulations also show that catalyst activ-

ity 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 electro-

chemical experiment. Solid-state electronic conductivity limitations have been previously

identified and addressed for semiconducting catalyst materials,21,78,79 and they are also well-

known for non-precious oxide OER catalysts.30,32,33 However, the problem may extend even

to other nominally metallic catalysts if they are synthesized as nanoparticles and coated with

electrically resistive interfacial layers.

We undertook further experiments to assess the practical performance of ammonia-based

Ni–Mo/C containing 75 wt% carbon as a function of catalyst layer thickness. Figure 10

compares the observed geometric HER activity at 100 mV overpotential as a function of total

catalyst mass loading. Mass loadings of ≤ 1 mg/cm2 used glassy carbon substrates whereas

the substrate was changed to Ni mesh for higher loadings due to poor adhesion of Ni–Mo/C

catalyst on glassy carbon. Increased data spread was still observed on samples with high

mass loadings, which we attribute to inhomogeneous coating thicknesses and variable loss

of catalyst from thick films upon 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

the catalyst layer thickness and current density increase. However, in this case the deviations

19



Figure 10: Geometric HER activity of ammonia-based Ni–Mo/C containing 75 wt% carbon
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 = 11.07m0.7274, 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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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 significant

transport limitations, providing evidence that even these Ni–Mo/C films still exhibit some

residual resistivity in spite of the incorporation of carbon black.

The dotted line in Figure 10 corresponds to a linear fit between the origin and the mean

of the observed Ni–Mo/C 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 composite even

at higher mass loadings if resistive limitations could be entirely eliminated. Motivated by

this result, we worked to increase the dispersion of Ni–Mo on the carbon support in an

effort to improve inter-particle conductivity. Results are shown in Figure 11, which depicts

polarization data and mass-activity for Ni–Mo/C films at a 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. Remarkably, as the carbon loading increased from

9 to 80 wt%, the geometric activity decreased only by a factor of ∼2. Thus, 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 those that observed for Ni–Mo/C

prepared by physical grinding. We expect that these observed values still represent a lower

bound estimate of the true HER mass activity of Ni–Mo nanopowders prepared in this way.
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Figure 11: HER activity of ammonia-based Ni–Mo films prepared by co-precipitation with
Vulcan carbon as a function of carbon loading: (a) polarization data normalized to geometric
surface area, collected under the same conditions as in Figure 6; (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) are one standard deviation from the mean of 3–7 samples.

Conclusions

We synthesized and characterized Ni–Mo alloy nanopowder electrocatalysts by sequential

precipitation-reduction from homogeneous precursors with and without the addition of am-

monia as a solubilizing agent. The composition and morphology of ammonia-based and

ammonia-free Ni–Mo catalysts were similar, consisting of Ni-rich alloy nanoparticles embed-

ded in a matrix of Mo-rich oxides. Using a combination of experiments and straightforward

modeling, we compiled evidence that inter-particle resistivity limits their observed activity

toward alkaline hydrogen evolution. The effects of these resistive interfaces can be ame-

liorated by synthesizing the catalyst directly on a metallic current collector, by thermally

annealing the catalyst after deposition, or by adding carbon black as a conductive support.

Well-dispersed catalysts on carbon black were found to exhibit greatly increased HER ac-

tivity when normalized to catalyst mass, but geometric activities remain modest due to the

need to incorporate a significant fraction of carbon in the active catalyst film. Nevertheless,

carbon compositing eliminates the need for thermal processing after catalyst deposition,
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which makes Ni–Mo/C catalysts compatible with diverse substrates, including polymeric

membranes as are used in AAEM electrolyzers. Additional work is warranted to further

mitigate interfacial resistive effects in Ni–Mo and to address the possibility that resistive

losses limit the performance of other nominally metallic HER catalysts. Additional work

is also needed to improve catalyst processing and coating methods to increase geometric

current densities while keeping catalyst layers thin enough to avoid transport limitations.
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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 hydroxide (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.
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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.1 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) 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 Fisher
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Scientific Isotemp drying oven at 60 ◦C for several hours. The final yield of green powder

ranged from 17–21% relative to the total mass of precursors.

Ammonia-free Ni–Mo oxide precipitation

The Ammonia-based Ni–Mo oxide synthesis involved the use of aqueous ammonium hydrox-

ide as a solubilizing agent, wherein the precipitation reaction involves driving off ammonia

vapors. This presents an environmental and safety concern, particularly for scaleup of the

process. The Ammonia-free Ni–Mo oxide synthesis route instead relies on a salt metathesis

between sodium molybdate and nickel chloride, thereby generating NaCl as a nonhazardous

byproduct. A representative synthetic procedure for the ammonia-free synthesis is as follows.

25 mL of an aqueous solution containing 0.75 g nickel chloride hexahydrate (3.2 mmol) and

0.75 g sodium molybdate dihydrate (3.1 mmol) was prepared in a 500 mL beaker. 25 mL of

diethylene glycol was added to this clear green solution. This solution was kept on a hotplate

preheated at 500 ◦C and was stirred at 750 rpm with PTFE coated stirbar. The reaction

was allowed to proceed for 2 minutes and was then quenched by transferring the beaker to

an ice bath. After 2 minutes, the contents of the beaker were transferred to a polyethylene

centrifugation vial and centrifuged at 3000 rpm for 10 minutes. The precipitate was washed

twice with water (additional washes were found to be undesirable because the oxides exhibit

some solubility in water) followed by a final acetone wash. The final precipitate was sus-

pended in methanol and dried in a drying oven at 60 ◦C for several hours. Typically, a 30%

yield of the dried green oxide powder was obtained relative to precursor mass. This green

oxide powder was later identified using XRD to be hydrous NiMoO4.

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
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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. The

recovered Ni–Mo/C catalyst yield ranged from 70–75% on a mass basis relative to the total

quantity of oxide/carbon composite that was introduced to the reduction reaction.

For electrode deposition, 20 mg of this Ni–Mo/C composite was taken in a separate

vial to mix with 1 ml isopropyl alcohol and 20 mg of 20 wt% Nafion (in isopropyl alcohol-

water solution) to make 20 mg/ml Ni–Mo/C loading. 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 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 the

electrode to dry in the same way.

We found that 20wt% 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
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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

oxide formation followed by its reduction. A typical procedure for Ni oxide 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 precipitated oxide was purified

by sequential water washes with centrifugation and finally suspended in methanol and dried

at 60 ◦C for several hours. The dried oxides were weighed on a microbalance and transferred

to a glass crucible. They were then 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.

Pyrolysis-derived Ni–Mo synthesis

The synthetic approach for pyrolysis-derived Ni–Mo synthesis was adopted from prior report

by Brown et al.2 and was executed in the following steps. 1.5 g (5.2 mmol) nickel nitrate and

0.6 g (3.4 mmol) ammonium molybdate was mixed with 5 ml water and 2 ml ammonium

hydroxide. The concentrations of precursors were also halved whenever final Ni–Mo loadings

of ≤ 1mg/cm2 were required. Ni mesh (Alfa Aesar) was used as a substrate for Ni–Mo

deposition. A 15x15 cm Ni mesh was cut into multiple (about 20) small square pieces, each

of area ∼0.4 cm2. Each of the pieces was first imaged by a flatbed scanner (Epson) with

image resolution of 1200 dpi. The actual area of the mesh was then calculated using software
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(ImageJ). A Perkin Elmer ultramicrobalance was used to accurately measure the mass of

each mesh before and after deposition. After mass measurement and prior to deposition,

Ni mesh films were completely oxidized using a natural gas bunsen burner (Eisco). The

oxidation process was repeated 2-3 times. The oxidized Ni mesh films were then dipped

into the precursor solution and heated over the bunsen burner in a pendulum motion. The

pendulum motion made sure that the film did not stay under the flame for a long time. A

green Ni–Mo oxide was formed during this process on the mesh within a few seconds. 2 to 3

such depositions of the oxide ensured complete film coverage. The films were then dried in

a drying oven at 60◦C for several hours. The dried films were transferred to a glass crucible

to reduce them in a tube furnace at 500◦C for 1 hour under forming gas. The reduced films

were again weighed on an ultramicrobalance and the difference was used to calculate the

areal mass loading.

A flag-type electrode was then fabricated from the film for electrochemical analysis. An

electrical contact to the film was made by coating silver paint (Fisher Scientific) along with

copper wire (McMaster Carr). To prevent leaching of the silver paint through the Ni mesh,

an epoxy adhesive (Loctite 1C, McMaster Carr) was first coated on the opposite side which

covered 50-60% of the film area. The silver paint was allowed to dry in oven at 60◦C for

several hours. The entire assembly was sealed in a flint glass tube by epoxy. An actual

exposed electrode area was again measured by the same procedure using a scanner and

ImageJ software. The exact mass of Ni–Mo on the film was obtained by assuming deposition

of an uniform oxide layer on the film and the actual exposed film area.

High-loading catalyst deposition on Ni mesh

Ni–Mo/C loadings of greater than 1 mg/cm2 were obtained by changing the substrate of

deposition from glassy carbon to Ni mesh. Similar to pyrolysis-derived Ni–Mo synthesis, Ni

mesh films of 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
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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 similar to ammonia-based Ni–Mo oxide, to get a black powder this time

containing Ni–Mo oxide and carbon. The final black powder was obtained by reducing the

oxide-carbon mixture at 200 ◦C for 30 minutes and 450 ◦C for 1 hour.

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% carbon was obtained when 90% was targeted, implying more complete Ni-Mo oxide

precipitation occurred when carbon black was added to the reaction. The reported 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 2 Θ angle from 10 to 90 ◦ in

0.02 ◦ steps. Total data collection times were varied so as to produce XRD patterns with
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adequate signal-to-noise ratios for the associated analysis.

Scanning electron microscopy (SEM) analysis made use of a Zeiss Sigma 500 VP mi-

croscope. 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 bright-

ness/contrast adjustments in order to produce a similar visual 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 spec-

trometer) 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 exami-

nation 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 pre-

dominately 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.

Thermogravimetric analysis (TGA) was carried out using a SDTQ600 thermogravimetric

analyzer supplied by TA instruments. 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 under either oxidizing (20 sccm air) or reducing (10 sccm

H2) conditions. Argon gas was flowing continuously throughout the experiment at a rate of
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100 sccm. 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. Electrochem-

ical data were collected using a digital potentiostat/galvanostat (Gamry Series 600+) while

rotating the working electrode using a commercial rotor (Pine MSR series). We used a

single-chamber glass electrochemical cell with a large-area (several cm2) Ni foil counter elec-

trode 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 contami-

nation, 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 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 compen-

sated by subtracting the iR drop from the observed current versus overpotential data after

experiments were complete.

Verification of Solution Resistance

The accuracy of the solution resistance was verified by a theoretical correlation given by

Myland et al. for calculating uncompensated resistances for different geometries of working

electrode.3 Under the assumptions that the electrochemical cell is large and that the counter

electrode is placed far away from the working electrode (several multiples of the working
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electrode diameter), resistanceR for a disk-shaped working electrode is inversely proportional

to conductivity of the solution, the radius of the electrode r, and the solution conductivity K:

R = 1/(4rK). The conductivity of 0.1 M KOH can be calculated from sum of conductivities

for K+ and OH- ions; KKOH = KK+ +KOH- . The conductivities of these ions depend on their

mobilities, by the formula, K = FCequ; where F is Faraday’s constant (96485 C/mol), Ceq

is concentration of the ion and u is mobility. The mobility of the potassium cation in water

is 7.62x10-4 cm2/Vs and that for the hydroxide anion is 7.91x10-4 cm2/Vs.4 Plugging these

values in the conductivity equation, gives KKOH as 0.0271 ohm-1cm-1. Thus, a theoretical

solution resistance calculated for a 0.196 cm2 glassy carbon disc electrode was 37 ohms. The

actual resistance values obtained for Ni–Mo/C films (30Ω–50Ω) were generally close to this

value. Experiments in which the EIS-measured resistance values deviated from this range

were discarded, although we speculate that these higher resistances may have resulted from

the EIS measurement capturing a portion of the inter-particle resistivity that is discussed at

length in the main text.

Thermogravimetric Analysis (TGA)

The mass loss of the Ni–Mo oxides on reduction and the carbon content of Ni–Mo/C com-

posites was obtained by TGA analysis. The oxide mass loss was found to be about 40% for

ammonia-based synthesis (Figure S1a) and 30% for ammonia-free synthesis (Figure S1b).

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 S1c. 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 the Ni–Mo

component to its reduced form. 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
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the carbon content calculated from the difference between the initial and final mass of the

powder was 72.2%, in close agreement with the 75 wt% target.

Figure S1: 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.

Evidence of Oxides in Ammonia-based Nanopowder

Figure S2 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, 58,

63 indicating the presence of MoO2 and NiO.
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Figure S2: Ammonia based Ni–Mo XRD image magnified to show the presence of the oxides
MoO2 and NiO
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HER activity of pure carbon black

A geometric HER activity comparison of pure vulcan carbon with Ni–Mo/C is shown in figure

S3. 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 high a 300 mV.

Figure S3: Geometric activity of Vulcan carbon compared with ammonia based Ni–Mo/C.

Additional model details

As noted in the main text, we used Matlab to numerically solve maintext Equation 1 iter-

atively for a string of 100 oxide-coated catalyst particles comprised of a 6 nm catalyst core
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coated with a conformal 2 nm resistive shell. The following HER kinetic parameters corre-

sponding to bulk Ni were used in the mathematical model: exchange current density (jo) of

10-6 A/cm2 and tafel slope (b) of 120 mV/decade.5 Kinetic overpotentials were calculated

based the assumption that the entire surface area of the 6 nm core was equally active, and

transport losses were not considered. The resistive interface was accounted for by calculat-

ing 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 to 1010 Ω-cm. 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.
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Supplementary microscopy images

Figure S4: SEM images of ammonia-based Ni–Mo oxides at different locations using a sec-
ondary electron detector.

S15



Figure S5: SEM images of ammonia-based Ni–Mo at different locations using a secondary
electron detector.
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Figure S6: SEM images of ammonia-based Ni–Mo/C composited with 25 wt% carbon by
physical grinding at different locations using a secondary electron detector.
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Figure S7: SEM images of ammonia-based Ni–Mo/C composited with 75 wt% carbon by
physical grinding at different locations using a secondary electron detector.
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Figure S8: TEM image of ammonia-based Ni–Mo/C composited with 75 wt% carbon by
physical grinding at several different locations.
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Figure S9: SEM images depicting varying morphologies obtained during ammonia-free Ni–
Mo synthesis: (a) NiMoO4 nanoparticles; (b) Ni–Mo nanopowder obtained from the reduc-
tion of (a); (c) NiMoO4 nanorods; (d) Ni–Mo nanopowder obtained from the reduction of
(c).
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Figure S10: STEM-EDS analysis of ammonia-free Ni–Mo showing a coating of oxide sur-
rounding a Ni core. The HAADF-STEM image is in the upper left, while the other three
quadrants are EDS elemental maps of the region indicated by the yellow box.
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Figure S11: TEM image of ammonia-free Ni–Mo/C composited with 70 wt% carbon by
physical grinding at several different locations.
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Figure S12: SEM images of (a) as-precipitated Ni oxide/hydroxide and (b) reduced Ni
catalyst.

Figure S13: SEM images of pyrolysis derived Ni–Mo: (a) intermediate Ni–Mo oxide and (b)
reduced product.
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