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Abstract: A ternary metallic CoNiMo catalyst is electrochemically deposited on a
polycrystalline gold (Au) disk electrode using pulse voltammetry, and characterized for
hydrogen oxidation reaction (HOR) activity with temperature-controlled rotating disk electrode
measurements in 0.1 M potassium hydroxide (KOH). The catalyst exhibits the highest HOR
activity among all non-precious metal catalysts (e.g., 20 fold higher than Ni). At a sufficient
loading, the CoNiMo catalyst is expected to outperform Pt and thus provide a promising low
cost pathway for alkaline or alkaline membrane fuel cells. Density functional theory (DFT)
calculations and parallel H,-temperature programmed desorption (TPD) experiments on
structurally much simpler model alloy systems show a trend that CoNiMo has a hydrogen
binding energy (HBE) similar to Pt and much lower than Ni, suggesting that the formation of
multi-metallic bonds modifies the HBE of Ni and is likely a significant contributing factor for

www.rsc.org/

the enhanced HOR activity.

Introduction

Low-temperature hydrogen proton-exchange membrane fuel cells
(PEMFCs) with high power density have been developed as an
efficient and environmentally friendly energy conversion device for
a future clean and sustainable energy system.'” However, the
commercialization of PEMFCs has long been hampered by the lack
of a highly efficient and cost-effective oxygen reduction reaction
(ORR) catalyst. At present, the state-of-the-art ORR catalyst for
PEMFCs is Pt, which even at its current unacceptably high loading
still has a cell voltage loss of 300 mV~400 mV under typical
operation conditions.* The greatest challenge for the development of
an inexpensive ORR catalyst is that most non-precious metals and
alloys are unstable in acid and thus face long term durability issues
in PEMFCs.> © Recently several exciting non-precious metal ORR
catalysts have been shown to have activity comparable to that of Pt,”
8 but their long term durability in acid remains to be proven. As an
alternative to PEMFCs, liquid alkaline or alkaline membrane fuel
cells (AFCs/AMFCs) are attractive because non-precious metals and
alloys in general are much more stable in base than in acid. Non-
precious metal ORR catalysts with an activity similar to that of Pt
have been reported in base including Fe-based macrocycles,’
nitrogen doped carbon nanotube/nanoparticle composite'® and
Perovskite oxides.!' However, a serious concern on the anode side,
i.e., the hydrogen oxidation reaction (HOR), arises when switching
from an acidic to alkaline medium. As demonstrated by previous
studies, the HOR activity in base on the most active catalyst, Pt, is
two orders of magnitude smaller than in acid, which in turn requires
higher Pt loading on the anode.'> "> Although PtRu alloy has been
found to have enhanced HOR activity over Pt in a recent study,'* the
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discovery of highly active non-precious HOR electrocatalysts in base
is crucial in order to make AFCs/AMFCs practical.

Ni-based materials are the most commonly used non-
precious metal electrocatalysts for H, production (HER) in alkaline
electrolysers'>? and the HOR in AFCs.*" ** Several Ni-based
bimetallic catalysts including Cr,” Ti,* La,” Cu,” and Mo,””? and
a ternary Ni-Mo-Fe alloy'® have been developed to increase the
HOR activity. However, the enhancement of the HOR on Ni alloy
over that on Ni is very limited, and the mechanism behind the
improvement has been vague. A previous study has shown that
decorating Ni with Cr can tune the Ni d-band structure and in turn
weaken the Ni-O bond so that metallic Ni surface becomes available
for the HOR.* In this paper, we prepared NiMo and CoNiMo
electrocatalysts by electrodeposition and studied their HOR activity
in 0.1 M KOH using temperature controlled rotating disk electrode
method. The electroplated NiMo and CoNiMo multi-metallic
catalysts exhibited significantly enhanced HOR activity over
electroplated Ni catalyst in KOH electrolyte (20 times). To
qualitatively understand the HOR activity trend, we performed
density functional theory (DFT) calculations and parallel H,-
temperature-programmed desorption (H,-TPD) experiments on
structurally much simpler alloy systems that are more accessible to
DFT calculations and TPD experiments. Our results suggest that a
weakened hydrogen binding energy (HBE) is a significant
contributing factor for the improved HOR on multi-metallic NiMo
and CoNiMo catalysts.
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Experimental Section
Electrodeposition of CoNiMo

The electroplating setup was assembled of a 100 mL polypropylene
cell, a double-junction Ag/AgCl reference electrode (Pine
Instruments), and a graphite rod (Alpha Aesar) counter electrode.
The RDE working electrode was brought to 3600 rpm and the
plating solution was continually purged with H, gas. The final
solution was composed of 0.248 M NiSO, (98% purity, Alfa Aesar),
0.049 M Na,MoO, (98% purity, Aldrich), 0.006 M CoSO, (98%
purity, Alfa Aesar), and 0.216 M trisodium citrate (Na3;CsHs0O7, 98%
purity, Sigma). The electroplating procedure began with oxidizing
the Au disk surface at 0.8 V vs. Ag/AgCl for 2 minutes to remove
impurities. The potential was then pulsed for 50 ms at a plating
potential of —2.1 V vs. Ag/AgCl and held for 500 ms at the resting
potential of —0.6 V vs. Ag/AgCl for a total deposition time of 14
minutes. The electrode was then removed from the plating bath and
rinsed with care to keep the surface submerged at all times, given
that the oxide forms with extended exposure to air.

Electrochemical characterization

Steady state rotating disk electrode (RDE) measurements for
HOR/HER were made in H,-saturated 0.1 M KOH (99.99% metal
purity, Sigma Aldrich) solution in a jacketed glass cell with
circulating water temperature control (Pine Instrument), against a
double-junction Ag/AgCl reference electrode (Pine Instrument), with
a platinum wire (Pine Instrument) as the counter electrode. The
sample was reduced at —2.00 V vs. Ag/AgCl for 2 minutes to
remove residual oxides from air exposure. In order to remove the
large capacitive current background within the same potential range
as the HOR, the steady state measurements were used to observe the
HOR and HER activities rather than cyclic voltammetry. Currents
were measured after 15 seconds holding at potentials with a 5 mV
voltage interval from —1.75 V to —0.85 V vs. Ag/AgCl, at 1600 rpm
at 274 K, 283 K, 293 K, 303 K and 313 K. However, the potential
was reported with respect to the RHE scale, if not specified
otherwise. HOR/HER on Au in H,-saturated 0.1 M KOH were also
measured using RDE method and no HOR activity near the
reversible hydrogen potential was observed as shown in Fig. S3.

Cell resistance was measured after each experiment using the
AC impedance spectra taken between 1 Hz and 200 kHz. The
voltage was kept at a constant potential with a 10 mV voltage
perturbation. The real part at 1 kHz was used as the cell resistance
value to obtain the iR-free polarization curves.'® The cell resistances
were determined to be 53 Q at 274 K and 26 Q at 313 K.

Density functional theory (DFT) calculations

The DFT binding energies of atomic hydrogen were calculated using
the Vienna ab initio Simulation Package (VASP). " 2 The
exchange-correlation energy was approximated using the PW91
functional within the generalized gradient approximation (GGA)
with a basis set of plane waves up to an energy cutoff of 396 eV. In
all cases, the model surface consisted of a periodic 3 x 3 unit cell
with four layers of metal atoms at the corresponding most closed-
packed surfaces separated by six equivalent layers of vacuum. The
two bottom layers of the slab were fixed. During hydrogen binding
energy calculations, the top two metal layers and the adsorbed
hydrogen atom were allowed to relax to reach the lowest energy
configuration. The Ni/Mo(110) surface was modified by replacing
all Mo atoms from the top layer with Ni atoms. The Ni-Co-modified
Mo(110) surface was prepared by replacing a third of Mo atoms
from the top layer with Co atoms and the rest from the top layer with
Ni atoms. While it is not uncommon to have surface intermixing or
subsurface alloying in multi-metallic systems, the highly favorable
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surface segregation energy of Ni or CoNi on Mo suggests that
pseudomorphic overlayer of Ni and Co on Mo(110) is a good
representation of the surfaces measured experimentally. A 3x3x1
Monkhorst-Pack k-point mesh was used. Spin-polarization was
included for all surfaces. Binding energy was calculated using
equation 1°?

E?tnmic = Ej—slab — Eslap — 0.5 % EHZ(g) 1
where EXL, i is the binding energy of atomic hydrogen on the given
slab, Ey_g1ap is the energy of the slab with 1/9 monolayer (ML)
hydrogen adsorbed, Eg, is the energy of the slab in vacuum, and
Ena(g is the energy of hydrogen in the gas phase. For all possible
binding sites calculated, only the value corresponding to the most
stable binding site is reported.

The main objective of the DFT calculations is to determine
how hydrogen binding energy is modified by the formation of Ni-
Mo and Co-Mo bonds. Due to the structural complexity of the
polycrystalline samples in electrochemical measurements, DFT
calculations were performed on close-packed surfaces of single
crystals, i.e., close-packed (111) facet of the fec structure, Ni(111),
Pt(111), and the (110) facet of the bcc structure, Mo(110),
Ni/Mo(110), and CoNi/Mo(110). Another advantage of performing
DFT calculations on single crystal surfaces is that the predicted trend
can be verified experimentally using H,-TPD.

Results and discussion

Rotating disk electrode method was employed to evaluate the
HOR performance. As illustrated in Fig. 1a, electroplated Ni exhibits
little HOR activity while NiMo shows significantly increased HOR
activity. The activity of NiMo can be further enhanced with Co
electroplated simultaneously. The HOR activity appears highly
dependent on the atomic ratio between Co and Ni in the plating
solution (Fig. 1b and Table S1). The CoNiMo electroplated from the
precursor solution containing Co, Ni and Mo with an atomic ratio of
0.12 : 5.10 : 1.00 showed the highest HOR activity and was used to
conduct more detailed kinetic analyses. The HOR polarization curve
of polycrystalline Pt disk is also presented in Fig. l1a as a benchmark
of HOR performance.

Temperature-dependent HOR/HER performance on CoNiMo
was evaluated at 274, 283, 293, 303 and 313 K. Fig. 1c shows the
steady state HOR/HER polarization curves of CoNiMo in H,-
saturated 0.1 M KOH at 1600 rpm at selected temperatures with the
HOR/HER polarization curves of Pt as a benchmark under the same
conditions. The HOR currents on both CoNiMo and Pt increase with
applied overpotential below ~0.1 V. After 0.1 V, the HOR currents
on Pt continue to increase and reach the limiting currents at ~0.2 V.
However, after an initial increase in the HOR currents below 0.1 V,
the HOR currents on CoNiMo start to decrease at overpotentials
higher than 0.1 V, which is most likely due to the passivation of Ni
species on the catalyst surface, as suggested in a previous study.”’
Therefore, the HOR cannot reach the theoretical limiting currents at
274 K and 293 K. Nevertheless, the HOR rate is significantly
enhanced at 313 K so that the HOR current on CoNiMo levels off at
the HOR limiting current at 0.1 V while the HOR current on Pt disk
does not reach the HOR plateau until 0.2 V. The kinetic currents (i)
of the HOR on CoNiMo and Pt at all temperatures were calculated
using the Koutecky-Levich equation™

1 1 1
—=—+—
i ig ip
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where i is the measured current and ip is the diffusion limited
current, and plotted as a function of overpotential in Fig. 1d.
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Figure 1. (a): Steady state polarization curves of the HOR/HER on
electroplated Ni, NiMo, CoNiMo and polycrystalline Pt disk. The
ratio by each curve refers to the atomic ratio between Co, Ni and Mo
in the plating solution; (b): the HOR currents at 0.05 V vs. RHE as a
function of the Cg/(CcotCyi) in the plating solution. The
polarization curves were collected in H,-saturated 0.1 M KOH and
with a rotating speed of 1600 rpm at room temperature; (c): steady
state polarization curves of the HOR/HER on electroplated CoNiMo
alloy (red) and Pt disk (black) at 274, 293 and 313 K. (d): kinetic
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currents of the HOR/HER on CoNiMo (red) and Pt (black) at 274,
293 and 313 K. The HOR kinetic currents were acquired using the
Koutecky-Levich equation.

The kinetic currents of the HOR/HER were subsequently
fitted to the Butler-Volmer equation® to obtain exchange current

%F  Z%F
i =i (eRT“ — e RT “)

where i, is the exchange current, a, and o, are transfer coefficients
for the HOR and HER, respectively, F is the Faraday’s constant
(96485 C/mol), R is the universal gas constant (8.314 J/mol/K), T is
temperature, and 1 is the overpotential. As suggested in the previous
study, the HOR kinetic current calculated using the Koutecky-
Levich equation from measured current (i) below 80% of the
limiting current was used in order to minimize the errors in the
analysis.”> The best fitting of the HOR/HER kinetic currents on Pt
can be obtained with transfer coefficients o,=0,=0.5 at all examined
temperatures (Fig. S1), which suggests that the HOR and HER are
symmetric with respect to the reversible hydrogen potential and the
one-electron transfer (either Volmer or Heyrovsky step) could be the
rate-determining step.”> However, CoNiMo has a much narrower
potential window for the data fitting (< £40 mV), therefore it could
not be exclusively determined whether a,+to.=1 or a,+0.=2 applies
as both fit to the Butler-Volmer equation fairly well (Fig. S1).
Consequently, it is difficult to determine the reaction mechanism of
the HOR/HER on CoNiMo at present. Nevertheless, the fitting
results show that o,~a., suggesting that the HOR and HER on
CoNiMo are also symmetric with respect to the reversible hydrogen
potential, similar to Pt. The exchange current density, obtained
through normalization of the total exchange current by the
electrochemical surface area of CoNiMo and Pt (Supporting
Information, Fig. S2) at 293 K are listed in Table 1. The iy of
HOR/HER on Pt is determined to be 0.61+0.05 mA/cm?p, which is
in excellent agreement with the previous study.'* The i, of the
HOR/HER on CoNiMo varies from 0.007+0.001 to 0.015+0.002
mA/cm’y;, depending on the fitting parameter (a,+a.). Because Ni
alone barely shows any HOR activity in the vicinity of the hydrogen
reversible potential, it is not practical to extract the exchange current
density of Ni at 0 V vs. RHE. Therefore, the kinetic current densities
of Ni and CoNiMo at 0.05 V vs. RHE are calculated and listed in
Table 1 for comparison. CoNiMo shows 20 times higher HOR
activity than Ni at 0.05 V vs. RHE, suggesting a significant
improvement due to the addition of Co and Mo elements.

Table 1. The HOR/HER exchange current densities and kinetic
activities at 0.05 V vs. RHE on Pt disk, CoNiMo and Ni at 293 K
and activation energies.

1p 1k,0.05V E

(mA/CInzmetal) (mA/CInzmetal) (kJ/mOl)
Pt disk 0.61+0.05 1.44+0.13 29+1
0.015+0.002 35+1
CoNiMo o.(gs;ii)i.é()n 0.044+0.005 (“33+6‘i°1*1)
(0, +0=2) (0, +0=2)
Ni - 0.002 -

Exchange currents of the HOR/HER on CoNiMo and Pt at
different temperatures were further plotted as a function of 1/T as
shown in Fig. 2. The activation energies of the HOR/HER on
CoNiMo and Pt, determined from the Arrhenius plot, were 35+I1
kJ/mol and 29+1 kJ/mol, respectively. It should be pointed out that
although CoNiMo deactivates at higher overpotentials (> 0.1 V) at
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lower temperatures from 274 to 293 K, probably due to surface
passivation, the kinetics of the HOR on CoNiMo increases
dramatically as the temperature increases such that the HOR current
reaches the limiting current before the potential runs into the catalyst
passivation regime (Fig. 1c). It is anticipated from the Arrhenius plot
(Fig. 2) that the HOR activity should continue to increase with the
temperature rising up to 353 K, which is the typical fuel cell
operation temperature.
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Figure 2. Arrhenius plots of the exchange current of CoNiMo and Pt
as a function of 1/T.

The CoNiMo with the best HOR performance was also
characterized using scanning electron microscopy (SEM), energy-
dispersive  spectroscopy (EDS), high-resolution transmission
electron microscopy (HRTEM), and glancing incidence X-ray
diffraction (GIXRD, Fig. 3, see Supporting Information for
experimental details). The SEM image (Fig. 3a) shows that CoNiMo
thin layer has a very similar rough surface morphology as those
prepared using electrochemical deposition in the previous study.*®
The TEM image (Fig. 3b) reveals that the catalyst is composed of
small nanocrystals while the HRTEM measurements (Fig. 3b, inset)
show a lattice spacing of 0.20 nm (corresponding to CoNiMo (111)
planes). The analysis of GIXRD pattern of CoNiMo (Fig. 3¢) shows
that CoNiMo (111) peak (43.9 °) is slightly shifted to a lower angle
compared to the Ni (111) peak (44.3 °), suggesting that CoNiMo
alloy maintains the Ni-like fcc structure. This result is consistent
with the HRTEM in terms of d-spacing and the elemental analysis,
whereby Ni is found to be the majority (Fig. 3d). The chemical
composition of the deposited film was also examined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) and a
mass of 3 ug Co, 80 pg Ni, and 29 ug Mo was obtained giving an
atomic Co:Ni:Mo0=0.17:4.49:1 and again suggesting that Ni is the
dominating component of the ternary metallic catalyst. The average
thickness of the CoNiMo layer was estimated to be ~0.6 pm from
the ICP-AES elemental composition.

4| J. Name., 2012, 00, 1-3
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Figure 3. (a): SEM image of CoNiMo layer (top view); the inset is
the SEM image at a higher magnification; (b): TEM and HRTEM
images of the scraped CoNiMo layer showing crystalline species;
(c): GIXRD pattern of the CoNiMo thin film on Au disk; (d):
energy-dispersive X-ray spectrum obtained using the EDS detector
on the SEM.

The HOR in an alkaline medium proceeds through the

following reactions by either Tafel-Volmer or Heyrovsky-Volmer

squences:35

Hz + 2% 2Had (Tafel)
H,+OH +* < Hyy+H,O+e  (Heyrovsky)
Hy+OH < H,O +e +* (Volmer)

As seen from the above elementary steps, the adsorption
and binding strength of H play a critical role in determining the HOR
activity in alkaline electrolyte, as suggested through the reverse
reaction HER in our previous work on polycrystalline mono-metallic
catalyst systems.”’ To probe qualitatively if HBE also plays an
important role in this multi-metallic catalyst system, hydrogen
binding energy (HBE) values were calculated using DFT method on
structurally simpler model surfaces, and parallel H,-TPD
measurements were also carried out. DFT calculations show that
Ni(111) and Mo(110) have notably higher HBEs than Pt(111), NiMo
exhibits much lower HBE than Ni and Mo, and CoNiMo possesses
an HBE value between those of NiMo and Pt (Table 2). The HBE
trend calculated from DFT is consistent with the H,-TPD
measurements (Fig. S4) in that Ni and CoNi modified Mo(110)
surfaces show lower desorption temperatures than the clean Ni(111)
surface. Strmenic et al.'* suggest that adsorbed OH species on the
catalyst surface may facilitate the overall HOR activity, although
OH,q species are not directly shown in the elementary reaction steps.
It is noted from the Pourbaix diagram that in the vicinity of the
reversible hydrogen potential, Co and Ni exist in the form of
hydroxides. However, it is unlikely that these OH species would
dominate the HOR activity as NiMo demonstrates markedly
enhanced HOR activity over Ni, while both should have similar
surface coverage of OH. Thus, the HBE values appear to be critical
in controlling the HOR activity for the catalysts used in the current
study.

This journal is © The Royal Society of Chemistry 2012
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Table 2. Hydrogen binding energies from DFT calculations for
the most energetically favorable binding site for each surface.

Mo Ni Niy /Mo CoNi/Mo Pt
(110) (111) (110) (110) (111)
Binding
Energy -0.70 —0.51 —0.40 —0.43 —0.46
(eV)
Binding
Energy -67.6  —49.5 -38.6 —41.6 —44.7
(kJ/mol)
B1n§1ng bridge fee bridge bridge fee
Site
Bond
Length 1.90 1.71 1.64 1.66 1.87
A)
Bond 448 425 38.4 37.7 39.0
Angle
Conclusions

In conclusion, we have synthesized a highly active precious-metal-
free Ni-based HOR electrocatalyst. Our results suggest that the
specific HOR activity of CoNiMo is 20 times higher than Ni in
alkaline medium. The remarkably enhanced activity is ascribed to
the weakened hydrogen binding energy on CoNiMo. This innovative
material can potentially mitigate the catalyst cost issue by providing
a pathway to non-precious metal catalysts as viable replacement to
Pt at the anode of alkaline or alkaline membrane fuel cells.
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