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Hydrogen production through splitting of water has attracted
great scientific interest because of its relevance to renewable
energy storage and its potential for providing energy without
the emission of carbon dioxide.!!! Electrocatalytic systems for
H, generation typically incorporate noble metals such as Pt in
the catalysts because of their low overpotential and fast
kinetics for driving the hydrogen evolution reaction (HER).
However, the high costs and limited world-wide supply of
these noble metals make their application in viable commer-
cial processes unattractive. Several non-noble metal materi-
als, such as transition-metal chalcogenides,” carbides,””! and
complexes” as well as metal alloys®) have been widely
investigated recently, and characterized as catalysts and
supports for application in the evolution of hydrogen.
Nitrides of early transition-metals have been shown to
have excellent catalytic activities in a variety of reactions.”!
One of the primary interests in the applications of nitrides in
these reactions was to use them in conjunction with low-cost
alternative metals to replace group VIII noble metals. For
example, the function of molybdenum nitride as a catalyst for
hydrocarbon hydrogenolysis resembles that of platinum.”’
The catalytic and electronic properties of transition-metal
nitrides are governed by their bulk and surface structure and
stoichiometry. While there is some information concerning
the effect of the bulk composition on the catalytic properties

[*] Dr. W.-F. Chen, Dr. K. Sasaki, Dr. . T. Muckerman, Dr. R. R. Adzic
Chemistry Department, Brookhaven National Laboratory
Upton, NY 11973 (USA)
E-mail: ksasaki@bnl.gov
Dr. C. Ma, Dr. Y. Zhu
Condensed Matter Physics & Materials, Science Department
Brookhaven National Laboratory, Upton, NY 11973 (USA)

Dr. A. I. Frenkel

Physics Department, Yeshiva University

245 Lexington, Avenue, New York, NY 10016 (USA)

Dr. N. Marinkovic

Department of Chemical Engineering, University of Delaware
Newark, DE 19716 (USA)

This work was carried out at Brookhaven National Laboratory (BNL)
with the U.S. Department of Energy (DOE) under contract number
DE-AC02-98CH10886 and supported by BNL Laboratory Directed
Research and Development (LDRD) (project number 10-015). A.I.F.
acknowledges support by DOE BES (grant number DE-FGO02-
03ER15476). Beamlines X19A and X18B at the NSLS are supported
in part by the Synchrotron Catalysis Consortium, U.S. Department
of Energy (grant number DE-FG02-05ER15688).

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201200699.

[7‘: £

Angew. Chem. 2012, 124, 6235-6239

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of this material, there is currently little known about the
effects of the surface nanostructure.

Nickel and nickel-molybdenum are known electrocata-
lysts for hydrogen production in alkaline electrolytes, and in
the bulk form they exhibited exchange current densities
between 10-% and 10~* A cm 2, compared to 10> Acm™? for
Pt.Bl Jaksi¢ etalll postulated a hypo-hyper-d-electronic
interactive effect between Ni and Mo that yields the syner-
gism for the HER. Owing to their poor corrosion stability, few
studies in acidic media have been reported. With the objective
of exploiting the decrease in the overpotential by carrying out
the HER in acidic media, we have developed a low-cost,
stable, and active molybdenum-nitride-based electrocatalyst
for the HER.

Guided by the “volcano plot”!'”! in which the activity for
the evolution of hydrogen as a function of the M—H bond
strength exhibits an ascending branch followed by a descend-
ing branch, peaking at Pt, we designed a material on the
molecular scale combining nickel, which binds H weakly, with
molybdenum, which binds H strongly. Here we report the first
synthesis of NiMo nitride nanosheets on a carbon support
(NiMoN,/C), and demonstrate the high HER electrocatalytic
activity of the resulting NiMoN,/C catalyst with low over-
potential and small Tafel slope.

The NiMoN,/C catalyst was synthesized by reduction of
a carbon-supported ammonium molybdate
[(NH,)sMo0,0,,-4H,0] and nickel nitrate (Ni(NOs),-4H,0)
mixture in a tubular oven in H, at 400°C, and subsequent
reaction with NH; at 700°C. During this process, the
(NH,)sMo0,0,, and Ni(NO;), precursors were reduced to
NiMo metal particles by H,, and then they were mildly
transformed to NiMoN, nanosheets by reaction with ammo-
nia. The atomic ratio of Ni/Mo was 1/4.7 determined by
energy dispersive X-ray spectroscopy (EDX) on the NiMoN,/
C sample. The transmission electron microscopy (TEM)
images, as shown in Figure 1 a, display NiMo particles that are
mainly spherical. The high-resolution TEM image, as shown
in the inset of Figure 1a, corroborated the presence of an
amorphous 3 to 5 nm Ni/Mo oxide layer (see Figure S4 in the
Supporting Information for resolved image), whereas
NiMoN, is characterized by thin, flat, and flaky stacks
composed of nanosheets with high radial-axial ratios (Fig-
ure 1b and Figure S5 in the Supporting Information for
a magnified image). Figure 1c shows that some of the
nanosheets lay flat on the graphite carbon (as indicated by
the black arrows), and some have folded edges that show
different layers of NiMoN, sheets (white arrows). The
thickness of the sheets ranged from 4 to 15 nm. The average
stacking number of sheets measured from Figure 1b is about
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Figure 1. TEM images of a) carbon-supported NiMo nanoparticles
(NiMo/C) reduced in H, at 500°C and b) NiMoN, nanosheets pre-
pared by treating the NiMo/C in NH; flow at 700°C. c) High-resolution
TEM images of NiMoN,. d) Magnified images showing exfoliated
NiMoN, nanosheets.

six. A major part of the nanosheets was exfoliated and present
in the form of single sheets. The HRTEM images in Figure 1d
show the morphology of these single sheets. The gap between
two single sheets was found to be up to 2 nm.

Carbon-supported molybdenum nitride nanosheets
(MoN/C, Figure 2a) were also prepared by the same proce-
dure as NiMoN,/C. HRTEM revealed hexagonal lattices of
the 0-MoN nanosheets in the (002) (Figure 2b) and (200)
(Figure 2c¢) directions.

A structural transformation from NiMo particles to
NiMoN, sheets was observed by XRD; the patterns of the
mixture of the Ni and Mo precursors, H,-reduced NiMo/C
and NiMoN,/C are compared in Figure 3a. The Ni-Mo
bimetallic nitrides were found to contain a majority of y-
Mo,N (JCPDS PDF 25-1366) and Ni,Mo;N phases!! (Fig-
ure S6 in the Supporting Information). The lengths (D,,;) of
the NiMoN; sheets along the stacking and basal directions
were calculated using the Debye—Scherer equation (see the
Supporting Information for details). The calculated D;;; and
D,y are 5.9 and 12.8 nm, respectively. The stacking number of
the sheets can be calculated using 7 = Dy,/d,;,. The average
stacking number for the (200) plane is 6.1 layers, which agrees
well with the above TEM result.

We applied X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS) spectroscopies to probe the charge states and the
local structure in the NiMoN, and MoN nanosheets. The Ni
K-edge XANES spectrum from NiMo particles in Figure 3b
shows a strong white line signal at 8350 eV which indicates
that the NiMo alloy particles formed Ni oxide particles, in
contrast to Ni atoms in NiMoN, which are found in the
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Figure 2. a) TEM image of the stacked MoN nanosheets on carbon
supports. The red and white arrows mark the nanosheets that lay flat
and stand vertically, respectively. b) A HRTEM image with the crystal
structure overlaid looking down along the <002 > zone axis, and c) a
HRTEM image showing the standing {002} lattice planes (cyan balls:
Mo and small blue balls: N).

metallic state. For the Mo K-edge (Figure 3¢), the presence of
the pre-edge feature of the NiMo alloy at 20004 eV reflects
the existence of holes in the d-band, which can be ascribed to
an increased oxidation state of the Mo atoms. In contrast, the
white line at the Mo K-edge for NiMoN, exhibits a significant
change compared to the NiMo alloy. Chen"” showed that the
density of states of the unfilled d-band of Mo can be modified
as a metal-nitrogen bond is formed. Thus, the low Ni and Mo
valences in NiMoN, can be reasonably ascribed to the lower
deficiency in the d-band occupation of Mo which causes the
NiMoN, to possess an electron-donating ability, and to
enhance its catalytic activity for reactions involving the
donation of d electrons, that is, in the HER.

The EXAFS spectra at the Ni K-edge of the NiMoN, are
shown in Figure 3d. The peak at 2.18 A originates from three
almost superimposed bands at 1.5 A for the Ni-N bond, at
2.2 A for the Ni-Ni bond, and at 2.5 A for the Ni-Mo bond
(all distances are not corrected for the photoelectron phase
shift). This peak is shifted to a higher r and broadened
compared with that from a Ni foil (Figure S7 in the Support-
ing Information, in which the EXAFS spectra at the Mo K-
edge are also shown). The differences between the nanosheets
and their reference materials are apparent in the spectra,
indicating that the atomic structures surrounding Ni and Mo
in the NiMoN, nanosheets are significantly different from
those in the bulk material. The data at the Ni K-edge from
NiMoN, were fitted with models constructed from the
Ni,Mo;N B-manganese structure as found in the literature(*”
(see Table S1 in the Supporting Information). Good agree-
ment was obtained between the fit and the experimental
spectra (Figure 3d). The Ni—Ni bond distance (Ryiy) In
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Figure 3. a) XRD patterns of carbon-supported MoN, NiMoN,, H,-
reduced NiMo, and NiMo precursors. XANES spectra of b) Ni K- and
c) Mo K-edges from NiMo nanoparticles and NiMoN, nanosheets as
well as Ni and Mo foils. d) Fourier transformed magnitudes of the k*-
weighted Ni K-edge EXAFS data and first-shell fit for NiMoN, (k=the
photoelectron wavenumber).

NiMoN, of (2.502+0.019) A is slightly longer than those in
bulk Ni material (2.490 A) and in Ni,Mo;N (2.468 A). In
contrast, the Ni-Mo bond distance (Ryjy,) in NiMoN, of
(2.748 £0.026) A is found to be shorter than that in the bulk
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NiMo alloy of 2.800 A. The coordination numbers obtained
from the fitting analysis show the notably higher value of
7.3+ 1.5 for Ni—Ni bonds compared to that in bulk Ni,Mo;N
material (Nynipux = 3.0), whereas a lower number for Ni-Mo
bonds was found (Nyim,=4.7+1.5 vs. 9.0 for the bulk
material). This finding indicates that more Ni—Ni bonds are
present in the Ni,Mo;N phase of the NiMoN, nanosheets.

A theoretical study on a solute-host system predicted the
segregation of nickel to the surface of the NiMo alloy."
Recently Eijsbouts et al.'™ reported that Ni segregated from
commercial NiMo/AlLO; catalsyts during ultradeep hydro-
desulfurization (HDS) of diesel fuel. In the present NiMoN,
system, the high Ny and low Ny, demonstrated that Ni
segregated to the surface of NiMoN, and formed a Ni-rich
domain. This result corresponds well to the previous EXAFS
studies on the NiMo system. Bouwens et al.l'l described the
decoration of MoS, edge sites with Ni in the NiMoS system as
the result of segregation. Hamabe et al.l'” found that the Ni—
Ni coordination number obtained from the spent NiMoS
HDS catalyst was approximately three times greater than that
of the fresh catalyst because of segregation, and they
observed destacked MoS,-like slabs. Therefore, the particle-
to-sheet transformation observed in NiMoN, is highly related
to the segregation of the Ni phase during the nitriding process.

We investigated the HER activities of NiMoN,/C and
MoN/Cin 0.1m HCIO, solution using a typical three-electrode
setup. As a reference point, we also performed measurements
using a commercial Pt catalyst (E-TEK 20 wt% Pt/XC-72)
exhibiting a high activity for the HER (with a near-zero
overpotential).

In Figure 4 a, the polarization curve from MoN/C showed
a small onset potential of —157 mV versus a reversible
hydrogen electrode (RHE) for the HER (determined from
the semi-log plot as shown in Figure S2 in the Supporting
Information), beyond which the cathodic current rose rapidly
under more negative potentials. It was interesting to observe
that the NiMoN,/C catalyst showed an even more positive
potential of —78 mV than MoN/C. In sharp contrast, the
NiMo/C catalysts exhibited a further negative and indistinct
potential for the HER and a small current density. The
overpotential for the HER on the NiMo alloy does not agree
with that reported in the literature (=72 to —93 mV vs.
a normal hydrogen electrode, NHE).['¥ The high overpoten-
tial of NiMo nanopaticles can partially be ascribed to the
surface oxide layer formed upon exposure to air. (Details of
the other factors as well as the effect of the oxide layers on the
current are described in Figure S9 in the Supporting Infor-
mation.) Linear voltammetry in 0.1m HCIO, solution dem-
onstrated that the NiMoN,/C catalyst is fairly corrosion-
resistant in the electrolyte (Figure S8 in the Supporting
Information); it showed a low current density up to a potential
of +0.84 V versus RHE, indicating that the presence of
nitrogen significantly stabilized NiMoN, nanosheets in an
acidic medium. NiMo nanoparticles also showed a relatively
low current density up to +0.6 V versus RHE; but this is
presumably due to passivation by oxide layers, and eventually
NiMo/C undergoes dissolution at higher potentials. The oxide
formation on NiMo nanoparticles is also observed by XANES
analysis. Although the presence of oxide layers imparts the
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Figure 4. a) The polarization curves and b) corresponding Tafel plots
of MoN, NiMoN,, Pt/C catalysts, and graphite (XC-72) in 0.1 M HCIO,
solution (scan rate 2 mVs™'). c) The polarization curves of NiMoN,/C

and H,-reduced NiMo/C before and after potential sweeps
(—=0.3+0.9 V) for 2000 cycles in 0.1 M HCIO, solution.

passivation in acidic solutions, it may deteriorate the catalytic
activity, resulting in a high overpotential.

The Tafel curves recorded on NiMoN,/C, MoN/C, and Pt/
C (Figure 4b) exhibited classical Tafel behavior, clearly
indicating that the HER can be described using the Tafel
equation. The curves in the low current density region, as
presented in Figure 4 b, showed Tafel slopes of 30.1, 35.9, and
545mVdec™! for Pt, NiMoN,/C, and MoN nanosheets,
respectively. The Tafel curve of MoN clearly demonstrated
that the HER occurs through a Volmer-Heyrovsky mecha-
nism, that is, the slow step is the electrochemical desorption of
H, and H;0" to form hydrogen. The HER onset potential
and Tafel slope of bulk Mo metal are 0.23 V and 74 mV dec™'
(Figure S10 in the Supporting Information). The compara-
tively lower onset potential and the smaller Tafel slope of
MoN than those of bulk Mo demonstrate that the presence of
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nitrogen in the Mo lattice favors proton adsorption kinetics.
This can be attributed to the reduced ability of nitrides to
donate d electrons as mentioned in the XANES section. The
onset potentials, Tafel slopes, and exchange current densities
are listed in Table 1 (the exchange current densities were
determined as shown in Figure S3 in the Supporting Infor-

mation).

Table 1: Onset potential, Tafel slope, and exchange current density (jo) of
different catalysts.

Catalyst Onset potential Tafel slope Exchange current
[mV]® [mVdec™] density [mAcm=2|®!

MoN/C —157 54.5 0.036

NiMoN,/C —78 35.9 0.24

Pt/C 0 30.1 0.78

[a] The potential at which the hydrogen evolution occurred measured
versus RHE. [b] Determined from Figure S3 in the Supporting Informa-

tion.

For NiMoN,, the low Tafel slope of 35.9mV dec™
suggests that the recombination of two H,4 is accelerated
by the elimination of a part of the excess energy, liberated in
the union of the two hydrogen atoms, by the NiMoN, surface.
The HER mechanism appears to change as Ni is incorporated.
Here hydrogen evolution occurs through a Tafel-like mech-
anism. As aforementioned in the EXAFS results, Ni segre-
gates to the surface or edges of the Ni,Mo;N phase. The Ni-Ni
distance was found to increase, but the Ni-Mo distance
decreased upon nitride formation. The increase in the Ni—-Ni
distance causes the contraction of the Ni d-band, which would
give a higher density of states near the Fermi level. On the
other hand, the decrease in the Ni-Mo bond length down-
shifts the d-band center of the Mo atoms neighboring Ni
relative to the Fermi level. The downshift of the d-band center
has been correlated with a decrease in the hydrogen binding
energy!"” which leads to a relatively moderate Mo—H binding
strength, and in turn supports the recombination of two H,g,
atoms.

Recently, Navarro-Flores etal.® have proposed an
electrocatalytic synergetic effect for enhanced hydrogen
evolution kinetics on NiMo, NiW, and NiFe bimetallic
alloys. Considering the exchange current density (j,) of the
NiMo alloy (20.5 A cm?) presented by Navarro-Flores, the
present NiMoN, catalyst exhibited a comparatively high j, of
0.24 mA cm™ (j, was determined as described in Figure S3 in
the Supporting Information). We attribute this high j, to the
unique exfoliated sheet nanostructure that affords plenty of
highly accessible reactive sites, and to the enhanced reaction
kinetics because of the d-band modification as discussed
above.

To assess the long-term durability of the NiMoN, catalyst,
potential sweeps were conducted from —0.3 to +0.9V for
2000 cycles. After cycling, the catalyst retained a polarization
curve similar to that before testing (Figure 4c), indicating that
the NiMoN, catalysts maintained its unique nanosheet
structure over a long time in an acidic environment. The

same experiment on the NiMo particles showed degradation
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of the activity. These results afforded evidence for the
stabilizing effect of nitrides on the NiMo bimetallic structure.
In conclusion, a heterogeneous electrocatalytic hydrogen-
evolving system has been created from earth-abundant and
inexpensive components. With highly exposed reactive sites
and a synergism among its components, the NiMoN,/C
catalyst exhibited an excellent activity for the HER with
a small overpotential of 78 mV, a high exchange current
density, and a Tafel slope as small as 35 mV dec™!. This is the
smallest Tafel slope reported to date for a non-platinum
catalyst, suggesting Tafel-like recombination as the rate-
limiting step in the catalyzed HER. In acidic media, the
NiMoN, nanosheets can be used without noticeable corro-
sion. Our XANES results provided an approach to under-
standing the electronic properties and the stabilizing effect of
nitrogen on the metallic states of Ni and Mo. Further work is
needed to characterize the local distribution of surface Ni and
to optimize the ratio of components to improve the perfor-
mance of this promising type of catalyst for the HER.
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