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The hydrogen evolution reaction (HER) from water is governed by the electrocatalysts used. Multiple factors
such as crystal structure, composition and morphology dictate the final catalytic performance. However, as
multicomponent materials are developed to replace noble metals in the HER, it has become increasingly
difficult to identify intrinsically active materials. Hence, there is an imperative for phase-pure catalysts to
be synthesized and tested without obscuring contributions from impurities or substrates. Herein, we
demonstrate that phase-pure, unsupported CosMosN achieves a competitively low overpotential (OVP)
of 108 £ 8 mV at 10 mA cm~2 in 0.5 M H,SO,. Density functional theory (DFT) reveals weakly binding
metal sites as the catalytic centres for the HER in the nitride. Remarkably, the N-deficient CozMozNg s

shows similar electrochemical properties but has limited chemical stability under cathodic bias. Thus,
Received 28th September 2021

Accepted 13th December 2021 even though nitrogen sites play only a minor role in catalytic performance, their occupancy is crucial for

the stability of nitride catalysts in the corrosive electrolyte. The composite of CozMosN on Ni-foam

DOI: 10.1039/d1t208389a sustains 10 = 1 mA cm™2 at an applied potential of just 20 mV over extended time, highlighting the utility
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Introduction

Renewable energy sources are intermittent as seasonal changes
limit their operation at full capacity.* Hence, to mitigate the
mismatch between supply and demand it is important to
address the natural swings in energy output by storing the
excess of renewable energy as fuels rather than halting the
production.>* Hydrogen is an excellent fuel and can be
produced sustainably by water electrolysis in an electrolyser.?
Proton Exchange Membrane (PEM) electrolysers are compact
units for the production of green hydrogen from water at
appreciable rates.>” The short start-up times and load flexibility
make PEM electrolysers ideally suited for integration with
renewable energy sources. However, platinum (which is the
electrocatalyst of choice for PEM electrolysis) is scarce and
expensive, making the search for electrocatalysts composed of
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of nitrides for the future design of stable and active HER catalytic systems.

earth-abundant elements important.®* Non-precious metal
alloys are cheaper alternatives to Pt but their poor stability in
acids makes them a suboptimal choice for PEM electrolysers.***
This limitation may be overcome by employing ternary nitrides
instead of alloys, as a recent report demonstrated the superior
stability of binary molybdenum nitrides over Mo metal in acidic
conditions.*

Remarkably, ternary nitrides have remained relatively unex-
plored as electrocatalysts in acidic media up to date (Table S17)
and those nitrides that had delivered OVPs in the vicinity of
100 mV at 10 mA cm™ > were generally synthesized with poorly
defined crystal structure and compositions. Many investigated
nitride catalysts contained impurity phases and/or were
composite materials, with for example, high surface area metal-
foam or carbons.**® This makes the explanation of their cata-
Iytic properties by theory a complex task because it is very
challenging to build reliable computational models for multi-
phase systems."'** On the other hand, the electrochemical
tests on materials that are free from substrates and secondary
phases can provide a robust benchmark for comparison
between existing and development of future nitride materials.
However, despite being detrimental (especially when it comes to
multicomponent systems), the studies of phase-pure, free-
standing nitrides are rare®®>* and attempts to decouple the
role of confounding factors (such as impurities and substrates)
from the intrinsic catalyst's performance are urgently needed.

J. Mater. Chem. A, 2022, 10, 855-861 | 855


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ta08389a&domain=pdf&date_stamp=2021-12-29
http://orcid.org/0000-0002-2594-9605
http://orcid.org/0000-0001-7751-4593
http://orcid.org/0000-0001-8222-7193
http://orcid.org/0000-0001-9150-5941
http://orcid.org/0000-0002-3754-5819
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ta08389a
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA010002

Open Access Article. Published on 13 December 2021. Downloaded on 4/5/2026 1:34:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

Here, we report that phase-pure CozMozN and Co;Mo;N 5
tested in free-standing form can deliver an OVP of just over
100 mV at 10 mA cm ™2 in 0.5 M H,SO,. Hence, they outperform
any free-standing metal nitrides previously reported in acidic
electrolyte and thus, are intrinsically catalytic. Remarkably, the
initial computational studies point out that the calculated free
energy of hydrogen adsorption (AGy) on a single metal site is
close to the optimal thermodynamic value of AGy = 0. However,
the multiple adsorption sites model suggests that the HER
proceeds over the weakly bonding metal sites with AGy > 0.
Finally, we demonstrate that a composite material consisting of
single-phase Coz;Mo;N on Ni-foam can deliver a very strong
performance by sustaining the benchmark current densities of
10 + 0.7 and 50 + 5 mA cm ™ at the applied potentials of only
20 mV and 80 mV respectively in 0.5 M H,SO,.

Experimental
Synthesis

Cos;Mo;N was synthesised using an ammonia-free reaction
route (ESIt for detailed procedures). An oxide precursor was
converted into Co;Mo;N at 750 °C in the flow of H,/N, gas for 5
hours. Heating Co;MozN at 750 °C for 2 hours in the flow of H,/
Ar gas produced an isomorphic (morphology preserved),
nitrogen-deficient CosMo;N, 5.>* Heating an oxide precursor on
Ni-foam at 750 °C in the flow of H,/N, gas for 5 hours produced
the composite Co;MozN on Ni foam material.

Materials characterisation

Powder X-ray diffraction (PXRD) was carried out on a Rigaku
MiniFlex 6G equipped with a D/teX Ultra detector, a 6-position
(ASC-6) sample changer and Cu sealed tube (K,; and K,
wavelengths — 1.5406 and 1.5444 A respectively) operating in the
Bragg-Brentano geometry. A sample was carefully spread over
a silicon zero-background holder and flattened with a glass
slide. In the case of Co;Mo;N on Ni-foam, the sample was
attached with a scotch tape to the zero-background holder. Data
collection was carried out using Rigaku SmartLab Studio II
software (Rigaku Corporation, 2014).

The stability studies were carried out by measuring PXRD
directly on glassy carbon electrodes using the custom-built
bracket*® on the Panalytical Xpert-Pro diffractometer with the
Cu Ka. (A = 1.54184 A) source operating in the Bragg-Brentano
geometry.

Rietveld refinements® of PXRD data were carried out using
GSAS-II software.”® Refined parameters included unit cell
parameters, sample displacement, strain, and crystallite
broadening, as well as atomic position and Ujs, for transition
metals. Background was fitted using shifted Chebyshev poly-
nomic shape. Pseudo-Voigt function was used for peak shapes.

Nitrogen adsorption-desorption isotherms were measured
at —196 °C using a Quantachrome Autosorb Evo unit. The
samples were degassed at 80 °C overnight under vacuum before
the measurement.

Scanning Electron Microscopy (SEM) was performed using
a Philips XL30 ESEM instrument equipped with an Oxford
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Instruments X-act spectrometer for Energy Dispersive X-ray
Spectroscopy EDXS measurements. The INCA software was
used for the data analysis. Cu foil was used as the calibration
standard for the EDXS. The sample preparation involved
dispersing ca. 1 mg of product in 1 ml of water on sonication for
5 minutes. 100 pl drop of resulting solution was casted on Cu
foil producing a well-spread and homogenous coating on
drying.

The X-ray photoelectron spectroscopy (XPS) was conducted
using a Thermo Fisher Scientific XPS NEXSA spectrometer with
a monochromated Al K alpha X-ray source operating at
1486.6 eV. The high-resolution spectra were recorded at the pass
energy of 50 (eV) and energy resolution 0.1 (eV). The flood gun
was used for the charge compensation. The analysed area was
200 pm?>.

Electrochemical testing

All electrochemical measurements were performed using a Bio-
logic SP-150 potentiostat with a three-electrode setup in a single
cell compartment in 0.5 M H,SO, (ESI{ for a detailed proce-
dure). The experimental errors were obtained by performing at
least three independent measurements and by taking the
deviations between these measurements as an error.

DFT simulations

Surface structures were optimized in Vienna Ab initio Simula-
tion Package (VASP 5.4.4), which implemented Projector
Augment Wave (PAW) based on plane-wave basis.”>*® At least
10 A of vacuum was implemented in our models to avoid layer
interactions. Due to the large size of the unit cells, I'-point was
used to relax the structure. A I'-point centred at 3 x 3 x 1 k-
mesh was used for static energy calculations. The cut-off energy
of plane wave basis was set at 550 eV. The exchange functional
was the Perdew-Burke-Ernzerhof (PBE) of Generalized Gradient
Approximation (GGA). In all calculations, the magnetic
moments of the atoms were initially ferromagnetically aligned.
Additional details are provided in the ESL{

Results and discussion

The phase purity of the product prepared in H,/N, gas flow was
assessed by powder X-ray diffraction (PXRD) with the resulting
pattern matching the simulated pattern of CozMo3N. Therefore,
the Rietveld refinement of the PXRD data (Fig. 1a and Table S2}
for the refined parameters) was carried out using a previously
reported CozMo;N structure (Fig. S11) as a model.** The results
revealed that Co;MozN was the only product, and no other
crystalline phases were present. The cubic unit cell parameter (a
= 1101.39 + 0.03 pm) is marginally smaller than literature data
which is consistent with the results of elemental analysis for
nitrogen (experiment N: 2.79 + 0.04 wt%, theory N: 2.93 wt%)
suggesting a minor nitrogen non-stoichiometry.?>3*?
Similarly, the PXRD diffraction pattern of CosMos;N annealed
in H,/Ar was consistent with the simulated one for previously
reported for Co;Mo;N, 5. The Rietveld refinement of the PXRD
data (Fig. 1b and Table S3+ for the refined parameters) further

This journal is © The Royal Society of Chemistry 2022
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Fig.1 Rietveld refinement of PXRD data (CuK,) for (a) CozsMo3zN and (b) CosMozNg 5 using a structure model based on CozMosN structure (space
group: Fd3mz). Measured data are shown as crosses; the calculated profile is shown by a solid red line. The difference profile is shown as blue line
along the bottom of the plot. Vertical bars represent the reflection positions for the phase. High magnification SEM images for (c) CozMozN and

(d) CO3MO3NQ_5.

confirmed the single-phased nature of the sample with the unit
cell parameter a = 1088.10 £ 0.01 pm. Hence, it is in an
excellent agreement with the previously reported value of a =
1088.24 pm for a sample with composition determined as
Co3zMo3N, 5 by neutron diffraction.”® Therefore, we concluded
that the N-content in our sample must be close to the expected
value of 0.5. This was further confirmed by with the results of
elemental analysis on our sample which was consistent with the
expected nitrogen content = 0.5 within the error of the
measurement (CosMozN, 5 — experiment: N: 1.43 + 0.04 wt%j;
theory: N: 1.48 wt%).

Since the morphology of a catalyst may play an important
role in the catalytic properties Scanning Electron Microscopy
(SEM) was carried out to investigate the morphologies of
Co3;Mo;N and CozMo;N, 5. The images (Fig. 1c and d) demon-
strate that both nitrides showed similar surfaces and thus,
confirming that the conversion of Co;Mo;N into Co;MozNj 5
proceeds through a topotactic reaction. Topotactic reactions
often lead to retention of the morphology between the precursor
and the product. Therefore, the comparison between electro-
catalytic properties of two materials is simplified due to simi-
larity of their morphologies. Analysis with Energy Dispersive X-
ray Spectroscopy (EDXS) showed that both nitrides had the
same Co to Mo ratios (Table S4+t). Furthermore, according to gas

This journal is © The Royal Society of Chemistry 2022

adsorption measurements both nitrides showed low surface
areas of ca. 2 m> g~ ' (Fig. S21). The similarity of the morphology
and surface areas of the nitrides imply that any difference in
catalytic performance between two nitrides could be attributed
to the difference in their intrinsic crystal structure and stoi-
chiometry. Overall, the SEM, EDXS and adsorption studies point
out that the only difference between these two isomorphic
nitrides is the occupancy of the N-sites.

Coz;Mo;N is a metallic compound® and thus, it is highly
conductive making it a promising target for electrocatalytic
studies. Although Co;Mos;N prepared through an ammonia
route has been tested for the oxygen evolution reaction in
alkaline media and showed relatively good performance;**
rather intriguingly, when it was tested for the HER in acidic
media* it was unable to achieve a benchmark current density of
10 mA cm ™2 Therefore, it has been deemed as inactive and has
not been investigated by any other groups since then.

Surprisingly, we found that Coz;Mo;N and CozMo;Nj 5
demonstrated overpotentials (OVPs) of 108 + 8 mV and 117 +
12 mV at 10 mA cm’ * respectively when tested by linear-sweep
voltammetry (LSV) in 0.5 M H,SO, (Fig. 2a). The standard
deviations on the OVP values come from the numerous samples
tested with all samples consistently showing OVPs close to
100 mV at 10 mA cm 2. Furthermore, both Cos;Mos;N and

J. Mater. Chem. A, 2022, 10, 855-861 | 857
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Fig. 2 Electrochemical studies on CozMozN and CozMozNg s in 0.5 M H,SO,. (@) Comparison of the current densities obtained by linear sweep
voltammetry at a scan rate of 5 mV s™. Dashed line provides a guide to the eye at a current density of 10 mA cm™2. (b) Tafel plots and cor-
responding Tafel slopes. All current densities were corrected for resistance. (c) Current density differences of nitrides plotted against scan rates.
The double layer capacitances (Cp ) measured at 160 mV (vs. RHE). (d) Chronoamperometry profiles at an applied potential of —110 mV and

—128 mV (vs. RHE).

CozMo;3N, 5 catalysts achieved respectable cathodic current
densities of more than 500 mA cm > (Fig. S31). In addition, the
evaluated turnover frequency (TOF = 14.1 s~ ) at the bench-
mark current of 10 mA ecm ™2 (calculated following previously
reported approach in the ESIf)* suggests high catalytic
performance. These results are comparable to some of the
highest values previously reported for free-standing nitride
materials (Table S17). Therefore, we could not rationalize the
reason for poor catalytic activity found in Co;Mo;N in previous
research.” A possible explanation could be the difference in
synthetic methods, i.e. ammonia synthesis compared with H,/
N, route employed in our work. This could result in a different
stoichiometry on the N-site. However, the nearly identical
electrocatalytic performance of CosMo;N and Coz;MosNg s
suggests that nitrogen positions play a very limited role as active
sites in the HER, otherwise both nitrides would have had
a different catalytic performance due to the difference in N-
stoichiometry. From this perspective, 5% H,/N, gas mix
(which is non-flammable at such low dilution levels) appears to
be a viable substitution to ammonia. Ammonia has high vapour
pressure and toxicity. This hinders its use even in well-equipped
chemistry departments and prevents wider research into nitride
materials.

858 | J Mater. Chem. A, 2022, 10, 855-861

This striking similarity in electrochemical performance of
two nitrides is further confirmed by the analysis of corre-
sponding Tafel plots. Almost identical slopes of 80 + 8 mV and
79 + 6 mV dec ™" for CosMo;N and CozMo3N, 5 (Fig. 2b) suggest
that the kinetics of the HER on the surface of either nitride must
be the same. Although the attempts to select the current density
range with a minimum transport limitation (for example, due to
the bubble formation and diffusion) has been made, mass-
transport correction are required to determine the rate deter-
mining step governed by electron transfer.***” These corrections
are incredibly difficult to implement in practice on poly-
crystalline powders. Therefore, it is common to observe devia-
tions from the “classical” slopes of 40 mV dec™" (Heyrovsky
mechanism) and 30 mV dec " (Tafel mechanism) (Table S17).
However, the similarity in Tafel slopes acts as an indicator that
the nature of HER on both nitrides is the same and therefore, is
likely independent of the occupancy of the nitrogen sites.

The similarity of the catalytic behaviour between Co;Mo;N
and CozMo;N, 5 was further confirmed by the investigation of
the capacitive currents by cycle voltammetry (CV) curves at
various scan rates (Fig. S4 and S57). The values of the double-
layer capacitance (Cpy) that are believed to be a good proxy of
the catalyst’ roughness factor,* are identical in Coz;Mo;N and

This journal is © The Royal Society of Chemistry 2022
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Co3;Mo;Ng 5 and are 18 4+ 6 and 17 + 4 mF cm™ 2 respectively
(Fig. 2c¢). This confirms that in both nitrides the catalytic
behaviour happens on the same sites (or at least the same sites
undergo the initial adsorption of hydronium ion at low
overpotential).

We also carried out electrochemical impedance spectroscopy
(EIS) experiments that showed (Fig. S61) the same charge-
transfer resistance (both iR compensated) values of R, = 21 +
7 Q and R = 20 Q £ 8 Q for CosMo;N and Co;Mo;N, 5. This
suggests that high charge-transfer properties and hydrogen
evolution reaction kinetics are the same in both nitrides.

However, when tested at a constant applied potential of ca.
110 mV in 0.5 M H,SO,;, CozMo;N retained the benchmark
current density of 10 mA cm™> over 16 hours, while for
CozMo3N, 5 the current density decreased gradually under
applied potential with time (Fig. 2d). This suggests that the lower
nitrogen content in CosMo3Nj 5 is responsible for the instability
of the catalyst which is in line with the behaviour previously re-
ported in the binary Mo-N system." LSV data also show that
performance deteriorates after 1000 cycles in Co;Mo;Ng 5
(Fig. S71) while the activity of CosMo;N remains unchanged
(Fig. S87). The stability of Co;MosN after electrolysis was addi-
tionally confirmed by PXRD (Fig. S9t) and faradaic efficiency
measurements by gas chromatography (Fig. S101). In addition,
the Rietveld refinement of PXRD data showed (Fig. S117) that the
unit cell parameters of Co;Mo;N before (@ = 1100.4 &+ 0.3 pm)
and after (@ = 1099.8 + 0.4 pm) 1000 cycles are identical within
the standard deviations. As the nitrogen deficiency or degrada-
tion of CozMo;N would result in the measurable shift of unit cell
parameters we concluded that the sample remained unchanged.

In addition, X-ray photoelectron spectroscopy (XPS)
measurements were carried out on CozMosN before and after
1000 cycles in 0.5 M H,SO,. Only minor changes were observed
in the high-resolution Mo 3d, Co 2p and Mo 3p spectra before
and after electrochemical reaction (Fig. S12-S14t) suggesting
that CozMo;N remains unchanged upon cycling. The measured
XPS spectra are nearly identical to previously reported for
Co;Mo;N as well.**** We deconvoluted the XPS data and found
that the spectra displayed a range of binding energies corre-
sponding to different oxidation states (Tables S5-S13t). The
positions of the key peaks in the high resolution Co 2p3/2 at
778.1/778.4 + 0.1 eV (before/after 1000 cycles) and Mo 3d5/2 at
227.7/227.9 + 0.1 eV (before/after 1000 cycles) were in good
agreement with the values of 778.5 eV and 228.2 eV reported by
Hosono's group for CozMo;N prepared in ammonia at 785 °C.*°
These values are consistent with the expected low valent state of
metals due to the intermetallic nature of Co;Mo;N. We noted
that although Mo-O and Co-O oxides were also present (inevi-
table as CozMozN powders were handled in air), the peaks
remained at the same position and intensity before and after
electrolysis. Finally, the analysis of 380-430 eV region, where
both signals from Mo 3p and N 1s are present, showed a striking
similarity with the Mo 3p spectra previously reported in the
literature.* The deconvolution of the spectrum (Fig. S14t)
allowed us to assign the position of N 1s peak at 397.0 + 0.1 eV.
This value is smaller than previously reported of 397.9 eV for
CozMo;N nitride because previous investigators did not

This journal is © The Royal Society of Chemistry 2022
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consider the presence of a small shoulder on Mo 3p1/2 peak
which suggested there was a second component present.
However, the overlapping of Mo 3p3/2 (and corresponding
oxides) with N 1s signal complicated the precise analysis for N
content which appeared to be strongly underestimated.
However, as both samples analysed before and after 1000 cycles
have the same (low N-content of 1.5%) it is unlikely that
decomposition took place during the cycling.

Although our primary goal was to demonstrate that Co;MozN
is a competent catalyst in free standing form; keeping in mind
the potential application of CosMosN in PEM electrolysers, we
designed a method for synthesis of Co;Mo;N directly on Ni-
foam. When heated at 750 °C in H,/N, for 5 hours a metal
oxide precursor immobilized on Ni foam converts into
CozMo;N. According to PXRD analysis the resulting diffraction
pattern of the composite material contains only peaks consis-
tent with Ni and CozMosN (Fig. S15t1). When tested under
applied potential of 20 mV the composite retained the current
density of 10 + 1 mA cm™? for over 16 hours (Fig. S167). In this
respect, it outperforms 20% Pt on carbon which showed the
current densities of 8 + 2 mA cm ™2 at an applied potential of
25 mV for over 16 hours. The catalyst remains stable under
higher current densities as well, for example, when a potential
of 80 mV was applied, it sustained the current density of 50 £+ 2
mA cm 2 over 16 hours (Fig. S16). The performance is similar
with 20% Pt on carbon which demonstrated at the applied
potential of 65 mV the current densities of 35 = 1 mA cm ™2 over
16 hours.

Overall, the experimental observations point out that the
metal sites are likely responsible for catalytic behaviour while the
nitrogen content is governing the stability of the nitrides.
Therefore, to rationalise the catalytic behaviour of Co;Moz;N and
CosMo;N, 5, we carried out DFT simulations of the electronic
structure and investigated the most likely reaction sites. Guided
by the previous theoretical research on activity of Coz;MozN*'
towards ammonia synthesis that found (111)-surface the most
stable we built ten Co;Mo3N-(111) surfaces (Fig. S17-S207). We
then evaluated the surface energies of the various slabs (Table
S147t) to assess the surface composition with the lowest energy
surface, the resulting structure is shown in Fig. 3a. Firstly, there is
a striking similarity of total density of states (DOS) between the
surface with fully occupied nitrogen sites and the surface with
a nitrogen vacancy (Fig. S20-S22}) showing that the electron
rearrangement due to N-vacancies does not affect the overall
electronic properties of the material. Additionally, the Mo-sites in
proximity to the N-site show the same DOS independent of the
occupancy on N-site (Fig. S211). This explains the experimental
findings that Coz;Mo3;N and Co;Mo;3N, 5 show identical catalytic
performance as the N-vacancy does not influence the DOS of
metal sites in proximity to the vacancy. However, the N-vacancy
disrupts a network of corner sharing [MogN] octahedra, which
may explain the lower chemical stability of Co;Mo;3N, 5 under
prolonged electrolysis (Fig. 2d). The calculated energy release of
=~0.6 eV when protons are adsorbed on the vacancy sites indi-
cates that a prolonged electrolysis could destabilise the structure
when excess vacancies are present due to the occupation of these
sites with H as the HER reaction proceeds.

J. Mater. Chem. A, 2022, 10, 855-861 | 859
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Reaction coordinate

(a) The most energetically favourable surface of CosMozN and the optimal reaction sites for the HER in a single site model. (b) The free

energy diagram of the possible reaction sites on the CosMozN-(111) surface at pH = 0. The labels for the reaction sites correspond to the sites

shown in (a).

Tables S15 and S161 give the calculated free energies of
hydrogen adsorption AGy values for all the possible sites and
Fig. 3b shows the optimal sites that could participate in the
catalytic reaction. AGy can be taken as the simplest first order
descriptor for predicting the HER activity in metals and alloys;
and indeed, the closer this value is to zero, the closer the system
is considered to the thermodynamic optimum.*?*** Fig. S237
shows the algorithm and how the model has been built based
solely on the single adsorption site model (see Fig. S24-S327 for
a better visualisation of the location of H on all sites in this
model). In this simulation the hollow H2-OUT site has a AGy =
0.03 eV. This value places Co;Mo;N into the optimal range in
comparison with transition metals when plotted against
exchange current densities (Fig. S337). Therefore, this model
explains fairly well the relatively low OVP observed in
CosMo;3N.**4 However, this is a simplified picture as the
presented model is based on a single adsorption site. In prac-
tice, as the HER progresses, the protons could adsorb on
multiple sites.

It has been proposed that the strongly adsorbing sites with
negative AGy act as spectators rather than participating in the
HER while the weakly bound hydrogens (enabled on sites with
the AGy > 0) drive the HER forward.>*>** Therefore, we modelled
the impact of the presence of strong adsorption sites (H3 > H1 >
B1 > B4) on the reactive ability of the H2-OUT site (Tables S17 and
S187 for the AGy of the sites and Fig. S34+ for the algorithm how
the model was built). The most stable configuration in the
multiple site model is achieved when the reaction happens on
the H2-IN site (see Fig. S35t for a better visualization). This site
has AGy = 0.13 eV when two strongly adsorbing H1- and H3-sites
are occupied. In addition, the adsorption is also possible at this
point on the T2-site (unstable in the case of single site model).
Thus, the overall trend, leading to the increase in AGy when
multiple sites are occupied may explain that contrary to the
simplified single site model (which gave a reaction site with AGy
~ 0 eV) CozMo;N is still inferior to Pt. However, as in both
models the adsorption of the hydrogen on the H2-IN site

860 | J Mater. Chem. A, 2022, 10, 855-861

(Fig. S351) which is in close proximity to the Co site suggests that
the catalytic ability of Co;Mo;N may be tuned by substitution of
Co with other transition metals such as Fe, Ni or Mn.

Conclusions

In summary, in CozMo;N it is the Co-site which appears to be
catalytic even when a more complex model with adsorption on
the neighbouring sites is considered. The intrinsic activity and
stability of Co;MozN as a catalyst for the HER highlights an
important feature of transition metal nitrides: while being
inherently more stable than traditional metal alloys they could
also have the metal sites that show AGy ~ 0 eV. This suggests
that corrosion-resistant transition metal nitrides, such as
Cos;Mo;N, may be re-designed into extrinsically superior cata-
Iytic systems by adopting the key principles from traditional
transition metal alloy systems, such as nanostructuring and/or
interaction with electroactive substrates. We examined the val-
idity of this approach by testing a composite consisting of
CosMo3N on Ni-foam. This was found to be highly active
towards the HER suggesting the adaptability of ternary nitrides
as viable alternatives to noble metals in PEM systems.
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