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ABSTRACT

As the urgency to reduce reliance on fossil fuels increases due to carbon dioxide emissions,
hydrogen produced by renewably powered water electrolysis has emerged as a promising
technology. Alkaline electrolyzers typically exhibit lower current densities than acidic
electrolyzers due to the slow kinetics of the hydrogen evolution reaction (HER) under alkaline
conditions. This work developed Pt- and Au-modified transition metal nitride (TMN) thin films
for improving alkaline HER kinetics. One monolayer (ML) Pt-VN, Pt-Mo:N, and Pt-TiN were the
most promising thin film catalysts, with alkaline HER activity approaching that of a bulk Pt foil.
Additionally, the Gibbs free energy of adsorbed hydrogen was identified as a useful descriptor for
alkaline HER activity on TMN and TMN-supported catalysts and has the potential to guide future
studies on TMN-based catalysts for enhancing alkaline HER. For practical applications, the thin
film catalysts were then extended to Pt- and Au-modified TMN powders for alkaline HER. Both
5 wt.% Pt/TiN and 2 wt.% Pt/TiN powders exhibited lower overpotentials at 5 mA/cm? when
normalized by Pt electrochemical surface area than the commercial 5 wt.% Pt/C benchmark,
suggesting a Pt-TiN synergy that creates opportunities for more cost-effective alkaline HER
cathodes. Moreover, 20 wt.% Au/Mo:N also displayed an enhancement in HER activity when

compared to the commercial 20 wt.% Au/C benchmark.



1. INTRODUCTION

Hydrogen is recognized as a source of clean energy in addition to its applications in processing
fuels and chemicals, such as petroleum refining, ammonia production, and methanol synthesis. !
New applications in emerging CO> conversion processes have also contributed to growing
hydrogen demand.’ However, current methods of hydrogen production have significant carbon
footprints, with 95% of hydrogen in the U.S. reportedly produced by steam methane reforming
and 4% by coal gasification in 2020.* Globally, these carbon-intensive production methods emit
830 million tons of CO, annually.? Decarbonizing hydrogen production through renewable
methods such as water electrolysis powered by carbon-free electricity offers opportunities for
addressing future hydrogen demand while reducing carbon footprint.

Water electrolysis uses electricity to drive hydrogen production from water through the cathodic
hydrogen evolution reaction (HER), balanced by the oxygen evolution reaction (OER) at the
anode. The kinetics of HER in acidic environments are faster due to the rapid formation of
hydrogen intermediates from H3O",> but the corrosive environment of acidic water electrolysis
requires components such as electrodes and bipolar plates to be manufactured with materials
containing rare and expensive elements such as Pt, Au, and Ir.% Alternatively, alkaline electrolyzers
can be manufactured from Earth-abundant materials such as Ni and stainless steel, making them
more cost-effective.® Currently, Ni-based catalysts are the state of the art for alkaline HER but
suffer from low current densities that lead to larger electrolyzer stacks and space requirements.
Although Pt exhibits higher current densities for alkaline HER than Ni,’ the Pt loading needs to be
significantly reduced.®!°

Transition metal nitrides (TMNs) are promising catalytic supports because the electronic

properties of TMNs are often similar to those of Pt-group metals, offering the potential to support
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a low coverage of Pt while maintaining HER activity similar to bulk Pt.!! One study by Mou et al.
showed that depositing one monolayer (ML) of Pt on a WN film demonstrated a similar HER
activity to that of a bulk Pt film in acidic conditions.'> Meanwhile, the same study found that the
Gibbs free energy of adsorbed hydrogen (AGu) on TMNs can be used as a descriptor for acidic
HER activity on TMN films.!? AGy is often used as a descriptor of HER activity because the
adsorption of hydrogen atoms appears in all three steps of the Volmer-Tafel-Heyrovsky HER
mechanism. '3

In this work, TMN thin films of Ti, Mo, W, V, and Ta were synthesized and then modified with
Pt and Au. While Pt shows excellent HER activity, Au was also investigated to elucidate if TMNs
can enhance the alkaline HER performance of other precious metals. The film electrocatalysts
were tested to obtain exchange current densities (logio(io)) that were used to quantify alkaline HER
activity. The activity was then correlated with AGu from density functional theory (DFT)
calculations that yielded a volcano-type relationship. The shape of the plot emerged due to the
unmodified TMNs binding hydrogen too strongly while the Au-modified TMNs bind hydrogen
too weakly, both of which decreased alkaline HER activity. AGy was therefore revealed to be a
descriptor of alkaline HER activity for TMN-based catalysts, with Pt-modified TMNs exhibiting
the highest alkaline HER activity due to an ideal binding strength of hydrogen. The results from
thin films were then extended to more practical powder catalysts. To determine the oxidation states
of Pt and Au under alkaline HER conditions, the powder catalysts were further characterized using
in-situ X-ray absorption spectroscopy (XAS).
2. METHODS

2.1. TMN Thin Film and Powder Synthesis and Characterization. TMN thin films of Ti,
Mo, W, V, and Ta, were synthesized according to previously published methods.'? As reported
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previously, the composition and structure of the TMN thin films were analyzed using glancing
incidence X-ray diffraction spectroscopy (GI-XRD) at an X-ray incident angle of 1°. GI-XRD
revealed the formation TMN thin films, and the results were consistent with previously published
studies of TMNs (Figure S1).!? Based on the results of GI-XRD characterization, the TMNss in this
study will be referred to as: VN, Ta3Ns, WN, MoxN, and TiN. The TMN thin films were modified
with ML of Pt or Au using physical vapor deposition (PVD).!%14-16 After modifying these TMN
films with Pt and Au overlayers, the films were again characterized by GI-XRD and the results
were found to be consistent with other published data (Figure S2).!? XPS analysis confirmed the
presence of Pt and Au on the surface of the TMN films after PVD (Figure S3). Additionally, all
the TMN films exhibited XPS peaks corresponding to their respective TMNs indicating that TMNs
were present at the surface of the films. The XPS spectra of the TMN thin films in this study were
also consistent with previously published work.!%!"-23

TiN powder was synthesized according to previously published methods.!'*?* Mo,N powder was
synthesized by first heating ammonium paramolybdate in a muffle furnace for 4 hours at 500 °C.
Then the same procedure that was used for the metal foils was employed except that the
temperature was held at 750 °C for 2 hours. Incipient wetness impregnation (IWI) was used to
synthesize 5 wt.% and 2 wt.% Pt-modified TiN powders and 20 wt.% and 5 wt.% Au-modified
MoxN powders.

2.2. Powder Catalyst Electrode Preparation and Characterization. Powder catalyst
electrodes with 0.5 mg of catalyst per geometric cm? were prepared according to previously
published methods.!?> Commercial 5 wt.% Pt-modified and 20 wt.% Au-modified Vulcan XC-72
carbon powders (Premetek Co.) were used as benchmark catalysts. The electrochemical surface

area (ECSA) of the Pt-modified powder electrodes were quantified using copper-stripping.'??>2



For Au-modified powder electrodes, the copper-stripping method for determining ECSA could not
be performed on the Au/MoxN powder catalysts due to the poor electrochemical stability of Mo,N
in oxidative environments.'? Other methods for measuring ECSA such as double layer capacitance,
CO stripping, and AuO CV peak analysis were also unable to accurately measure the ECSA for
the Au/Mo2N powders. Therefore, the electrochemical results of Au-modified electrodes were
normalized by the geometric surface area.

2.3. Electrochemical Activity and Stability Measurements. Electrochemical activity
measurements were performed in a three-electrode electrochemical cell set-up using previously
described methods except that an alkaline (0.1 M KOH) electrolyte was used.!??’?® Turn over
frequency (TOF) analysis was also performed on the Pt-modified catalysts by employing
previously published methods.'>? To test the stability of the powder catalyst samples, two-hour
chronopotentiometry (CP) measurements were performed at -5 mA/cm?gcsa for the Pt-modified
catalysts and -5 mA/cm?ge, for the Au-modified catalysts.

2.4. In-situ X-ray Absorption Spectroscopy Measurements. /n-situ X-ray absorption spectra
were measured at the 7-BM beamline of the National Synchrotron Light Source II at Brookhaven
National Laboratory. The in-situ data was collected using previously described methods in 0.1 M
KOH electrolyte.!>30-32
3. RESULTS AND DISCUSSION

3.1. Alkaline HER Activity of TMN and Metal-modified TMN Thin Films. The alkaline HER
performance of unmodified TazNs, TiN, VN, WN, and Mo;N, as well as Pt-modified and Au-
modified thin films of these TMNs, was compared through LSV measurements. In Figure 1a, none
of the unmodified TMNs exhibited lower overpotentials than Pt; however, WN and MooN

displayed lower overpotentials than bulk Au. Among all the unmodified TMNs, WN performed
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the best requiring slightly above -0.45 V vs. RHE (hereafter all potentials will be reported as vs.
RHE) to achieve a current density of -10 mA/cm?seo. After modifying the TMNs with Pt (Figure
1b), 1 ML Pt-VN, 1 ML Pt-MooN, 1 ML Pt-TiN, and 1 ML Pt-TasNs showed improved
performance compared to their unmodified counterparts. 1 ML Pt-VN exhibited an especially
improved performance by achieving a current density of -10 mA/cm?gc, at slightly above -0.2 V,
similar to that of bulk Pt. The results reveal that by modifying TMNs with 1 ML coverage of Pt,

their alkaline HER activity can approach that of bulk Pt.
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Figure 1. Alkaline HER LSV curves for unmodified TMNs (a), Pt-modified TMNs (b), and Au-
modified TMNs (c¢) in Hz-saturated 0.1 M KOH. The dashed lines represent the bulk metals, while

the solid lines represent the TMN-based thin films. (d) Alkaline HER activity quantified by



logio(io) as a function of Pt coverage on TiN thin films and (e) Pt overlayer coverages before LSV

testing, after 5 LSV scans, and after 10 LSV scans of alkaline HER testing for Pt-modified TiN.

In Figure lc, none of the Au-modified TMN thin films showed lower overpotentials than bulk
Pt foil for alkaline HER. However, | ML Au-Mo;N and 1 ML Au-WN had lower overpotentials
than bulk Au foil at -10 mA/cm?eeo. The 1 ML Au-MoxN catalyst exhibited an especially enhanced
performance compared to Mo2N. The overpotential decreased from -0.57 V for MozN to -0.45 V
for 1 ML Au-MoxN at -10 mA/cm?geo.

The relationship between Pt coverage on TMNs and alkaline HER activity was investigated and
exemplified by using Pt-modified TiN thin films with different Pt coverages (Figure 1d). HER
activity, represented by the value of logio(io), increased with Pt coverage on TiN. Additionally,
modifying TiN with a Pt coverage of two ML led to an alkaline HER activity that matched the
activity of bulk Pt. A similar phenomena was also observed in prior work on Pt-modified WN and
NbN.* These results indicate that Pt loadings can be reduced to the ML scale on TMNs and thereby
potentially decrease catalyst cost by orders of magnitude.'”

The stability of the Pt overlayer on the TiN film sample was also investigated. The overlayer
thickness of Pt on the TiN film, calculated from XPS, before LSV testing, after 5 LSV scans, and
after 10 LSV scans is shown in Figure le. After 5 LSV scans in alkaline conditions, the Pt overlayer
on TiN decreased significantly. However, after 5 more LSV scans, the Pt overlayer did not
decrease further on TiN. The decrease in the Pt overlayer was likely due to Pt agglomeration
because Pt dissolution would lead to a further decrease of Pt coverage from 5 to 10 LSV scans.
Similar agglomeration was also observed in previous studies with Pt-modified TMC thin films.>*

3.2. Correlation between Alkaline HER Activity and AGn. To elucidate if AGu can be used

as a descriptor for alkaline HER activity on TMN based catalysts, the logio(io) for each thin film
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catalyst was plotted against their respective DFT-calculated AGu values reported in a previous
publication (Figure 2).!? DFT calculations were performed using the Vienna Ab Initio Simulation
Package (VASP).3>3¢ The bulk structures of MoN, TaN, TiN, and VN were modeled as cubic
structures and bulk phase WN was modeled using a hexagonal closed pack structure. All
calculations were completed for (111) surfaces except MoN and WN, which utilized (001)
surfaces.

The volcano-like shape of Figure 2 is due to the unmodified TMNs binding hydrogen too
strongly and the bulk Au and Au-modified TMNs binding hydrogen too weakly, both of which
correspond to a decrease in alkaline HER activity. Alkaline HER activity is therefore maximized
at a AGn, similar to that of bulk Pt. The results in Figure 2 indicate that AGu can be used as a

descriptor of alkaline HER activity on TMN based catalysts.
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Figure 2. Volcano plot comparing logio(io) for thin films versus calculated AGy for unmodified
TMNs, Pt-modified TMNs, Au-modified TMNSs, and monometallic metals. Dashed lines are drawn

to guide the eyes. AGu values were obtained from a previous publication.!?

3.3. Extension of Thin Film Results to Powder Catalysts. The results of the thin film catalysts
were then extended to more practical Pt- and Au-modified TMN powders for alkaline HER. Based
on the thin film results, Pt/TiN and Au/Mo;N were selected due to their relatively high HER
activity among the Pt/TMN and Au/TMN catalysts, respectively. After synthesizing the TMN
powders, XRD confirmed that the TiN and Mo2N powders consisted of only single-phase TiN and
MozN, respectively (Figures S4-5). The weight loadings of Pt on TiN and Au on MooN were
confirmed using inductively coupled plasma optical emission spectroscopy (ICP-OES) (Tables
S3-4). Transmission electron microscopy (TEM) and Cu-stripping measurements revealed the
average Pt particle sizes and ECSAs of the Pt/TiN and commercial Pt/C powders were similar to
previously published data (Figure S6 and Table S5).!2 The TEM results of the Au-based catalysts
indicated that the Au/Mo2N and commercial Au/C powders had a similar particle size distribution
between 2-4 nm.

The Pt/TiN and Au/Mo2N powder catalysts were tested to validate the trends in alkaline HER
from the corresponding thin film catalysts. The normalized LSV curves (Figure 3b) showed that
the 5% Pt/TiN powder reached a current density of 5 mA/cm?ecsa at -0.16 V and outperformed
the benchmark 5% Pt/C powder. When further decreasing the Pt loading to 2% Pt/TiN, the TiN-
based catalyst was still able to outperform the benchmark 5% Pt/C by reaching a current density
of 5 mA/cm?kcsa at -0.18 V, revealing a synergy between TiN and Pt that enables enhanced HER
activity. Furthermore, turnover frequency (TOF) analysis revealed that 5% Pt/TiN also exhibited

a higher TOF than 5% Pt/C (Figure S7). The 1 ML Pt-TiN thin film likely did not perform as well
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for alkaline HER as compared to the powders due to the weaker interaction between Pt and TiN

when using PVD compared to IWI.
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Figure 3. Alkaline HER LSV curves normalized by geometric surface area (a) and ECSA (b) for
5% and 2% Pt/TiN and commercial 5% Pt/C powders in 0.1 M KOH. (c¢) Two-hour alkaline HER

stability tests at -5 mA/cm?gcsa for 5% Pt/TiN and commercial 5% Pt/C powders in 0.1 M KOH.

The stability of the 5% Pt/TiN powder catalyst was also investigated. After two hours of stability
testing at -5 mA/cm?gcsa in alkaline conditions, 5% Pt/TiN still displayed a lower overpotential
than commercial 5% Pt/C (Figure 3c). The 5% Pt/TiN catalyst showed a stable overpotential after
two hours while the overpotential for 5% Pt/C increased throughout the two-hour stability test.

Furthermore, compared to the stability of the 1 ML Pt-TiN thin film, 5% Pt/TiN powder required
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approximately 0.4 V less overpotential to reach the same geometric current density, thereby
highlighting the utility of powders over their thin film counterparts for practical applications
(Figure S11).

Au/MoxN powders were tested to elucidate if the enhanced alkaline HER activity of Au-
modified Mo2N films could be extended to powder catalysts (Figure 4a). The geometrically
normalized LSV results show that 20% Au/Mo2N exhibited an overpotential of -0.28 V at a current
density of -5 mA/cm?geo which was lower than that of commercial 20% Au/C (-0.36 V). In addition,
5% Au/MoxN exhibited similar alkaline HER performance to 20% Au/C. The Au-modified powder
results follow a similar trend to the Au-modified thin films, which further highlights that thin films

can be used as model systems for designing practical powder catalysts.
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Figure 4. Alkaline HER LSV curves normalized by geometric surface area (a) and two-hour
stability test at -5 mA/cm?eo (b) for 20% and 5% Au/MoN and commercial 20% Au/C powders

in 0.1 M KOH.
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The Au/MoxN powder catalysts were further evaluated through a two-hour stability test at -5
mA/cm?’ge, (Figure 5b). After two hours, both 20% Au/MoxN and 5% Au/MozN exhibited lower
overpotentials than 20% Au/C, confirming the electrochemical stability of the Au/Mo:N catalysts.

3.4. In-situ X-ray Absorption Spectroscopy Characterization. /n-situ XAS was used to
investigate the chemical states of Pt and Au during alkaline HER. As shown in Figure 5a, Pt Ls-
edge X-ray absorption near edge structure (XANES) spectra for 5% Pt/TiN revealed that the white
line peaks at different applied potentials, from OCP to -0.2 V, were the same as the Pt foil,
indicating that Pt remained in a metallic state under alkaline HER conditions.'? Similarly, the white
line peak in the Au L3-edge XANES spectra (Figure 5b) of 5% Au/Mo2N also showed metallic Au
during alkaline HER. Overall, the in-situ XANES results revealed Pt and Au both remained in
their respective metallic states during the reduction process. Since Pt and Au maintained their
metallic states under reaction conditions, this work further demonstrates that simplified thin-film
catalysts and DFT models, which utilize metallic Pt and Au, can be used to guide and inform

electrocatalyst design.
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Figure 5. In-situ XANES characterization of (a) 5% Pt/TiN and (b) 5% Au/Mo:N powder

catalysts.

4. CONCLUSIONS

In summary, unmodified nitride films of Ti, Mo, W, V, and Ta and Pt- and Au-modified TMN
films were synthesized and their alkaline HER activity were compared to bulk Pt and Au foils. The
results showed that depositing one ML of Pt on TMN films significantly enhanced the alkaline
HER activity. The coverage of Pt on TiN was also varied and revealed that the alkaline HER
activity of two ML of Pt on TiN matched bulk Pt foil. In addition to the Pt-modified TMN films,
1 ML Au-Mo;N showed higher HER activity than bulk Au. Plotting the exchange current density,
logio(io), for each film against their AGy calculated from DFT established AGy as a descriptor for
alkaline HER activity on TMN based catalysts. Encouraged by the promising thin film results,
powder catalysts were synthesized and tested for alkaline HER. Both 5% Pt/TiN and 2% Pt/TiN
powder catalysts outperformed the benchmark 5% Pt/C. Similarly, 20% Au/Mo2N outperformed
the benchmark of 20% Au/C catalyst for alkaline HER. These findings highlight the opportunities

for reducing precious metal loading while maintaining HER activity, thereby increasing the
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prospects of alkaline HER for commercial applications.'® The trend established in this work can
also be used to guide the future development of TMN-based catalysts for alkaline HER. Despite
the potential differences in the morphology and structures between thin films and powder catalysts,
it is encouraging to observe the similar trends in the HER activity of these two types of model and
practical catalysts, demonstrating the possibility of using model surfaces to identify active HER

catalysts with lower precious metal loadings.
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