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Elucidating the Effect of Nitrogen Occupancy on the

Hydrogen Evolution Reaction for a Series of Titanium

Oxynitride Electrocatalysts

Guangmeimei Yang,” Yuxiang Zhou,” 9 Mengnan Wang,“? James Murawski,"
Louise I. Oldham,” Tian Tian,” Ifan E. L. Stephens,*™@ and Andreas Kafizas.*® "’

Titanium nitride (TiN) shows desirable properties for use as an
electrocatalyst and catalyst support, as it possesses high
electrical conductivity and excellent corrosion resistance. How-
ever, the effect of oxygen content in the nitride lattice on its
ability to drive the hydrogen evolution reaction (HER) is not
well understood. Here, a series of titanium oxynitrides (TiN,O_,)
with varied nitrogen occupancy (0.53 <x<1.0) in the bulk have
been fabricated by ammonolysis. Their specific activities
towards the HER were normalised by the surface areas
determined by BET and electrochemical methods. We show

Introduction

Population growth, coupled with modern society’s high
dependence on fossil fuels has resulted in a continuous increase
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that the specific activities of these oxynitrides are strongly
correlated with the bulk nitrogen occupancy, despite the similar
surface composition derived from XPS analysis. Furthermore, a
removal of the oxygen content in the bulk or at the surface was
attributed to the upgraded performance (up to 25% increase)
seen during extended chronoamperometry (CA) tests. Our
results show that minimising bulk oxygen content in this class
of material is critical to achieve a more conductive and active
material for the HER.

of CO, concentrations in the atmosphere, which is the primary
cause of climate change.? To curtail CO, emissions, and our
dependence on fossil fuels, energy generation from renewables
is increasing, and when coupled to proton exchange membrane
(PEM) electrolysis, can produce clean hydrogen fuel with almost
a net-zero carbon footprint® However, commercial PEM
electrolysers contain scarce and high-cost platinum group metal
catalysts, which may hinder the mass implementation of PEM
electrolysers to achieve the terawatt-scale needed to meet
global energy demands.”

Early transition metal nitrides (ETMNs) have been consid-
ered as the alternative to noble metals owing to the low cost,
robustness and high conductivity.®® One increasingly popular
strategy being explored is to use robust and conductive
materials as supports for electrochemical water splitting
reactions,” where it has been shown that TiN nanoparticles
have shown a lower rate of electrochemical oxidation compared
with conventional carbon black when supporting platinum
under PEM fuel cell conditions.® Due to its unique electronic
structure and conductivity, TiN was able to bridge oxygen
defected TiO,, and carbon nitride within a heterojunction
system for the photocatalytic generation of hydrogen.” The
high conductivity of TiN comes from the closed-packed
structure and excess d-band electrons of the metal atoms."*""
The electrical resistivity of the nitride (TiN) has been shown to
be ~1.5x107"° Ohm-cm,"? whereas the electrical resistivity of
the oxide (rutile TiO,) is about 12 orders of magnitude higher
(~7.2x10” Ohm-cm)."

It is known that transition metal oxides are typically
semiconductors or insulators™ whereas transition metal
nitrides always show high conductivity."” For example, TiO, has
been widely applied in the field of photocatalysis owing to its
high activity for a range of reactions and stability but is limited

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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by its wide optical band gap in the UV region for solar
applications."® Substitutional doping of oxygen with nitrogen
atoms in this oxide system is the most popular method for
narrowing the band gap of this material."” The introduction of
nitrogen atoms results in a decrease in energy of the valence
band due to the mixing of N 2p orbitals with O 2p orbitals in
the density of states." The complete replacement of oxygen
with nitrogen results in the formation of a metallic material,
titanium nitride (TiN), of rock-salt crystal structure, which has
numerous advantageous properties such as ultra-hardness, high
electrical and thermal conductivity, but to date, has shown
relatively low catalytic performance due to its inert nature and
insufficient access to d band electrons." Studies have been
carried out to make TiN a better electrocatalyst or catalyst
support by increasing its surface area, for example, making TiN
nanowires®?” and nanotubes.”” These methods helped
achieve better overall activities but made the intrinsic activities
per active site mysterious on the other hand. Despite the high
bulk stability of TiN, the surface is susceptible to oxidation.
Nitrogen defects in the lattice of transition metal nitrides are
often filled with oxygen, resulting in the formation of an
oxynitride (TiON).”®! Interestingly, recent studies have shown
that the activities and selectivity of nitrides towards some
electrochemical reactions, oxygen evolution reaction (OER) and
oxygen reduction reaction (ORR), are controlled by the degree
of oxygen incorporation.”**’ However, the effect of nitrogen
occupancy in TiON regarding the intrinsic activity and con-
ductivity for applications as electrocatalyst or catalyst support
in the HER is not currently well understood. To address this,
herein, we synthesised a range of titanium oxynitrides (TiN,O,.,)
with varied bulk nitrogen occupancy (0.53 <x<1.0) and studied
their performance towards the electrochemical HER using a
rotating disc electrode (RDE). The relationship between the
specific activities for the HER of titanium oxynitrides and the
nitrogen occupancies within their bulk structures is found to be
strongly correlated.

Results and Discussion

The titanium nitride phase is reported to form above 900°C.*%
Thus, the nitridation temperatures chosen in this work started
from 900°C, and we investigated 1000°C, 1100°C and 1200°C
also. These samples were denoted as TiN-900, TiN-1000, TiN-
1100, TiN-1200, respectively, with the number indicating the
annealing temperature. A commercial TiN powder was pur-
chased and used as a reference, which was denoted as TiN-
commercial. XRD patterns of the as-synthesised oxynitride
powders confirmed the formation of single-phase rock-salt
TiN,O,, structures (Figure 1). Early transition metal nitrides with
a low oxygen content (<50%) will maintain its most stable
crystal structure, namely the cubic rock-salt structure.””’ The
stoichiometry of the oxynitride TiN, O, controls the phase that
forms, with a transmission point of x located between 0.40-
0.45.2 When x is larger than 0.45, the oxynitride adopts the
NaCl type structure, i.e., the nitride structure. When x is smaller
than 0.4, it will adopt an a-TiO arrangement. Changes in the
value of x, within an adopted crystal structure, will cause the
peaks in XRD patterns to systematically shift in accordance with
Vegard's law (Equation S1).%® The value of x can be determined
if the lattice parameters of the unit cell are calculated and
compared with the parent materials; TiO and TiN. The lattice
parameters of each oxynitride sample were determined by
fitting a Le Bail model to each XRD (Figure S2). Using Vegard’s
law, each value of x was determined,” with x ranging herein
from 0.53 to 1.0. All values of x were higher than the
transmission point (Table S1), which was supported by the fact
that solely the rock-salt structures was observed (Figure 1).
Moreover, the derived values of x (nitrogen occupancy)
increased almost linearly with annealing temperature.

Even though TiN is thermodynamically stable, oxide layer
formation at the surface is still thermodynamically favourable.”
From XPS analysis, which probes up to ~10 nm deep,t” the
oxynitrides formed at various temperatures show a similar
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Figure 1. XRD patterns of TiN,O,., samples produced by ammonolysis at different temperatures from 900°C to 1200 °C (TiN-900 to TiN-1200) and a commercial
TiN sample (TiN-commercial), where x was found to range from 0.53 to 1.0. A close up of the (200) peak is shown on the right.
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surface composition, and indicate the presence of titanium
dioxide, titanium oxynitride and titanium nitride (Figure 2 and
Table S2). This can be attributed to the same exposure to air
and humidity in these samples. The O 1s binding energy region
showed three environments, one at ~529.5 eV that refers to
metal-oxygen bonds,®" one at ~531.8 eV that refers to metal
nitrogen bonds,®? and one at ~533 eV that refers to adventi-
tious surface oxygen.”® TiN-commercial exhibits a 100% bulk
nitrogen occupancy, as determined by XRD analysis, whereas
the surface is terminated by ~50% of oxides, as determined by
XPS. The percentages of areas under the deconvoluted peaks of
Ti 2p, N 1s and O 1s are presented in Figure 3 and Table S2.

(a) (b)

Surface TiO, seen at a binding energy of 458.5 eV,** accounts
for 50-60% in Ti 2p,, spectra, with the fraction of TiN,O,,
remaining almost the same in the series of samples. In N 1s
spectra, Ti-N components (397 eV)** are in majority (40-55 %),
corresponding to the presence of both TiN and TiNO,,,
whereas N-O components (396 V)% have a lower contribution
(25-40%), corresponding to the presence of solely TiN,O,... The
component of O—Ti in TiN-commercial from O 1s spectra holds
the lowest fraction (~60%) compared with other oxynitrides
(~70%), which agrees with what is seen in Ti 2p spectra.
Therefore, it can be concluded that TiN-commercial has the
highest TiN component both in the bulk and at the surface,
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Figure 2. Close up of the XPS spectra of Ti 2p (a), N 1s (b) and O 1s (c) binding energy regions in TiN,O,., samples produced by ammonolysis at different
temperatures from 900 °C to 1200 °C (TiN-900 to TiN-1200) and a commercial TiN sample (TiN-commercial). Peaks have been deconvoluted into their

respective chemical environments.
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Figure 3. Bulk (a) and surface (b) composition ratio between oxygen and nitrogen in TiN,O,., samples produced by ammonolysis at different temperatures
from 900 °C to 1200 °C (TiN-900 to TiN-1200) and a commercial TiN sample (TiN-commercial). Bulk and surface compositions were derived from XRD modeling

and XPS Ti-2p peaking fitting, respectively (Table S3).
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whereas the as-synthesised oxynitrides have a similar nitrogen
occupancy at the surface, but this varies significantly in the
bulk.

Scanning electron microscope (SEM) images of all oxynitride
samples and TiN-commercial were taken to study the surface
morphologies and particle sizes. The morphology of the TiO,
starting precursor was also measured for comparison. As can be
seen in Figure 4, the higher annealing temperature under
ammonia caused the TiO, precursor (around 100 nm wide,
rounded particles) to agglomerate, and resulted in the
formation of larger particles that showed a lower surface area
(as measured by N, sorption at 77 K, discussed later).?”

HER activities of all samples were measured by linear sweep
voltammetry (Figure 5). The TiN-900 and TiN-1000 samples that
possessed low nitrogen occupancy (0.53 <x<0.75) exhibited
similar activity, and showed a bump located between —0.40 to
—0.50 Vg, Which may be due to the reduction of oxynitride
and removal of oxygen (Figure S3 and Figure S4). For the TiN-
1100 and TiN-1200 oxynitride samples with higher nitrogen
occupancy (0.74<x<0.96) and TiN-commercial standard, this
bump was not observed, and the HER activities were seen to
enhance with an increase in nitrogen occupancy. It is notable
that the reduction of the oxynitride, found in samples TiN-900
and TiN-1000, will contribute to the overall current density (as
TiN-1100 shows a perceived lower activity than TiN-1000). The
earlier onset potentials of HER in TiN-1200 and TiN-commercial

indicate that higher nitrogen occupancy is beneficial to HER
activity.

To further investigate catalytic performance and eliminate
the effect of surface area of catalysts, we normalised the
geometric current density with ECSA and BET surface area
(Table S4 and Figure 6). The BET surface area was determined ex
situ through nitrogen adsorption/desorption tests, whereas
ECSA was derived from the double layer capacitance. With
regards to the BET surface area, higher annealing temperature
results in a lower surface area. The lowest BET surface area was
seen in TiN-commercial (9.82 m%/g) and the highest BET surface
area was seen in the least sintered sample TiN-900 (36.5 m%/g).
Topotactic growth was also observed in TiN-900, which usually
happens during the formation of nitride and results in a higher
surface area.*®

The ECSA derived from non-Faradaic double layer capaci-
tance (non-Faradaic region: 0.05 Vgy—0.30 Ve, Figures S5 and
S6) is plot against the BET surface area in Figure 7, and shows
an approximately proportional relationship for TiN-1000, TiN-
1100, TiN-1200 and TiN-commercial samples. However, this
relationship was not seen in the TiN-900 and TiO, samples,
where the highest BET surface areas and lowest ECSAs of all the
samples were observed. This was attributed to the lower
conductivity found in these samples and the resulting increase
in dielectric behaviour. This means that the capacitance
measured from the charging current is smaller than a double
layer capacitance, which is often found in the more insulating

Figure 4. SEM images of (a) TiN-900, (b) TiN-1000, (c) TiN-1100, (d) TiN-1200, (e) TiN-commercial, and (f) the TiO, starting precursor.
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Figure 5. Geometric HER activities of TiN,O,., samples produced by ammonolysis at different temperatures from 900 °C to 1200 °C (TiN-900 to TiN-1200) and a
commercial TiN sample (TiN-commercial). Samples were measured in 0.5 M argon saturated H,50,,, at room temperature using an RDE setup. The results
shown here are the third scan to the cathodic potentials. The rotation speed was 1600 rpm and the scan rate was 5 mVs™".
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Figure 6. Specific HER activities normalised by (a) ECSA and (b) BET surface area of of TiN,O,_, samples produced by ammonolysis at different temperatures
from 900 °C to 1200 °C (TiN-900 to TiN-1200) and a commercial TiN sample (TiN-commercial).

oxide catalysts.*® However, the higher capacitance of the
oxynitride (TiN-900) compared with the oxide (TiO,) might be a
result of proton ingress into the bulk,*” which means that the
oxynitrides tend to intercalate more protons than the oxide.
Although catalysts with higher surface area will generally
possess higher electrochemical activity, our studies indicate
that the nitrogen occupancy in the TiN lattice has a larger
influence. Despite the lowest ECSA and BET surface, TiN-
commercial exhibits the best geometric and specific activity
owing to its high nitrogen occupancy (x=1.0) and electrical
conductivity (Figures 7 and 8). And thus, the HER activity of the

ChemCatChem 2023, 15, 202300687 (5 of 8)

oxynitride reduces as the bulk nitrogen occupancy decreases
(and oxygen occupancy increases).

TiN-commercial was tested at a constant applied potential
of —0.6 Vgye in 0.5M argon-saturated H,SO,,, for 12 hours
(Figure 9). A promoted current density was observed in the first
3 h of the test, which may indicate that a partial reduction of
the material surface results in an increased activity (e.g. the
surface oxidised layer is removed to produce a cleaner nitride
surface). Furthermore, the high apparent stability of the TiN
catalyst in highly acidic electrolyte (0.5 M H,SO,4,,, pH~O0) is
demonstrated, with no significant loss in current density over
the 12 h testing period. Nonetheless, we acknowledge that to

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 7. The comparison of the BET surface area and ECSA of TiN,O, ,
samples produced by ammonolysis at different temperatures from 900 °C to
1200°C (TiN-900 to TiN-1200) and a commercial TiN sample (TiN-commercial)
and the starting precursor TiO,. ECSA was determined by non-Faradaic
double layer capacitance in non-Faradaic region (0.05 Vg to 0.3 Vi,

Figure S5) with different scan rates of 160, 120, 100, 50, 20 mV/s in 0.5 M
argon saturated 0.5 M H,S0,,, at the rotation speed of 1600 rpm.
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Figure 8. The logarithmic relationship seen between nitrogen occupancy
and current density for the HER at —0.60 Vg for the TiN,O,, samples
produced by ammonolysis at different temperatures from 900°C to 1200°C
(TiIN-900 to TiN-1200) and a commercial TiN sample (TiN-commercial).

more definitely measure stability in such short term tests,
complementary measures of dissolution rates are necessary, for
instance by inductively coupled mass spectrometry (ICP-
MS).[41_43]

For the stability tests carried out, it is understood that under
the applied potentials and acidic conditions employed, any
surface oxide species will be dissolved.* Our XPS studies
showed that our TiON materials are indeed laden with surface
oxides (Figure 2), which these nanoscale layers will likely

ChemCatChem 2023, 15, 202300687 (6 of 8)

Figure 9. Chronoamperometry of the TiN-commercial sample driving the
HER at —0.6 Vg, for 12 hours in 0.5 M argon-saturated H,S0,,,, at the
rotation speed of 1600 rpm.

dissolve under the conditions employed for our stability tests.
Nevertheless, our materials showed high long-term stability. In
fact, the electron flux over the analysis period was ~two orders
of magnitude higher than the total Ti atoms available, which
indicated that the dissolution process may have only occurred
for the surface oxides present on our materials, or was a
significantly slower process in comparison to the HER. We
therefore postulate that dissolution of the native surface oxide
layer in our oxynitrides results in the formation of a pure nitride
surface that passivates the oxynitride bulk. This is evidenced by
SEM images of an exemplar catalyst, TiN-commercial, carried
out before and after a 12 h stability test, which showed no
noticeable change in the structure of the material (Figure S8).
Nevertheless, with regards to the oxynitrides produced in this
study, it is possible that higher bulk oxygen content may result
in more pronounced degradation under the HER conditions
imposed.

Conclusions

In this work, we have tested the HER performance of a series of
titanium oxynitrides (TiN,O,,) and commercial TiN of cubic
rock-salt structure with differing levels of bulk nitrogen
occupancy. The TiN,O,, were synthesised by annealing rutile
TiO, nanopowders under ammonia at 900°C-1200°C, with a
range of bulk nitrogen occupancy obtained (0.53 <x<0.96).
The commercial TiN showed no bulk oxygen occupancy (x=
1.0). Samples annealed at higher temperatures have a higher
bulk nitrogen occupancy but possessed lower surface area
(37 m?/g at x=0.53 vs. 10 m¥g at x=1.0), a larger crystallite
size (1543 nm at x=0.53 vs. 72.94 nm at x=1.0) and particle
size (~100 nm at x=0.53 vs. 2000 nm at x=1.0). The surface
areas were investigated by ECSA and BET methods. Our results
demonstrate that oxygen incorporation into the nitride lattice is
detrimental to the intrinsic conductivity and is the primary

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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cause of reduced specific HER activity, where the current
density at —0.6 Vg reduced from —0.115 mA/cm? at x=1.0 to
—0.0125 mA/cm? at x=0.53 (normalised by BET surface area)
and from —1.20 mA/cm? at x=1.0 to —0.05 mA/cm? at x=0.53
(normalised by ECSA). Furthermore, all samples show an
increased activity during prolonged (several hours) CA at
—0.6 Vg (Figure S7), which we postulate is due the reduction
and removal of surface oxide species at this reduced potential,
resulting in a cleaner nitride surface. Future work is required to
quantify the dissolution of titanium oxynitrides using ICP-MS."

To conclude, even though the HER performance of the
nitride materials produced herein is significantly lower than the
commercial standard, Pt/C; the relatively high stability and
conductivity of this material makes it a promising candidate for
applications as a support (Table S5). This work has also
suggested that minimising bulk oxygen content by annealing
the precursor at higher temperatures will give a lower surface
area and expose fewer active sites, which is a significant issue
when using the nitride as a support material for electro-
catalysts.

Experiments

Synthesis and characterisation of TiN,O,,

Titanium(lV) dioxide (rutile, 99.5%, <100 nm particle size, Sigma-
Aldrich) was used as the starting material for ammonolysis.
Ammonia (99.98%) and argon (99.99(8)%) served as the reaction
gas and the carrier gas, respectively.

Titanium dioxide (200 mg) was transferred to an alumina crucible.
The crucible was placed inside a tube furnace and purged under
argon and then ammonia at the rate of 250 cm*/min for 15 min
before heating. The furnace was then heated up at the rate of
10°C/min under ammonia flow (150 cm?/min) and held at the
target temperature (900°C, 1000°C, 1100°C and 1200°C) for
3 hours. When the reaction was complete, the furnace was turned
off and allowed to cool down naturally with the product inside
under argon flow (50 cm®*/min) overnight. The products were
denoted as TiN-900, TiN-1000, TiN-1100 and TiN-1200, where the
numbers represent the maximum annealing temperature under
ammonia flow. Commercially available TiN powder (<3 pum particle
size, Sigma-Aldrich) was used as a reference, and is denoted TiN-
commercial.

Physical characterisation

XRD patterns were measured using a modified Bruker AXS D2
diffractometer with parallel beam optics equipped with a LYNXEYE
XE-T silicon strip detector. X-rays were generated from a Cu source
(V=30kV, I=10mA) with Cu K, (A=154056A) and K, (A=
1.54439 A) emitted with an intensity ratio of 2:1. Patterns were
collected within the angular range of 26 between 5-85° with a step
size of 0.02025° and scan speed of 1.0s per step. The micro-
structures of the materials were investigated by the Scanning
Electron Microscopy (SEM) using a Zeiss Auriga machine with an
accelerating voltage of 5kV. The chemical states of Ti, N and O
were analysed by a Thermo Scientific K-Alpha + X-ray photoelectron
spectrometer. Binding energies were adjusted to adventitious
graphitic C (284.8 eV) and the deconvolution was conducted using
CasaXPS. Nitrogen isothermal adsorption/desorption was con-
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ducted on a Micromeritics Tristar Il Plus at 77 K. The BET equation
was used to estimate the total surface area, where the fitting region
was determined by the Rouquerol method.*® Before measure-
ments, samples were degassed at 200°C for 16 h under vacuum.
Gases used were nitrogen (N5.2 CP grade) for adsorption/
desorption and He (N5.0 CP grade) for the free-space measurement.

Electrochemical characterisation

To prepare the working electrode, 1.0 mL of a mixture of Millipore
water (18.2 MQ) and IPA with the volume ratio of 20:80 was added
to 9.80 mg (+ 0.10 mg) of the catalyst powder to form an ink. The
ink suspension was then sonicated (RS Ultrasonic cleaner, 100 W)
for 10 min in ice water. 10 pL of Nafion (5 wt.%, Merck) was added
to the ink and the solution was sonicated for another 20 min. A
5 mm-diameter glassy carbon disk (SIGRADUR G, 0.196 cm?)
polished to a mirror-like surface with a silica suspension and a
polishing pad was used as the working electrode, mounted into a
Pine instrument Company E6-series ChangeDisk RDE assembly and
affixed to a WaveVortex electrode rotator. Prior to drop casting, the
GC disk was sonicated sequentially in ultrapure water and 2-
propanol, each for 10 min. The ink was drop cast onto the working
electrode right after sonication. 10 pL of the catalyst ink was drop
cast to give a catalyst mass loading of 0.50 mgcm > Electro-
chemical measurements were carried out in a jacketed three-
electrode glass cell with a reference electrode (a reversible hydro-
gen electrode (RHE) immersed in an electrolyte filled Luggin
capillary) and a counter electrode (carbon rod), as well as a gas
inlet. The electrolyte was purged under argon for 10 min prior to
each test to displace any oxygen dissolved in the electrolyte. The
HER activities of as-synthesised catalysts were recorded using a
Biologic SP-300 potentiostat and EC-Lab software with the rotation
speed of 1600 rpm at room temperature. The three-electrode cell
was filled with fresh electrolyte, 0.5 M H,SO, (diluted from Merck
Suprapur 96 %, 99.999 % trace metal basis H,SO, stock), before each
set of tests. The geometric activities were measured using linear
sweep voltammetry (LSV), which was carried out at a rate of 5 mV/s
from 0.1 to —0.7 Vgye. Each sample was scanned for three times and
the third scan was plotted for comparison.

The specific current density was obtained by normalising geometric
current density with electrochemically active surface area (ECSA)
and BET surface area. Electrochemical impedance spectroscopy (EIS)
was carried out over the range of 200 kHz to 100 mHz under a DC
potential of —0.6 Vg with the sinus amplitude of 10 mV (Fig-
ure S1). Initial stability tests were attained by using chronoamper-
ometry (CA) by measuring the current density when holding the
potential at —0.6 Vg for 10 h in an argon atmosphere. All data
were corrected for ohmic losses via Equation 1 manually, where E,
is the measured data, E is the corrected data and i is the current.
Uncompensated resistance (R,) was derived by high-frequency
intercept fitting of the Nyquist plot.

E=E,— iR, (M
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