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Chemical vapor deposited (CVD) amorphous tantalum-oxy nitride film
on porous three-dimensional (3D) nickel foam (TaN,(O,)/NF) utilizing
tantalum precursor, tris(diethylamino)(ethylimino)tantalum(V), ([Ta(NEt)
(NEt,)s]) with preformed Ta—N bonds is reported as a potential self-
supported electrocatalyst for hydrogen evolution reaction (HER). The
morphological analyses revealed the formation of thin film of core—shell
structured TaN,(O,) coating (ca. 236 nm) on NF. In 0.5 M H,SO,,
TaN,(O,)/NF exhibited enhanced HER activity with a low onset potential
as compared to the bare NF (—50 mV vs. —166 mV). The TaN,(O,)/NF
samples also displayed higher current density (—11.08 mA cm 2 vs.
—3.36 mA cm 2 at 400 mV), lower Tafel slope (151 mV dec™' vs.
179 mV dec™) and lower charge transfer resistance exemplifying the
advantage of TaN,(O,) coating towards enhanced HER performance.
The enhanced HER catalytic activity is attributed to the synergistic effect
between the amorphous TaN,(O,) film and the nickel foam.

Nanostructuring earth abundant electrocatalysts with catalytic
activity on par with the current state of the art materials like
platinum, albeit at a much lower cost and an enhanced stability
is a key strategy in envisaging a future of clean and renewable
energy production.””” Among the various earth abundant elec-
trocatalysts, transition metal nitrides have garnered a lot of
attention as Pt free hydrogen evolution reaction (HER) electro-
catalysts owing to their superior properties such as stability in
acidic medium, and Pt like electronic behavior.>* Further,
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theoretical calculations on metal nitride surfaces have identi-
fied Ta-N as a potential electrocatalyst for HER based on its low
overpotential compared to other nitrides (Sc, Ti, Y, Hf). Also,
these nitrides demonstrated activation energies for Tafel reac-
tion (hydrogen adsorption) on par with elemental Pt- the
current state of the art material for HER with no ammonia
evolution.” However, few studies have experimentally realized
this. For instance, Alhajri et al., using mesoporous carbon
nitride as template, successfully demonstrated a TaN phase
that delivered hydrogen at an over potential as low as 160 mV.°
Also, in a recent study, porous Ta;Ns single crystal demon-
strated electrocatalytic hydrogen evolution behavior on par with
MoS,.” However, most of these reports are centered around
studying the electrocatalytic behavior via the cumbersome
process of catalytic ink preparation, which involves multiple
optimization steps, use of expensive polymer binders and also
suffer from poor catalyst adhesion and subsequent ohmic
losses.® In contrast, self-supported electrocatalysts wherein
porous nanoarchitectures of active material is directly coated/
grown on a porous conducting substrate with conformal con-
trol and uniformity circumvents the issues’ ' One such meth-
odology that enables growth of a uniform and conformal thin
film on any substrate can be envisaged through chemical vapor
deposition (CVD)." In this study, nickel foams (NF) have been
selected as porous 3D conducting substrates, which have
originally been used as electrode-support in batteries and as
supports in water electrolysis.**** Also, interfacing the catalyst
with Ni was found to enhance hydrogen evolution kinetics by
decreasing the hydrogen adsorption barrier.'*'* For instance,
when cobalt nitride (Co,N) was interfaced with Ni, enhanced
electron transfer combined with lowering of Gibbs adsorption
free energy was observed by virtue of a synergistic effect.'®'”
Further, amorphous nanostructures by virtue of their intrinsic
disorder and unsaturated bonds provide enhanced number of
active sites for electrocatalysis."® In this study, a multi-pronged
strategy was adopted to develop an advanced electrocatalyst for
HER: (1) Based on theoretical studies and promising stability,"
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Ta-N was chosen as the active catalyst (2) A precursor with
preformed Ta-N bonds was synthesized to avoid any cumber-
some high temperature ammonia pyrolysis (3) the precursor
was later pyrolyzed at low temperatures (500 °C) to retain an
amorphous structure (4) Nickel foam was selected as the
substrate both for its self-supporting role and also to create
interfaces with the amorphous TaN, layer. Herein, we report for
the first time, facile, direct growth of tantalum-based nitride on
NF via. CVD for HER applications.

Initially, [Ta(NEt)(NE,);] precursor was synthesized via. three step
reaction as per the previously reported procedure®® (For further
information, ref. S1 and S2 ESIt). "H and “*C-NMR spectrum shows
no evidence for the formation of pentakis(diethylamido)tantalum
[Ta(NEt,)s] which was reported by Bradley et al.”® [Fig. S1(a and b),
ESIT]. On the other hand, [Ta(NEt)(NEt,);] is made of mixture
of ethylimidotris(diethylamido)tantalum and ethyl-imino-
ethyltris(diethylamido)tantalum complexes.® '"H NMR shows the
signal at ¢ = 4.23 ppm (q) corresponding to CH;CH(N)Ta group
which suggests the presence of an asymmetric center in the complex,
namely ethyl-iminoethyltris(diethylamido)tantalum [Fig. S1(a), ESI{].
The formation of the asymmetric centered complex was further
confirmed by “C NMR spectra [Fig. Si(b), ESI{], which
shows a strong chemical shift at 63.34 ppm proving beyond
doubt that the reaction of diethylamine with TaCl; gives mixture
of  ethylimidotris(diethylamido)tantalum  and  ethyl-imino-
ethyltris(diethylamido)tantalum complexes via Sy2 mechanism
[Fig. S1(c), ESIT].

Thermogravimetric analysis and its derivatives of the pre-
cursor up to 800 °C under N, atmosphere were shown in
Fig. S1(d) (ESIY). The precursor showed a two-stage weight loss
with early decomposition, starting at 40 °C (initial decomposi-
tion temperature, T;) and continues up to 310 °C (final decom-
position temperature, Ty) leading to a lower ceramic yield of
25 wt. % at 800 °C. The low ceramic yield is due to evaporation
of lower molecular weight organic compounds before the
ceramization process. The two-stage decomposition is due to
the transformation of ethyl-iminoethyl tris(diethylamido) tan-
talum to ethylimido tris(diethylamido) tantalum complex. The
boiling points of these two complexes were close and hence
could not be separated completely by distillation process. On
the other hand, elimination of one equivalent of ethylene from
ethylimidotris(diethylamido)tantalum at temperatures exceed-
ing 200 °C to form ethyl-iminoethyltris(diethylamido)tantalum
complex was a known process.”> Since thin films used to be
deposited at much higher temperatures (500 °C), ethyl-
iminoethyl tris(diethylamido) tantalum complex will be
completely transformed into ethylimido tris(diethylamido) tan-
talum complex before it could be deposited into thin films.

[Ta(NEt)(NEt,);] precursors were then introduced into a
horizontal cold-wall CVD reactor through a glass tube by
applying a ultra-high vacuum (10® mbar) and heating the
precursor reservoir to the 120 °C. The coatings were obtained
on a 3D nickel foam (2 x 3 cm?) placed on an inductively heated
graphite susceptor (500 °C) and designated as TaN,(O,)/NF. A
uniform coating of TaN,(O,) on NF with an average thickness of
236 nm [Fig. 1(a-e)] is observed. The mapping shows that Ta, N,
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Fig.1 SEM image of bare NF [(a) and (b)l, TaN,(O,)/NF [(c) and (d)],
(e) cross-sectional SEM image of TaN,(O,)/NF and (f) Elemental distribu-
tion mapping of TaN,(O,)/NF. The inset of Fig. (a and c) shows the
photographic image of bare NF and TaN,(O,)/NF exemplifying a clear
difference in color after the deposition of TaN,(O,) on NF, respectively.

Ni is homogeneously distributed on the NF confirming the
conformal coating by CVD technique [Fig. 1(f)]. Moreover, the
mapping also shows the presence a non-uniform distribution
of and oxygen as contaminations at the surface. The presence of
oxygen is possibly due to the oxidation of TaN phase in the
ambient after deposition by CVD.

The XPS analysis substantiate the formation of TaN, film on
NF substrate [Fig. 2(a)]. Ta 4f and 5p peak was deconvoluted
into a set of doublets with a splitting of ~1.9 eV and ratio of
~0.75. The Ta peaks at 25.70 eV (4f;,), 25.60 eV (4f5,), 34.75 eV
(5pss2), and 36.87 eV (5p4,) correspond to +5 oxidation state of
Ta species in Ta;N;5 phase on the surface®® [Fig. 2(b)]. Further
the atomic ratio of Ta:N was determined to be 0.54 correlating
with the formation of Ta;Ns phase (Ta:N ratio 0.6). Also, the N
1s peak at 397 eV indicated the presence of a Ta-N bond
[Fig. 2(c)]. It is also well known that the surface of TaN is
unstable and rapidly oxidizes in contact with air to form Ta,O5
and TazN; phases,>? this was also reflected in O 1S peak at
530.32 eV indicating the presence of lattice oxygen (Ta,Os)
[Fig. 2(d)].

HRTEM images further indicate that Ni grains are coated
with an ultra-thin TaO,N,, film (4 nm) due to rapid oxidation of
as synthesized TaN film (Fig. S2, ESIt). Fig. 3(a) shows the
linear sweep voltammograms (LSV) of bare NF and TaN,(O,)/NF
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Fig. 2 (a) XPS survey spectrum of TaN,(O,)/NF, (b) HR XPS spectra of O 1s
(c) HR XPS spectra of Ta 4f and Ta 5p and (d) HR XPS spectra of N 1s
and Ta 4p.

in acidic (0.5 M H,S0,) electrolyte at a potential sweep rate of
5 mV s~ '. The onset potential for HER of NF electrode is found
to be around ca. —0.16 V and a current density of 3 mA cm®
(geometrical) is attained at an overpotential (1) value of 0.4 V.
Whereas in the case of TaN,(O,)/NF, the onset potential is
found to be ca. —50 mV and at # = 0.4 V has exemplified a
high current density of 11 mA cm™?, indicating better hydrogen
evolution capability as compared to bare NF. The onset
potential values are compared with the reported literature
and are given in Table S1 (ESI{). TaN,(Oy)/NF exhibits lower
onset potential demonstrating higher HER activity.

The Tafel slope obtained for bare NF is 179 mV dec™
[Fig. 3(b)], which is near to the theoretical Tafel slope of
hydrogen adsorption to the active site, Volmer reaction
(120 mV dec ').***” The higher value observed in this case
might be because of the parallel Ni oxide reduction occurring
during HER considering that the equilibrium potential for Ni**
to Ni’ transition is —0.246 V vs RHE. The Tafel slope for
TaN,(O,)/NF is 151 mV dec ' and is attributed to the Volmer-
Heyrovsky step. A lower slope value indicates a better reaction
kinetics and a more active catalyst. Fig. 3(c) shows the Nyquist
plot which depicts electrode-electrolyte interface behaviour
and the Impedance parameters calculated from the equivalent
circuit is given Table S2 (ESIt). The charge transfer resistance
R was lowered from 2.3 Q to 0.9 Q post TaN,O, coating.
Concomitantly, a lower R, suggests better mass transport
characteristics resulting in efficient transport of reactant to
active sites aiding better HER activity. It is also to be noted that,
TaN,(O,)/NF exemplified higher double layer capacitance (Cqj,
1.6 mF s@ ys, 1.1 mF s@*Y g1 = 0.75, a2 = 0.81) as
determined from CPEg. Cq can be taken as a measure of
electrochemical surface area available for the catalytic
reactions.”® The higher Cq of TaN,(O,)/NF is ascribed to
increase in surface area because of the surface roughness as
exemplified by SEM micrographs [Fig. 1(c and d)].
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Fig. 3 (a) LSV of bare NF and TaN,(O,)/NF in 0.5 M H,5O, at a potential
sweep rate of 5 mV s and (b) (inset) Tafel plots derived from the
voltammograms (c) Nyquist plots of NF and TaN,(O,)/NF electrode. The
inset shows the equivalent circuit to fit the plots, where R, CPE and C
represent resistance, constant phase element and capacitor, respectively.

The Sabatier principle states that to achieve high HER
reaction rates, the interaction of catalyst with the adsorbate
(water molecules) should be neither too strong, nor too weak to
facilitate hydrogen evolution.? It is to be noted that, tantalum
possess weak adsorption capability of water molecules and
strong desorption capability of hydrogen; whereas Ni exhibits
strong adsorption of water molecules and weak desorption of
hydrogen.*® Hence, TaN,(O,) coated NF possess the synergistic
combination of Ta and Ni, where NF boosts the Volmer reaction
(VR) aiding formation of adsorbed hydrogen (H*), whereas
TaN,(O,) facilitates Volmer-Heyrovsky reaction (VHR) leading
to facile hydrogen evolution as shown in Fig. 4. Further, by
virtue of its tendency to get readily oxidized, not many reports
exist for Ta-N phases purely as hydrogen evolution electroca-
talysts. However, as our study exemplifies, when interfaced with
metals like Ni, Ta-N system can also deliver enhanced perfor-
mance and coupled with their superior stability in highly acidic
medium, these phases can in fact serve as better earth abun-
dant electrocatalysts.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Schematic representation of synergistic HER process involved in
the surface of TaN,(O,)/NF catalysts [VR-Volmer reaction; VHR-Volmer—
Heyrovsky reaction].

In conclusion, we have successfully demonstrated facile
growth of tantalum-oxy nitride [TaN,(O,)] thin film on porous
3D nickel foam using ([Ta(NEt)(NEt,);]) precursor via CVD as a
novel self-supported catalyst for water splitting. Compared to
bare NF, TaN,(O,)/NF displayed lower onset potential (—50 mVv
vs. —166 mV), lower Tafel slope (151 mV dec ' vs.
179 mV dec™ ) and higher current density (—11.08 mA cm >
vs. —3.36 mA cm > at 400 mV) for HER. This establishes the
synergistic effect between TaN,(O,)/Ni coating for achieving
enhanced HER performance.
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