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ABSTRACT: Significant interest in the electrocatalytic reduction of molecular nitrogen to
ammonia (the nitrogen reduction reaction: NRR) has focused attention on transition metal
carbides as possible electrocatalysts. However, a fundamental understanding of carbide
surface structure/NRR reactivity relationships is sparse. Herein, electrochemistry, DFT-
based calculations, and in situ photoemission studies demonstrate that NbC, deposited by
magnetron sputter deposition, is active for NRR at pH 3.2 but only after immersion of an
ambient-induced Nb,Oj surface layer in 0.3 M NaOH, which leaves Nb suboxides with
niobium in intermediate formal oxidation states. Photoemission data, however, show that
polarization to —1.3 V vs Ag/AgCl restores the Nb,Og overlayer, correlating with
electrochemical measurements showing inhibition of NRR activity under these conditions.
In contrast, a similar treatment of a sputter-deposited TaC sample in 0.3 M NaOH fails to
reduce the ambient-induced Ta,Oj; surface layer, and TaC is inactive for NRR at potentials
more positive than —1.0 V even though a significant cathodic current is observed. A TaC
sample with surface oxide partially reduced by Ar ion sputtering in UHV prior to in situ
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transfer to UHV exhibits a restored Ta,Os surface layer after electrochemical polarization to —1.0 V vs Ag/AgClL The
electrochemical and photoemission results are in accord with DFT-based calculations indicating greater N=N bond activation for
N, bound end-on to Nb(IV) and Nb(III) sites than for N, bound end-on to Nb(V) sites. Thus, theory and experiment demonstrate
that with respect to NbC, the formation and stabilization of intermediate (non-d°) oxidation states for surface transition metal ions is
critical for N=N bond activation and NRR activity. Additionally, the Nb suboxide surface, formed by immersion in 0.3 M NaOH of
ambient-exposed NbC, is shown to undergo reoxidation to catalytically inactive Nb,O5 at —1.3 V vs Ag/AgCl, possibly due to

hydrolysis or other, as yet not understood, phenomena.

KEYWORDS: niobium carbide, tantalum carbide, electrochemical nitrogen reduction reaction, carbophilicity, density functional theory,

intermediate oxidation states, ammonia

B INTRODUCTION

Ammonia, critical for agriculture and of increased interest for
energy applications, is currently produced by the high-

any surface oxide formed by exposure to ambient'® be
removed by preliminary immersion in 0.3 M NaOH solution.’
Herein, electrochemistry, theory, and UHV-electrochemistry

temperature Haber—Bosch process, which accounts for almost
2% of world energy consumption and is a significant source of
CO, production, due to the use of fossil fuels to achieve the
necessary temperatures.”” Earth-abundant transition metal
carbides (due to their metallic nature and other properties)
are of long-standing interest as catalysts and electrocatalysts®~*
and as electrochemical supports.9 However, a fundamental
understanding of the evolution of carbide surface structures
under electrochemical conditions and their relationship to
NRR activity is lacking.s’8 Kimmel et al, however, have
reported that transition metal carbides, in general, can remain
electrochemically active under acidic conditions, provided that
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(UHV-EC) are used to probe both the NRR activities of NbC
and TaC surfaces under acidic conditions after preliminary
immersion in 0.3 M NaOH, and the relationship between NRR
activities and the evolution of surface oxide structures at the
electrolyte/carbide interface. UHV-EC incorporates in situ
sample transfer between electrochemical and UHV environ-
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ments under controlled conditions without exposure to
ambient.'' UHV-EC has proven valuable (despite unavoidable
exposures to high pressure of water vapor during sample
transfer) in correlating changes in the electrochemical
environment (e.g, electrochemical potential) with changes in
surface oxidation and other compositional aspects, even for
non-noble materials, such as Fe '' and V."

As oxidation of the metal carbide surface and strength of
M-O bonds (either in ambient or in solution) would appear
to be a critical factor in determining electrocatalytic activity,”
two different metals with near equal oxophilicity values of
0.8" (Nb and Ta) were selected for initial examination.
However, the experimental and theoretical results reported
here indicate that other factors, including the relative stabilities
of the respective oxides and carbides, are important in
determining electrochemical behavior.

The experimental and theoretical results described herein
demonstrate that although immersion in 0.3 M NaOH and
rinsing in DI water immediately prior to insertion in N,-purged
electrolyte (pH 3.2) enable NRR activity in NbC at potentials
more positive than —1.0 V vs Ag/AgCl, the same does not
happen for TaC. UHV-EC results indicate that NRR activity is
correlated with the effective removal of a Nb,Oy surface layer,
leaving Nb(IV) and other oxides at the surface. NRR activity
with varying Faradaic efficiency has been reported in the
literature for various oxides of Nb."*~'® Huang et al. reported
significantly higher performance for NbO, compared to Nb,O;
due to the presence of d-electrons in Nb(IV) for N, triple
bond activation.'® In contrast to NbC, similar treatment of
TaC does not remove the ambient exposure-induced Ta,O4
surface layer, and TaC is NRR inactive at similar potentials.
(At potentials more negative than —1.0 V vs Ag/AgCl], slight
NRR activity is observed for ambient exposed, NaOH-treated
TaC, but see below.) DFT-based computations indicate that
Nb and Ta in +4 and lower oxidation states are more effective
at N=N bond activation.'"” These calculations indicate the
potential importance of metal d/N, z* backbonding,
suggesting experimental studies of NRR for other transition
metal oxides with cations in d° vs non-d® oxidation states.
Electrochemical and UHV-EC data reported here also show
that at highly cathodic potentials, Nb,Os regrowth occurs at
the surface, thus limiting the effective potential range for NRR.

B METHODS

Sample Deposition and Characterization. Film Deposition.
NbC and TaC films were deposited by DC magnetron sputter
deposition from corresponding sputter targets and characterized by in
situ XPS in a system that permitted transport between deposition and
analysis chambers under controlled vacuum conditions. This system is
shown schematically in Figure S1 (Supporting Information). The base
pressure of the turbomolecularly pumped sputter deposition chamber
was 5 X 107 Torr. The surface analysis chamber has been described
previously” and was equipped with a commercial dual anode (Mg
Ka/Al Ka) nonmonochromatic X-ray source (Physical Electronics),
100 mm mean radius hemispherical analyzer (VSW) with multi-
channel detector (PSP Vacuum), and an ion sputter gun (PHI Ion
Gun 04-191) for sample cleaning. Sputter deposition was carried out
with a Meivac “MiniMak” DC magnetron source, with a source-to-
substrate distance of 3 inches. A NbC sputter target (99.5% purity, 1.3
inches diameter, from Process Materials Inc.) and TaC sputter target
(99.5% purity, 1.3 inches diameter, from Plasmaterials, Inc.) were
used.

NbC and TaC films were deposited on commercially available
fluorinated tin oxide (FTO) substrates. Prior to deposition, the 1 cm
X 1 cm substrates were sonicated sequentially in soapy water, 0.1 M
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HCI, ethanol, acetone, and isopropyl baths and then dried with N,
gas. After mounting in the vacuum system, substrates were cleaned by
Ar" ion bombardment (1 keV, 5 X 107 Torr Ar partial pressure) to
remove adventitious C and other contaminants. NbC deposition was
carried out at a substrate temperature of ~800 K in 8 mTorr Ar gas
(Scott Specialty Gases, 99.9999% purity, CAS No. 7440-37-1) and 30
W power. TaC deposition was carried out at 800 K in 8 mTorr Ar gas
and 25 W power. After short sputtering times, film thicknesses were
estimated by intermittent sample transfer to the analysis chamber for
XPS-derived estimation of film thickness via attenuation of the
substrate Sn 3dg,, signal. Initial deposition rates were then
extrapolated to longer sputtering times to estimate the average
thicknesses of deposited films.

Characterization by XPS. XPS spectra of freshly deposited films
were acquired with the analyzer in constant pass energy mode, with a
pass energy of 20 eV, using unmonochromatized Al Ka radiation.
Measurements were generally carried out with the sample normal
aligned with the analyzer axis: “normal emission”. To enhance surface
sensitivity, however, some spectra were acquired in “grazing emission”
mode, with the sample normal inclined 60° with respect to the
analyzer axis. XPS spectra were analyzed using commercial software
(CasaXPS, version 2.3.24, Casa Software Ltd., U.K.) and standard
methods.”’ Binding energy scales for NbC were calibrated by setting
the C 1s binding energy for the carbidic feature at 282.7 eV.*>** For
TaC, the corresponding C 1s carbide feature was set at 282.9 eV.>**
The spin—orbit doublet components of Nb 3d core level spectra
(3ds;, and 3d;,,) were separated by 2.75eV.*>*® Spectral
deconvolution was carried out with a constraint of 3:2 on the 5/
2:3/2 peak intensities,27’28 with Nb 3d,, binding energies as
described in the literature®*’ though allowed to vary slightly (<0.2
eV) for goodness of fit. A carbide phase C 1s binding energy of 282.9
eV was used to calibrate all the binding energies for TaC films.****
The spin orbit doublet (4f;/, and 4f;/,) of Ta 4f spectra was separated
by 1.9 eV.>*"** Spectral deconvolution was set with a constraint of 4:3
on the 7/2:5/2 peak intensities.*® Shirely background subtraction was
applied to remove the background effect.>>**

Importantly, Nb metal and NbC have very similar 3d binding
energies.”>*> Initial calculations of Nb:C stoichiometry generally
yielded an Nb:C atomic ratio of >1, indicating the presence of an Nb
metal component in the surface region. Ar" ion sputtering was
therefore carried out to remove surface Nb metal phases until the
Nb:C atomic ratio was very close to 1.0. No such effect was observed
for TaC films.

The decomposition of Nb 3d and Ta 4f XPS spectra is complicated
by multiplet splittings and the presence of multiple oxidation states.
Nb 3d spectra were decomposed using the assignments of Darlinksi et
al,* adjusted very slightly (within +0.2 V) with respect to binding
energy to optimize fit, Table S1 (Supporting Information). Ta 4f
binding energies for TaC and various oxides were similarly taken from
the literature, with slight adjustments of binding energies to optimize
fit, Table S2 (Supporting Information).

X-ray diffraction (XRD) measurements were performed ex situ on
selected NbC and TaC films. XRD 26 scans were obtained for several
films using a Rigaku Ultima III Instrument employing Cu Ka
radiation (4 = 1.541 A). Scanning electron microscopy and energy
dispersive X-ray spectroscopy (SEM/EDX) measurements were
carried out on selected films using a JEOL JSM-IT200 electron
microscope.

Electrochemical Methods. Measurements were performed in a
three-electrode electrochemical cell and the electrolyte used was 0.1
M Na,SO,, adjusted with H,SO, to a pH of 3.2. NbC and TaC
immobilized on FTO were utilized as working electrodes for
electrochemical analysis. A treatment solution was also prepared as
0.3 M NaOH, to remove or reduce oxides that may potentially form
on the NbC and TaC films. The film was dipped in the 0.3 M NaOH
solution for about 60 s and rinsed with DI water to remove the base.
Experiments were carried out with an EG&G 263A potentiostat,
having platinum and Ag/AgCl as counter and reference electrodes,
respectively. The electrolyte was purged with N, or Ar and performed
in 2 separate experiments. The gases were passed through 2 traps, one
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Figure 1. XRD 20 scans of (a) NbC and (b) TaC films deposited under similar conditions.

with 0.1 M HCI and the other with 0.1 M KOH to remove
contaminants like NH;/NO,/NO;. Linear sweep voltammograms
(LSVs) were recorded for both NbC and TaC on the reductive side
under both N, and Ar environments to evaluate preliminary
electrocatalytic activity. LSVs were also recorded for the NbC and
TaC films after NaOH treatment to evaluate the difference in catalytic
behavior.

To evaluate ammonia formation, the indophenol blue test was
utilized. Electrolysis was performed for 90 min using the
chronoamperometry technique in a 2-compartment cell, and Nafion
membrane was placed between compartments. After the electrolysis,
10 mL of electrolyte was mixed with 0.5 mL of 0.55 M NaOH
containing 5 wt % salicylic acid and sodium citrate, 100 #L of sodium
nitroprusside dehydrate, and 100 pL of sodium hypochlorite to
generate indophenol blue dye from the ammonia present in the
solution. The mixture was kept without agitation at room temperature
for 30 min, and the absorbance of the solution was measured using a
JASCO V-670 spectrophotometer. The concentration of the ammonia
formed in the experiment is calculated from calibration curves
constructed for indophenol blue using standard concentrations of
commercial liquid ammonia.

The ammonia yield after electrolysis at a defined potential
(typically for 90 min) was quantified by calculation of the Faradaic
efficiency,'® or FE, according to the equation

n-F-C-V
M-Q

FE =

(1)

where 7 is the number of electrons produced for producing one
ammonia molecule (n = 3), F is the Faraday constant (F = 96 485.33
C mol™"), C is the concentration of ammonia formed in the reaction,
V is the volume of electrolyte in the electrochemical cell, M is the
molar mass of ammonia (M = 17 amu), and Q is the total charge
passed through the system.

UHV-EC Methods. UHV-EC studies were carried out in a
separate XPS system with attached electrochemical cell as described
previously.'" Briefly, the sample was transported to proximity with the
electrochemical cell to place the electrolyte meniscus in contact with
the sample surface. Withdrawal of the sample from the electrolyte was
followed by sample rinsing in DI water, then pump-down of the
transfer chamber, and sample transfer to the XPS analysis chamber,
which had a base pressure of 3 X 10~ Torr. The analysis chamber was
equipped with a 140 mm mean radius hemispherical analyzer
(Physical Electronics) equipped with a microchannel plate detector
and Omnifocus lens. XPS spectra were acquired in constant pass
energy mode (23.5 eV) in either normal or grazing emission mode
(see above) using unmonochromatized Al Ka radiation. XPS spectral
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analysis was carried out as described above but using atomic
sensitivity factors appropriate to this analyzer.*

Computational Methods. Plane-wave DFT computations
utilized the VASP package version 5.4.4.°° van der Waals and
continuum solvation corrections were included in the reported
simulations.®” Calculations utilized a plane wave cutoff energy of 500
eV; SCF convergence was considered to be <1 X 107 eV. Surface
calculations were done in an asymmetrical unit cell of a = b =8.79 A, ¢
=33.16 A, @ = f = y = 90° and used a K-point mesh of 3 X 3 X 1.
Calculations utilized first-order Methfessel—Paxton smearing with ¢ =
02 eV.*

Simulations utilized spin-polarized methods, with projector-
augmented wave potentials and GGA functionals.”” The DFT-D3
van der Waals correction® with Becke—Johnson®® damping was
included in the simulations.

B RESULTS AND DISCUSSION

Characterization of Deposited Films. XRD. The
crystalline phases of NbC and TaC films after deposition
were studied by ex situ X-ray diffraction (XRD), and the results
are shown in Figure 1. Results for the NbC film (Figure la)
indicate that the niobium carbide film is polycrystalline with
cubic rock salt structure. The XRD spectra show NbC
diffraction peaks with different orientations: NbC (111)
(PDF no. 01-074-1222) and NbC (311) (PDF no. 01-074-
1222). Other XRD diffraction peaks present in the spectra are
associated with niobium oxide species including Nb,Ojq
(=610) (PDF no. 00-037-1468), Nb,O, (—818) (PDF no.
00-037-1468), NbO,s (220) (PDF no. 04-008-0300), and
Nb,O; (4010) (PDF no. 00-037-1468).

Figure 1b shows the XRD results for the polycrystalline TaC
film. The major diffraction peaks correspond to TaC (111),
TaC (200), TaC (220), TaC (311), and TaC (222) planes for
a NaCl-type crystalline structure. The results indicate that the
deposited TaC film exhibits a cubic crystal structure (PDF no.
00-035-0801). No evidence of tantalum oxide diffraction peaks
is present. This indicates that oxide phases are either not
present in bulk and only present as thin surface films not
observable by XRD, or else are present in the bulk only as
amorphous phases. The XPS results (but see below) support
the former explanation.

SEM/EDX. The above explanation is further corroborated by
SEM data for deposited NbC (Figure S2) and TaC films
(Figure S3). The SEM/EDX data in general show a uniform

https://doi.org/10.1021/acsami.3c11683
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Figure 3. Core-level XPS spectra of TaC after deposition: (a) Ta 4f, (b) C 1s, and (c) O 1s for TaC. Spectra were acquired at normal emission. No

sputtering was required to remove metallic phases.

distribution of the metal, carbon, and Sn from the FTO
substrate. An important difference, however, is the presence of
multiple concentrated O spots in the NbC films (Figure S2d)
but not in the corresponding TaC film (Figure S3d) These
results demonstrate that the absence of Ta oxide phases in the
TaC XRD spectrum (Figure 2b) indicates the absence of such
phases (either polycrystalline or amorphous) in the bulk of the
TaC film.

In Situ XPS. XPS spectra (normal emission) before/after Ar*
ion sputtering (of NbC) to achieve a stoichiometric Nb:C
phase are displayed in Figure 2. The data demonstrate that the
Ar* sputtering (30 min at 3 keV) induced only minor changes
in the Nb 3d, O 1s, and C 1s core level spectra. Corresponding
in situ TaC data (acquired without preliminary sputtering), are
displayed in Figure 3.

The data in Figures 2 and 3 demonstrate that both films are
predominantly metal carbide in nature (in agreement with the
XRD data, Figure 1) but with significant Nb oxide (Figure 2)
and Ta oxide (Figure 3) phases apparent. The XRD data in
Figure 1 suggest that Nb oxide phases are distributed at both
the surface and subsurface regions, whereas only surface oxide
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layers are found for TaC (Figure 3). To resolve this issue,
grazing emission core level XPS spectra were acquired for the
NbC film shown in Figure 2. The normal and grazing emission
XPS spectra are compared in Figure 4. Corresponding TaC
data are compared in Figure S.

Notably, the data in Figures 2 and 4 show that Nb oxide
phases are present in similar relative intensities in both normal
and grazing emission, indicating the presence of these oxides at
both the surface and subsurface regions, consistent with the
XRD and SEM data (Figures 1 and S2.) However,
corresponding data for TaC (Figures 3 and S) indicate a
much greater relative intensity for Ta oxide in grazing
emission, indicating that such oxides are present primarily at
the surface of the film but not so in the subsurface region,
again consistent with XRD (Figure 1) and SEM data (Figure
2).

The data in Figures 1—5 demonstrate that DC magnetron
sputter deposition of a NbC film, even after brief Ar ion
sputtering to remove surface metal phases, yields a film with
Nb oxides present at both the surface and in the bulk. In
contrast, the corresponding data for TaC films deposited under
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ACS Appl. Mater. Interfaces 2024, 16, 2180—-2192


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c11683/suppl_file/am3c11683_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c11683/suppl_file/am3c11683_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c11683/suppl_file/am3c11683_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11683?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11683?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11683?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11683?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c11683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a) Nb = NbC b)C1s
= NbO

3d —Nb0,

ARXPS after ARXPS after Ar*

Ar* sputtering sputtering

Normal XPS after

Normal XPS after Ar* sputtering

Ar* sputtering

XPS Intensity (arb. Units)
XPS Intensity (arb. Units)

= NbC c) 01s = Nb-O
= CC ~ oH
= C-OH

ARXPS after

Ar* sputtering

Normal XPS after
Ar* sputtering

XPS Intensity (arb. Units)

I I L

|
288

i
!

III| IIIIII

28 Mo
Binding Energy (eV)

29

[
285

Binding Energy (eV)

|28|2I lz;gl 1 |53|4| I5é1 1 Isésl T
Binding Energy (eV)

[
525

Figure 4. XPS grazing (red, upper trace) vs normal emission (black, lower trace) for NbC film after Ar ion sputtering: (a—c, top) Nb 3d, C 1s, and
O 1s spectra, respectively, acquired at grazing emission; (a—c, bottom) corresponding spectra acquired at normal emission. Same film as in Figure
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Figure S. XPS grazing (red, upper trace) vs normal emission (black, lower trace) for TaC film after Ar ion sputtering: (a—c, top) Ta 4f, C 1s, and O
1s spectra, respectively, acquired at grazing emission; (a—c, bottom) corresponding spectra acquired at normal emission. Same film as in Figure 3.

very similar conditions indicate the presence of some Ta oxide
phases predominantly at the surface and not in the bulk.
However, such phases are present even after brief Ar’
sputtering.

Additionally, the grazing emission XPS data (Figures 4 and
5) show that both NbC and TaC films, even in the absence of
ambient exposure, exhibit significant thicknesses of adventi-
tious and (possibly) other noncarbidic C phases at binding
energies in excess of ~283 eV. For NbC, identifying the C 1s
spectrum acquired at grazing emission (Figure 4) as composed
of a carbidic carbon phase with a peak maximum at 282.7
eV,”>*? a broad graphitic carbon feature near 284.2 gV, h2ala
and a C—OH feature, apparent only after Ar* sputtering at
285.8 eV ¥ * yields an estimated thickness of the
noncarbidic carbon overlayer of ~5.8 A. Quantitative analysis
of the niobium carbide Nb 3d;/, (~203.5 eV) and C 1s
(~282.7 eV) peaks yielded an Nb:C atomic ratio of 1.00:0.99,
indicating the formation of a stoichiometric NbC phase. The
spectra in the O 1s region, Figure 3c, were fitted with two

2184

22,28,43
&% and

components arising from Nb—O bonds at 530.0 eV
hydroxyl groups at 531.3 eV. %"~

A similar analysis of the TaC core level spectra acquired at
grazing emission (Figure S) indicates the presence of multiple
Ta oxidation states associated with TaC at binding energies of
23.4 eV [4f,,] and 25.3 eV [4f;),] *®* and TaO, centered
at 25.0 [4f,/,] eV and 26.9 eV[4f;/,].>° The C Is spectra in
Figure Sb were deconvoluted into two components at 282.9
and 284.4 eV, which correspond to TaC**** and graphitic C
(sp*C),»*>*** respectively. The presence of graphitic carbon
in the film results from sample preparation. XPS analysis
reveals that the thickness of the graphitic C overlayer is ~4.5 A.
In contrast to NbC, there is no evidence (Figure 4b) for
oxidized or hydroxylated C in the deposited film.

Thus, the XPS data (Figures 4 and S) demonstrate that
surface oxides and noncarbidic carbon phases are present for
both films, even though deposition was carried out in a
chamber with a base pressure of <1 X 107® Torr. In the case of
NbC, the noncarbidic carbon phase was not readily removed
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Figure 6. Electrochemical measurements on NbC films immersed in 0.3 M NaOH prior to measurements in 0.1 M Na,SO, solution adjusted to pH
3.2 with sulfuric acid. (a) LSVs of NbC in solution: (red) sample 1, NaOH-treated, N,-purged solution; (purple) sample 1, untreated, N,-purged
solution; (black) bare FTO, N,-purged solution; (blue-dashed) sample 2, NaOH-treated, Ar-purged solution. (b) Absorption measurements for
indophenol blue after 1 h of electrolysis at —1.0 V vs Ag/AgCl for 1 h; (blue-dashed), Sample 2, NaOH-immersed, Ar-purged solution; (red)
Sample 1, NaOH-immersed, N,-purged solution. The blue-dashed absorption curve in (b) is at background for this spectrometer and measurement
(see beakers, inset).
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Figure 7. Electrochemical measurements on a TaC film immersed in 0.3 M NaOH prior to measurements in 0.1 M Na,SO, solution adjusted to
pH 3.2. (a) LSVs of NaOH-treated TaC in solution: (red) N,-pured; (blue) Ar-purged; (black) bare FTO. (b) Absorption measurements for
indophenol blue after 1 h of electrolysis in N,-purged solution at —1.0 V vs Ag/AgCl for 1 h. The absorbance shown is at the level of background,
indicating no NH; formation. (c) Absorption measurements for indophenol blue after 1 h of electrolysis in N,-purged solution (red) and Ar-purged
solution (blue) at —1.15 V vs Ag/AgCl for 1.5 h.

by Ar* sputtering. The significant presence of surface oxides purged solutions. The data in Figure 6a show that at cathodic
and noncarbidic carbon (and, in the case of NbC, bulk oxide potentials more positive than approximately —1.0 V vs Ag/
phases) even in a system with rigorous control of the base and AgCl], the response of the untreated NbC film in an N,-purged
operating pressures indicates that such “imperfections” must be solution (blue trace) is similar to that of a bare FTO surface
accounted for when considering the surface reactivities of these (black trace). In contrast, NaOH-treated NbC in N,-purged
materials. solution (red trace) exhibits markedly enhanced current at

Electrochemical Studies. NbC stoichiometric films >180 potentials more positive than approximately —1.0 V, indicating

A thick, deposited on FTO substrates, were tested for NRR significant NRR activity. The LSVs of NaOH-treated NbC
activity both without and with preliminary 0.3 M NaOH films in both Ar-purged (blue-dashed line) and N,-purged (red

immersion/rinsing. Measurements of both treated and un- line) solutions (Figure 6a) indicate significant electrochemical

treated NbC and TaC films were carried out in a 0.1 M activity for treated NbC even in the absence of N,.
Na,SO, solution adjusted to pH 3.2 with sulfuric acid. That NaOH-treated NbC is NRR active, however, is
Linear scan voltammograms (LSVs) for NaOH-treated and demonstrated by the corresponding absorption spectra (Figure
untreated NbC films in N,-purged electrolyte solution are 6b) for a treated film in an N,-saturated solution (red trace)
displayed in Figure 6a. These data are compared in Figure 6a and for a second treated NbC film in Ar-saturated solution
to an LSV for a second, identically prepared and NaOH- (blue-dashed trace). The intensity of the blue-dashed trace is
treated NbC film in Ar-saturated electrolyte. Corresponding at the background for this spectrometer, while the magnitude
indophenol blue absorption measurements are displayed in for the red trace shows significant NH; production (FE ~
Figure 6b for NaOH-treated films in both Ar-purged and N,- 3.15%) at —1.0 V vs Ag/AgCl for 90 min. In summary, the data
2185 https://doi.org/10.1021/acsami.3c11683
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Figure 8. XPS core level spectra of NbC: (a) N 3d XPS spectra prior to NaOH treatment; (b) Nb 3d XPS spectra after NaOH treatment,
immersion in 0.1 M Na,SO, adjusted to pH 3.2 at open circuit potential, emersion, and rinsing in DI H,0; (c, d) corresponding data for C 1s; (e,
f) corresponding data for O 1s. All spectra were acquired in grazing emission geometry. The arrow is a guide for the eye.

in Figure 6 demonstrate that at potentials more positive than
—1.0 V Ag/AgCl, NaOH-treated NbC is NRR active, while
untreated NbC is electrochemically very similar to the FTO
substrate. The FE of 3.15%, although relatively small compared
to many reports in the literature,"” is substantial in comparison
with results for other thin films with relatively low surface
areas.”’

Corresponding data for similarly treated TaC are displayed
in Figure 7, upon immersion in Ar-purged (blue) and N,-
purged electrolytes (red). The LSVs (Figure 7a) show that the
presence of N, induces little significant additional cathodic
current at potentials below approximately —1.0 V vs Ag/AgCl],
indicating negligible NRR activity in this range. This
conclusion is corroborated by the absorbance data (Figure
7b) (acquired at —1.0 V vs Ag/AgCl for 90 min) indicating no
absorbance above the background (e.g,, the blue dashed curve
in Figure 6b). However, the data in Figure 7c show that
polarization in N,-purged solution to a slightly more negative
potential (—1.15 V vs Ag/AgCl) does yield observable NH,
formation, albeit at a very small FE of 0.21%. The data in
Figure 7, therefore, demonstrate that TaC, even after
immersion in 0.3 M NaOH and subsequent rinsing, is NRR
inactive at potentials more positive than —1.0 V vs Ag/AgCl
while exhibiting a minor degree of NRR activity at more
negative potentials. The data in Figure 7a, however,
demonstrate that NaOH-treated TaC, in both Ar-purged and
N,-purged solutions, exhibits significantly higher cathodic
current than bare FTO at all potentials of <—1.0 V vs Ag/
AgClL

The data in Figures 6a and 7a demonstrate that significant
electrochemical reactions are occurring for NaOH-treated
NbC and TaC, even in the absence of N,. A number of such
reactions, including HER, are of course possible. Under-
standing this phenomenon could be of importance in
understanding catalytic efficiency as related to surface
composition and will require further investigation.

UHV-EC Results. The NbC XPS core level spectra of the
ambient-exposed NbC sample before and after immersion/
emersion in 0.3 M NaOH at open circuit potential (OCP) and
subsequent rinsing in DI water are displayed in Figure 8.

2186

Studies at OCP were designed to replicate the procedures used
in the electrochemical experiments, with (i) sample immersion
in 0.3 M NaOH, (ii) brief rinsing in DI water, (iii) immersion
in the electrolyte at OCP, and (iv) emersion, rinsing in DI
water and transfer for XPS analysis of the surface. All spectra
shown in Figure 8 were acquired in grazing emission geometry
to emphasize sensitivity to NbC oxide surface overlayers as
opposed to near-surface inclusions (e.g., Figure la).

Nb 3d spectra (Figure 8a,b) demonstrate that the NaOH
immersion/rinsing process substantially reduces the Nb,Oq
overlayer induced by ambient exposure. Calculations of Nb,Os
average thickness before/after NaOH treatment indicate
corresponding average thicknesses of ~9 and 4 A, respectively.
Such figures should be regarded with caution, however, as even
in grazing emission geometry, some subsurface oxides may still
be observed, and the exact effects of brief sample exposure to
H,O vapor before/after sample transfer cannot be ignored.
Indeed, experiments in which a Nb,O¢/Nb suboxide/Nb metal
sample was exposed to H,O vapor over the electrochemical
cell, but not to liquid electrolyte (to mimic the transfer
process), yielded an observable increase in the Nb,Oj average
thickness, from ~39 A to 44 A. (See Figure S4, Supporting
Information.) Therefore, the finding of an average Nb,O; film
thickness of ~4 A after the NaOH treatment process (Figure
8) must be regarded as an “upper bound” for the amount of
Nb,Ojs actually present.

Corresponding C 1s spectra (Figure 8c,d) exhibit a
substantial adventitious C component near 285.0 eV binding
energy,*' an increase in a feature attributable to C—OH species
near 286.0 eV binding energy,””*"** and a component at
higher binding energies tentatively attributed to COOH
species.””*"** The C 1s spectra indicate that the NbC surface
(as treated in the NbC electrochemistry studies) contains
substantial noncarbidic surface carbon both before and after
the immersion/emersion process. Estimates of the average
thickness of the noncarbidic carbon surface layer average
thickness before and after NaOH treatment are 8.7 and 4.1 A,
respectively. This indicates that the sample, unsurprisingly,
contains substantial adventitious and hydroxylated C at the
surface, with the latter substantially increased after the
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Figure 9. Evolution of NbC core level XPS spectra as a function of applied cathodic potential. All spectra were acquired in normal emission
geometry. (a) Nb 3d, (b) C 1s, and (c) O 1s XPS spectra of NbC after ambient exposure but before NaOH treatment (same sample as in Figure
8a,c,e). Corresponding spectra after NaOH treatment and immersion/emersion at OCP in 0.1 M Na,SO, adjusted to pH 3.2 are shown in (d)—(f),
respectively (same sample as Figure 8b,d,f.). Corresponding spectra after immersion and polarization to —1.0 V vs Ag/AgCl are shown in (g)—(i).
Corresponding spectra after immersion and polarization to —1.3 V vs Ag/AgCl are shown in (j)—(1).
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Figure 10. TaC XPS core level spectra as a function UHV-EC experiments, where all spectra were acquired in normal emission geometry: (a—c) Ta
4f, C 1s, and O 1s XPS spectra after ambient exposure but before NaOH treatment, (d—f) after NaOH treatment, and (g—i) after immersion in

electrolyte and polarization to —1.0 V vs Ag/AgCl

immersion/emersion process. O 1s spectra (Figure 8e,f)
indicate substantial amounts of molecularly adsorbed H,O
before the process (Figure 8e), and significant coverage with
OH groups bound to carbon after the process (Figure 8f). In
summary, the data of Figure 8 demonstrate that preliminary
immersion in NaOH removes most (if not all) Nb,O; from the

surface region and also show that significant thicknesses of

adventitious C are present at the surface but do not inhibit the
NRR activity of the partially oxidized NbC surface.

The evolution of NbC core level spectra as a function of
polarization to different cathodic potentials is displayed in
Figure 9. (All spectra were acquired in normal emission
geometry.) Spectra in Figure 9a—c were acquired on the same
sample as in Figure 8a,e. Spectra in Figure 9d—f were
acquired on the same sample as in Figure 8b,d,f. These spectra
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Figure 11. DFT optimized molecular geometries for N,—Nb(+x) binding models for x = S, 4, 3, and “free” dinitrogen (lower right). Bond lengths

are in angstrom units.

show (as in Figure 8) that immersion in NaOH, followed by
rinsing in DI water and immersion/emersion at OCP, yields a
surface with the Nb,Oj surface layer largely removed and with
a significant surface coverage of noncarbidic, partially
hydroxylated C. Subsequent immersion and polarization to
—1.0 V vs Ag/AgCl (Figure 9g—i) yield little observable
change in the Nb 3d or C 1s spectra but some shift in the O 1s
spectrum (Figure 9i) toward higher binding energies, possibly
associated with enhanced oxidation/hydroxylation of surface C
species. Polarization to —1.3 V vs Ag/AgCl (Figures 9j—1) did,
however, indicate significant surface changes corresponding to
the peaks and subsequent decrease in the cathodic current
(Figure 6a). The Nb 3d spectrum (Figure 9j) indicates that
polarization to this potential induces regrowth of a Nb,Og
surface layer. Changes in the C 1s spectrum (Figure 9k)
correspond to a significant decrease in the relative intensity of
the carbidic carbon feature near 282.7 eV binding energy.

The XPS data in Figure 9 in concert with the electro-
chemistry results (Figure 6a) indicate that the NbC surface
composition is relatively stable to approximately —1.0 V vs
AgCl but that polarization to more cathodic potentials results
in a reoxidation of the surface, in concert with a reaction that
decreases the amount of carbidic C in the surface region,
possibly due to the oxidation/dissolution of C at surface
carbide sites.

Data in Figure 10 demonstrate that, in contrast to NbC,
immersion of the ambient-exposed TaC sample (Figure 10a—
c) in 0.3 M NaOH followed by rinsing in DI water and
subsequent immersion/emersion at OCP does not result in
removal of a Ta,O; surface layer (Figure 10d—f). However, the
polarization of the TaC surface to —1.0 V vs Ag/AgCl does
yield enhanced oxidation of the surface by increasing the
thickness of the Ta,Oj; layer, as shown in Figure 10g—i.

In summary, the experimental data in Figures 1-—10
demonstrate that (a) immersion of ambient-exposed NbC in
0.3 M NaOH prior to electrocatalysis yields an NRR active
electrode surface at cathodic potentials more positive than

2188

—1.0 V vs Ag/AgCl, correlated with removal of all or most of
the ambient-induced Nb,O; surface layer (Figures 6 and 8),
and that polarization to larger cathodic potentials induces an
increase and subsequent decrease in cathodic current
correlated with surface reoxidation (Figure 9). In contrast,
similar treatment of ambient-exposed TaC does not remove
the Ta,O; surface layer, and this is correlated with NRR
inactivity at cathodic potentials more positive than —1.0 V vs
Ag/AgCl, although other electrochemical reactions appear to
occur (Figures 7 and 10). As with NbC, however, the
polarization of TaC to higher cathodic potentials does induce a
peak in current corresponding to enhanced surface oxidation
(Figures 7 and 10), and electrolysis measurements at —1.15 V
vs Ag/AgCl indeed indicate a low rate of NRR activity: 0.21%
FE vs 3.15% FE for NaOH-treated NbC at —1.0 V (Figure 7c).

These data (both the sharp maxima in cathodic currents for
both carbides at highly negative potentials and the slight NRR
activity observed for TaC) suggest the occurrence of
hydrolysis. In such a process, the splitting of a water molecule
would yield both surface hydroxylation (yielding Nb", as in
Figure 9j) and protons for reaction with N,. This, however,
cannot be definitively concluded from the existing data, and
further experiments are necessary.

DFT Results. The experimental data demonstrate that NbC
NRR activity, as shown in Figure 6, is correlated with the
presence of surface Nb sites in intermediate oxidation states
(i.e., +4 or +3, rather than +5), as indicated by changes in the
Nb 3d XPS spectrum (Figure 8ab) due to sample pretreat-
ment with NaOH, which greatly reduces the Nb>* component
of the Nb 3d spectrum. Previous calculations'*'>"* demon-
strate that such intermediate oxidation states are much more
effective than Nb" in activating N=N bonds, illustrating the
importance of m-backbonding for NRR. What needs to be
addressed, however, is whether Nb ions with intermediate
oxidation states are more effective than Nb" in binding N, in
aqueous solution. To address this issue, DFT-based calcu-
lations (plane-wave (surface models) and atom-centered
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(molecular models)) were carried out using Nb(OH), clusters
for the latter as shown in Figure S5 (Supporting Information).
The overall charge of the molecular model was adjusted to
modulate the formal oxidation state of the Nb using typical
counting rules, ie., hydroxide is formally a 1— charge.
Molecular calculations accounted for the effects of solvation
via a continuum model®" (SMD) without trying to specifically
account for the undoubtedly complex nature of the various
oxide surface structures. Additionally, calculations of binding
energy accounted for the exchange of N, (bonded end on)
with a previously bound water molecule (bound via the O lone
pair) according to the reaction

*H,0 + N, - "N, + H,0

where * represents the Nb cation site with a specific formal
oxidation state.

Results for the molecular calculations (Gaussian 16, PBEO
functional, CEP pseudopotentials; see Supporting Information
for additional details) are summarized in Figure 11. The DFT
results, consistent with experiment, show that N, does not bind
and is not activated at Nb sites: ry,y = 2.756 A, ryy = 1.125
A, vy = 2505 cm™), cf. dinitrogen, which has ryy = 1.128 A
and vy = 2492 cm™! at the same level of theory. To
corroborate these molecular results for solid-state models, *N,
was optimized using plane-wave DFT for the 001 face of
Nb,Os (C2/m space group, which is the lowest energy
polymorph in the Materials Project database). Upon
optimization of this surface model with plane-wave DFT
(Figure 12), the N, is only very tenuously bonded, ryy =
2.543 A, gy = 1.108 A, akin to what was seen with the
molecular Nb(OH), models.

Figure 12. Optimized *N, for C2/m-Nb,O4(001) surface: end-on
very weak coordination of N, (gray spheres) to a surface Nb¥ cation
(green spheres); O atoms are red spheres. The ¢ axis is marked in
blue. ryyy = 2.543 A, gy = 1.108 A

Furthermore, calculated N, activation upon binding to
niobium (as evidenced by lengthened NN bond lengths and a
diminution of the NN stretching frequencies upon metal
coordination) is more significant for Nb™ than for Nb'
molecular models (e.g., rypn = 2.041 A, ryy = 1.178 A, vy
= 1901 cm™ for Nb™ and rypy = 2.414 A, ryy = 1.129 A, vy
= 2400 cm™! for NbV models).19 Thus, the data in Figure 11,
together with previous calculations'” and the experimental data
described above, demonstrate that 7-backbonding between the
transition metal site and N, is critically important not only for
N=N bond activation but also in N,-surface binding.

In a previous study by our group, room temperature ambient
pressure XPS experiments with N, and H,O partial pressures
of ~0.5 X 107! Torr each'” indicate that N,/OH, binding at V
oxide surface sites is competitive. Corroborating DFT
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calculations of different V oxide surfaces suggest that the
binding of N, and OH, changes in response to the formal
oxidation state of the metal ions.'”> More positive formal
oxidation states favor the binding of the o-donor water ligand,
while lower metal formal oxidation states favor N, binding due
to enhanced #-backbonding. To this end, the OH,/N, reaction
energy as calculated, per the above exchange reaction, for the
Nb™ and Nb" models, Figure SS. N, dissociates from Nb"
upon geometry optimization, precluding this energy calculation
for the d° state of niobium. For the Nb" models, the exchange
reaction is computed to be endergonic, i.e., water binding is
preferred over dinitrogen binding, AG = +11.8 kcal/mol.
However, upon reducing the niobium to 3+, the exchange is
now computed to be exergonic, AG = —18.1 kcal, indicating
that N, is now preferentially bound. Given the simple models
used (Figure SS), the precision of such values must be
regarded with caution. The trend, however, strongly suggests
that competitive binding of N, versus H,O at the metal cation
site may play a role in selectivity for NRR versus HER.

Also, an issue is the different behaviors of NbC and TaC
toward metal oxide formation during sputter deposition (e.g.,
Figures 1 and 2). These experimental data suggest that not
only oxophilicity, but carbophilicity (the strength of metal—
carbon bonds) is important for the speciation of the carbide
surfaces under catalytic conditions. Plane-wave DFT calcu-
lations were therefore performed to assess the formation
energies of rs-NbC,O, and rs-TaC,0, as a function of the C/O
ratio to probe the subtle differences in carbophilicity and
oxophilicity of these two metals (rs = rock salt). For simplicity,
and to examine the role of metal—oxygen vs metal—carbon
bond strengths, calculations assumed rock salt structures for all
carbides, oxides, and oxycarbides. Results are displayed in
Figure S6.

The data in Figure S6 indicate that Nb oxides have larger
energies of formation than corresponding Ta oxides, while Ta
carbides are more stable than corresponding Nb carbides.
These results are indicative of slightly greater Ta carbophilicity
versus Nb coupled with slightly greater oxophilicity for Nb
versus Ta and explain the formation of both Nb oxides and
carbide phases during carbide sputter deposition, whereas TaC
phases were deposited without nonsurface oxide phases
(Figures 1 and 2).

B SUMMARY AND CONCLUSIONS

Experimental XRD, SEM, and in situ photoemission data
(Figures 1, 2, and 4 and Figures S2 and S3) demonstrate that
NbC and TaC films prepared by DC magnetron sputter
deposition at base pressures of <107 Torr exhibit important
differences, including the presence of oxide phases throughout
the NbC film, but only at the surface of the TaC film.
Preliminary immersion in 0.3 M NaOH and then rinsing, prior
to electrochemistry, produce a NbC sample that is active for
NRR at pH 3.2 (Figure 6), with a FE of >3%, which is quite
significant for a sputter-deposited thin film surface.””>* UHV-
EC results (Figures 8 and 9) correlate NbC NRR activity with
the removal of much, if not all Nb,Oj; at the solid/electrolyte
interface. A decrease in NRR activity at potentials more
negative than ~1.0 V vs Ag/AgCl (Figure 6) is correlated with
a re-formation of the Nb,Oj surface layer at more cathodic
potentials (Figure 9).

TaC, in contrast, exhibits an ambient-induced Ta,O4 surface
layer, even after similar NaOH treatment. This sample is NRR
inactive at potentials more positive than —1.0 V vs Ag/AgCl
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(Figure 7ab). At —1.15 V vs Ag/AgCl, however, some NRR
activity is observed (Figure 7c), though the FE of 0.21% is
more than an order of magnitude below that observed for the
NbC sample.

The unusual phenomena observed for both samples at
potentials more negative than —1.0 V vs Ag/AgCl
(pronounced maxima in the cathodic current, reoxidation of
the NaOH-reduced Nb suboxide surface layer, and some NRR
activity in the TaC sample) suggest an unusual phenomenon,
such as hydrolysis. Such phenomena (surface oxidation under
cathodic conditions) are well-known and have been reviewed
in the literature.* A definite conclusion on this issue, however,
will require additional study.

DFT calculations of Nb oxide/N, surface interactions,
considering the presence of H,0, corroborate the experiment
in indicating very weak interactions between N, and Nb" oxide
but stronger interactions between N, and Nb™ or Nb™ oxides
(Figures 11 and 12). Indeed, the theoretical results suggest that
N, will displace adsorbed H,O from Nb'™ centers but not from
Nb". This result is similar to experimental and theoretical
findings for V oxides, based on NAP-XPS, UHV-EC, and
theoretical work.'” While this would explain the NRR activity
of the NaOH-treated NbC sample at pH 3.2, the complexity of
the corresponding XPS spectra does not allow us to decisively
conclude, at this time, that Nb™ oxide is the NRR-active
surface under the conditions examined.

The results for TaC are in sharp contrast to those for NbC.
Ta oxide phases are found only at the surface of the sputter-
deposited surface (Figures 1—4). After NaOH treatment
identical to that done to the NbC sample, the TaC sample
displays very little NRR activity at pH 3.2, although significant,
similar cathodic currents are observed in both Ar-saturated and
N,-saturated solutions (Figure 7). The electrochemical
behavior of the NaOH-treated TaC sample is correlated with
the stability of the surface Ta,Ojy surface layer in the face of
immersion in NaOH (Figure 10). The different behaviors of
the TaC and NbC surfaces during deposition, immersion in
NaOH solution, and electrochemical testing cannot be entirely
explained by the above data, as both Ta and Nb are highly
oxophilic.'” However, DFT calculations suggest that at least
part of the reason is stronger Ta—C bond strength (Figure S6),
i.e., greater carbophilicity™ of Ta versus Nb.

In conclusion, experimental and theoretical results demon-
strate that ambient-exposed NbC, upon immersion in 0.3
MNaOH’ and subsequent rinsing in DI water prior to
immersion in the electrolyte at pH 3.2, yields Nb oxides in
intermediate oxidation states (less than +S) that are highly
active for NRR at cathodic potentials less than approximately
—1.0 V vs Ag/AgCl. This high selectivity and activity are of
course of practical as well as fundamental significance, and it
remains to be determined whether the response of a Nb metal
or oxide, under similar conditions, would differ from that of
NbC. Such experiments are in progress in our laboratories.
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