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Abstract

The electrocatalytic reduction of molecular nitrogen to ammonia—the nitrogen reduction
reaction (NRR)—is of broad interest as an environmentally- and energy-friendly alternative to
the Haber—Bosch process for agricultural and emerging energy applications. Herein, we review
our recent findings from collaborative electrochemistry/surface science/theoretical studies that
counter several commonly held assumptions regarding transition metal oxynitrides and oxides
as NRR catalysts. Specifically, we find that for the vanadium oxide, vanadium oxynitride, and
cobalt oxynitride systems, (a) there is no Mars—van Krevelen mechanism and that the reduction
of lattice nitrogen and N, to NHj3 occurs by parallel reaction mechanisms at O-ligated metal
sites without incorporation of N into the oxide lattice; and (b) that NRR and the hydrogen
evolution reaction do occur in concert under the conditions studied for Co oxynitride, but not for
V oxynitride. Additionally, these results highlight the importance of both O-ligation of the V or
Co center for metal-binding of dinitrogen, and the importance of N in stabilizing the transition
metal cation in an intermediate oxidation state, for effective N=N bond activation. This review
also highlights the importance and limitations of ex situ and in situ photoemission—involving
controlled transfer between ultra-high vacuum and electrochemistry environments, and of
operando near ambient pressure photoemission coupled with in situ studies, in elucidating the
complex chemistry relevant to the electrolyte/solid interface.

Keywords: nitrogen reduction reaction, MVK mechanism, photoemission spectroscopy,
electrocatalysis
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1. Introduction

1.1. Transition metal oxynitrides as nitrogen reduction reaction
(NRR) catalysts

NHj is of critical importance for production of fertilizer for
agriculture and is also of increasing interest as a hydrogen
source for emerging energy applications (Humphreys et al
2020, Qing et al 2020). The commonly used Haber-Bosch
process, run at high temperatures, now accounts for as much
as 2% of the world’s energy consumption, and (due to the
use of fossil fuels) is a significant source of CO, (Humphreys
et al 2020). The electrocatalytic NRR reaction is therefore
of broad and increasing interest as an environmentally and
energy-friendly alternative for NH; production. For a general
survey of this area, the reader is referred to several recent
reviews (Humphreys et al 2020, Qing et al 2020, Young et al
2022).

As a class of NRR electrocatalysts, transition metal oxyni-
trides are of significant interest (Yang et al 2018, 2019, Kang
et al 2019, Young et al 2022). Du et al (2019) found that
VN nanoparticles displayed significant NRR activity correl-
ated with the formation of an oxynitride surface that included
a N surface state characterized by a (ex sifu) photoemission
N1s binding energy of 396.5 eV. This contrasts with a binding
energy of 397.1 for bulk lattice N and 400.5 eV assigned to sur-
face -NH, groups induced by NH3 plasma treatment (Osonkie
et al 2020b). In contrast to V oxynitride, pure, O-free VN was
found to be NRR inactive (Du et al 2019). Similarly, Kang et al
(2019) found that TiN was NRR inactive, but that plasma oxid-
ation produced a Ti oxynitride surface which was NRR active.
These findings, together with the results of NRR experiments
involving !N, and yielding both >'NHj3 and '*NH3, have led to
the general acceptance of a Mars—van Krevelen (MVK) NRR
mechanism for NRR reduction in these materials. In an MVK
mechanism, N, is incorporated as N into the oxynitride lattice
at N vacancy sites and subsequently reduced to NH; (Yang
et al 2018).

The existence or non-existence of an MVK mechanism is
not a superficial issue. This model also leads directly to the
supposition that energetics for lattice N vacancy formation are
essential for an effective NRR catalyst (Young et al 2022).
The results discussed herein, however, suggest that indeed the
opposite may be the case for some oxynitrides. If, as the evid-
ence discussed below indicates, a principle effect of lattice N
is stabilization of the metal cation in an intermediate oxida-
tion state favorable for N=N bond activation, and reduction
of lattice N occurs without replacement by N, then favorable
energetics for N vacancy formation could lead to the rapid
transformation of the oxynitride to the corresponding—and
less NRR active—oxide.

With respect to activating inactive metal nitrides for NRR,
the effects of O-metal vs N-metal interactions, particularly
with regard to metal oxophilicity (Moltved and Kepp 2019),
are only beginning to be understood (Chukwunenye et al
2022). However, the results discussed herein indicate that the
stabilization of the metal center in an intermediate oxidation
state—e.g. V(III) vs V(IV)—is beneficial to enhance V/N,
interaction.

The focus of this paper on V oxynitrides and oxides has
been motivated by the generally high performance reported for
such systems (Yang et al 2018, 2019). Indeed, certain publica-
tions report NH3 production rates for V oxynitrides approach-
ing or even exceeding thresholds proposed for commercial
viability or targets set by the U.S. Dept. of Energy (Young et al
2022). A comparison to cobalt oxynitride (Chukwunenye et al
2022) affords a comparison of oxynitrides with high (V) and
low (Co) oxophilicities (Moltved and Kepp 2019), and corres-
ponding energies of N vacancy creation (Osonkie et al 2020a,
Osonkie 2020b).

Theoretical and experimental studies of possible NRR reac-
tion mechanisms (Hou et al 2020) have pointed to the pos-
sible general co-existence of the hydrogen evolution reac-
tion (HER) and NRR. Such a general co-existence would,
of course, detract from catalyst NRR efficiency and selectiv-
ity. As shown below, however, detailed studies show that V
oxynitride is highly selective for NRR, at least at neutral pH.
The results discussed herein also emphasize the importance
of reaction conditions—particularly pH—in determining HER
and NRR activities for a specific catalyst surface. In under-
standing the effects of reaction conditions, and other detailed
aspects of surface chemistry, the role of theory is of great
importance. This importance is enhanced by the challenges
of applying conventional surface science methods—such as
temperature programmed desorption and x-ray photoelec-
tron spectroscopy (XPS)—to studies of the electrolyte/solid
interface.

It must be emphasized that the focus of the studies reviewed
here has been a fundamental understanding of transition metal
oxynitride structure/function relationships, rather than optim-
ization of catalyst performance. For this reason, there is an
emphasis on surface analysis—including XPS—in concert
with electrochemical methods and theory for understanding
fundamental interface chemistry. Additionally, materials dis-
cussed herein have been in the form of thin films, rather than
higher surface area nanorods, nanoparticles, etc. Challenges
with respect to using XPS and preparing thin films in this con-
text are discussed in the next section.

1.2. XPS and related methods at the electrolyte/solid
interface

XPS and related surface science methods involving low energy
(<~1000 eV) electron emission from the surface, such as
Auger electron spectroscopy (AES), x-ray excited valence
band spectroscopy, and ultraviolet photoelectron spectro-
scopy, have made enormous contributions to our understand-
ing of heterogeneous catalysis at the vapor—solid interface
(Sinfelt 2002, Somorjai and Li 2010, Kolasinski 2012). Elec-
trons with these kinetic energies typically exhibit inelastic
mean free paths <~50 nm through most solids, and are
correspondingly surface sensitive (Briggs 1990). Since its
development in the late 1960s and 1970s (Siegbah 1970)
XPS—sometimes referred to as electron spectroscopy for
chemical analysis—has become perhaps the most widely used
and versatile technique for characterizing the chemical com-
positions and electronic structures of surfaces. A detailed
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Figure 1. A central problem in XPS: the distance (d) that photoelectrons travel from the surface to the analyzer must be less than the
inelastic mean free path (\). For chamber pressures ~1072 Torr or less, A ~ 1 m or more. For ambient pressure or liquids, A ~ 1 zm or less.

explanation of XPS and related methods can be found else-
where (Briggs and Seah 1990).

The early development of XPS occurred in parallel with
the development of practical methods for obtaining and main-
taining ultra-high vacuum (UHV), typically <108 Torr. The
chemical information of a photoelectron ejected by the pho-
toelectric effect from the surface region under study is given
by its kinetic energy (Briggs and Seah 1990). An inelastic col-
lision between an electron and, e.g. a molecule in the gas or
liquid phase, would remove all the chemical information from
that photoelectron. The inelastic mean free path (\) of a photo-
electron with kinetic energy of 1000 eV (appropriate for labor-
atory photoemission studies) in UHV is on the order of meters
(Kolasinski 2012). Thus, the maintenance of UHV conditions
not only limits the flux of gas phase molecules to the surface,
thus maintaining the chemical stability of the surface over the
time of the experiment (often an hour or more), but also per-
mits practical instrumentation for the detection of photoelec-
trons from the surface, with sample/analyzer distances eas-
ily less than A (figure 1) (Briggs and Seah 1990, Kolasinski
2012). In contrast, inelastic mean free paths of photoelectrons
with kinetic energies ~1 keV or less (typical for laboratory
x-ray sources) through ambient pressure gases or liquids are
on the order of microns, or less (Kolasinski 2012), thus pos-
ing significant problems for experiments in that the distance
between surface and detector would need to be significantly
less than A. This is the central problem in performing XPS
at ambient pressures or at the liquid/solid interface, as illus-
trated in figure 1. For a more thorough explanation of this
issue, specifically at the liquid—solid interface, the reader is
referred to several sources in the literature (Emfietzoglou and
Nikjoo 2007, Axnanda et al 2015).

Typically, such issues have been addressed by either ex situ
or in situ photoemission, in which the sample is transferred

from the reaction environment under ambient (ex situ) or con-
trolled (in situ) conditions, the latter to avoid ambient-induced
surface contamination. However, it has become apparent that
in many circumstances, important surface chemistry is not
accurately observed in UHV even with in situ methods. This is
known as the ‘pressure gap’ in surface science, due to import-
ant surface species existing only in equilibrium with the gas
phase (Freund et al 2001). This has stimulated the devel-
opment of various operando methods for the study of such
surfaces under realistic catalytic conditions, including high-
pressure scanning tunneling microscopy (Jensen et al 1998),
and sum-frequency generation (Su et al 1997). For a further
description of available operando methods for surface char-
acterization of complex structures, the reader is referred to a
more recent publication (Eads et al 2020).

Several developments in XPS have addressed the pressure
gap. In near ambient pressure XPS (NAP-XPS), differential
pumping is used to limit the thickness of the high-pressure
region above the surface to less than A, permitting studies of
surface species stable only in equilibrium with the gas phase
(Salmeron and Schlogl 2008, Schnadt ef al 2020). Studies at
the liquid—solid interface have been addressed, beginning in
the late 1980s, via the development of in sifu sample trans-
fer between electrolyte and UHV—sometimes termed ‘UHV-
electrochemistry’ (UHV-EC) (Hubbard 1988, Soriaga 1992).
Such methods, applied to the electrolyte/oxide or oxynitride
interface, are discussed here. In addition, the application of
NAP-XPS to the study of N,-vanadium oxide interactions, and
its possible relationship to electrolyte/oxide interactions, are
also discussed.

The UHV-EC apparatus used in our laboratory is shown
schematically in figure 2 and has been described in the lit-
erature (Kelber and Seshadri 2001). As shown, the sample
comes in contact with the meniscus of the electrolyte in a
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Figure 2. Schematic of UHV-EC apparatus. Kelber and Seshadri (2001) John Wiley & Sons. [Copyright © 2001 WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim].

three-electrode cell. The sample is emmersed from electro-
Iyte at controlled potential, then rinsed in de-ionized water
to remove excess electrolyte, followed by a pump-down to
vacuum and transfer to the UHV system for surface analysis.
Reversal of this procedure can then bring a sample with a
specific surface configuration into contact with the electrolyte
(Kelber and Seshadri 2001).

As shown in figure 2, this method exhibits the virtue of
simplicity, and the ability to track changes in surface com-
position induced by changes in electrolyte or potential, as
described in the literature (Kelber and Seshadri 2001) and
shown below. There are obvious weaknesses to this approach,
however, including the necessity of rinsing in de-ionized water
prior to transfer for analysis, and the unavoidable exposure of
the sample to significant amounts of H,O vapor during transfer
to/from UHV. Thus, such an approach should not be regarded
as providing a true operando insight into the electrolyte/solid
interface.

Over the last 8—10 years, methods have also been developed
for the operando XPS study of the electrolyte/solid inter-
face. One approach, arguably still in the development phase,
involves the drawing up of the sample from the electrolyte to
generate a continuous liquid meniscus film. The film must be
sufficiently thick and uniform, (~20 nm or more) as to support
an applied electrochemical potential (Ali-Loytty et al 2016).
Here, the presence of water vapor and differential pump-
ing are required to prevent film evaporation, as is the use
of synchrotron radiation to generate photoelectrons of suffi-
cient kinetic energies that the inelastic mean free paths are
longer than the film thickness, or region of high-pressure water
vapor (Axnanda ef al 2015, Ali-Loytty ef al 2106). Alternative
electrochemical cell designs for operando XPS studies have
recently been discussed (Velasco-Vélez et al 2021). Operando
XPS studies at the electrolyte/solid interface have not yet been

incorporated as part of this NRR effort, but are being contem-
plated for future experiments.

1.3. Thin fim deposition and characterization

The studies reviewed here have used films deposited by DC
magnetron sputter deposition, as discussed below. Magnet-
ron sputtering is a well-studied method of thin film depos-
ition. Details can be found in the literature (Kelly and Arnell
2000, Padhan ef al 2018). Transition metal oxide and oxyni-
tride surfaces discussed herein were prepared by DC Mag-
netron Sputter Deposition, in the system shown schematic-
ally in figure 3. This system permits sample heating between
~300 K and 1000 K, with in situ sample transfer between sput-
ter deposition chambers and surface characterization chamber.
The latter contains a commercial single pass cylindrical mir-
ror analyzer with co-axial electron gun (Staib Instruments) for
AES and reflective electron energy loss spectroscopy.

Vanadium oxide films were produced by DC sputter depos-
ition of a V metal film onto a fluorinated tin oxide (FTO)
substrate (for electrochemistry studies) or a Ta substrate (for
NAP-XPS studies), with substrates first cleaned by anneal-
ing in O, to remove adventitious carbon (Ganesan et al 2021,
Balogun et al 2022). DC sputtering conditions were 4 mTorr
Ar at 25 W for ~7 min deposition time, producing films with
estimated thicknesses >30 nm (Ganesan et al 2021, Balogun
et al 2022). Films were subsequently oxidized to produce V
oxide films, using a custom-built inductively coupled plasma
source and an O, plasma (20 W, 40 mTorr O,) (Ganesan et al
2021).

Vanadium oxynitride (VON,) films were produced on
FTO substrates, using DC sputter deposition with mixed
N, + O, plasmas at a total gas pressure of 4 mTorr, 25 W,
for 7 min. Variation of the N,/O, partial pressure ratio yielded
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Figure 3. Schematic of system for DC magnetron sputter deposition and in-situ auger and electron energy loss analysis.

corresponding changes to N/O atomic ratio in the vanadium
oxynitride film, as measured by in situ AES. Optical micro-
scopy, atomic force microscope (AFM) and x-ray diffraction
(XRD) measurements indicated such films to be polycrystal-
line, with an root mean square (RMS) roughness of ~36 nm,
conformal to the FTO substrate (Osonkie ef al 2022). Vana-
dium oxynitride films of similar topography and composition
were also produced by sputter deposition in an Ar:N, (1:4)
plasma with a total pressure of 4 mTorr, 25 W (Chukwunenye
et al 2022).

Cobalt oxynitride films were also produced using Ar:N,
plasmas for DC sputter deposition (Chukwunenye et al 2022).
Although in sitru AES immediately after sputter deposition
showed only Co and N, subsequent exposure to ambient and
ex-situ XPS analysis showed the presence of a cobalt oxyni-
tride surface region (Chukwunenye et al 2022).

2. Results

In this section, results are summarized for studies of V and
Co oxynitrides and oxides with respect to (a) the roles or lat-
tice N and lattice O interactions in NRR activity, and the non-
existence of an MVK mechanism for these materials; (b) the
roles of V(III) vs. V(IV) oxidation states in N, binding; and
(c) catalyst selectivity for NRR vs HER.

2.1. Lattice N and O interactions and NRR

2.1.1. Lattice N and surface N states. Pioneering work by
Yang and co-workers (Yang et al 2018, 2019) demonstrated
that NRR activity in VN nanoparticles was associated with
the formation of a V oxynitride surface, and specifically with
the relative intensity of an N state characterized by an Nls
XPS binding energy of 396.5 eV. Subsequent XPS studies of
V oxynitride films deposited by magnetron sputter deposition,
combined with DFT-based theoretical calculations (Osonkie
et al 2020a), demonstrated that this N1s feature did not cor-
respond to a lattice N state within the oxynitride (figure 4(a)).
Such a lattice N state is characterized by an Nls binding
energy of 397.1 eV (figures 4(a) and 5) (Osonkie et al 2020a,
2022). Instead, experiment and theory indicate that the Nls
binding energy of 396.5 eV is attributable to an unsaturated

N surface state that could be induced by, e.g. O, plasma
oxidation of V oxynitride, as shown in figure 4(c), but not by
thermal oxidation (Osonkie et al 2020a). The intensity of this
N surface state could also be reduced by annealing in UHV
(Osonkie et al 2020a). Corresponding DFT-based calculations
indicate that the N1s feature at 396.5 eV indeed corresponds
to an unsaturated V-N surface state, likely V=N, as illustrated
in figure 4 (Osonkie et al 2020a).

The specific identification of the intensity of the N1s fea-
ture at 396.5 eV with NRR activity (Yang 2018) and with an
unsaturated surface state (figure 5) rather than with a regular
lattice state, strongly suggests that this state corresponds to a
reaction intermediate in the NRR reduction reaction, e.g.,

V-N=N:-V=N: + I/ N,. (1)

The formation of such a N surface state, with a binding
energy of 396.5 eV, is observed after cathodic polarization
of a V oxynitride film in both Ar-saturated and N;-saturated
Na,SOy electrolyte (pH 7), as shown in figure 6 for Nj;-
saturated electrolyte (Osonkie et al 2022). The appearance of
the Nls feature at 396.5 eV binding energy, after both O,
plasma oxidation and electrochemical oxidation in the absence
of N, (Osonkie et al 2020a, 2022) indicates that this N surface
state is produced by a process other than, or in addition to, N,
dissociation at V surface sites. Importantly, however, lattice
N is reduced to NHj3 even in the absence of N,, as discussed
below (Osonkie er al 2022). Therefore, the data are consistent
with the V=N: surface state at a binding energy of 396.5 eV
being an intermediate in the electrochemical reduction of lat-
tice N to NH3.

The data in figures 4—-6 demonstrate that cathodic polariza-
tion transforms lattice N into a V=N: surface state, consistent
with this state being an intermediate in the formation of NHs,
and with the existence of an MVK mechanism. Electrochem-
ical and absorption measurements also demonstrate that, in the
absence of Ny, lattice N in vanadium oxynitride is reduced to
NH3;, as demonstrated in figure 7 (Osonkie et al 2022). Also
consistent with this is the fact that the production of NHj3 in
the absence of N, coincides with the depletion of lattice N
within the XPS sampling depth, as determined by ex situ XPS
(Osonkie et al 2022).
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Inconsistent with an MVK mechanism, however, are the
observations that (a) lattice N depletion is observed even in
an Nj-saturated solution (Osonkie et al 2022), and that N-
free vanadium oxide is also NRR active under similar con-
ditions (pH 7), without any observation of incorporation of
N into the lattice (Ganesan et al 2021). It should be noted
that the reduction of both lattice N and N, by parallel but
distinct reaction mechanisms, rather than by a coupled MVK

mechanism, would account for the findings of both I5NHj; and
1“NHj; being produced by the reduction of N, (Yang et al
2019). Therefore, we conclude that, with respect to V oxyni-
tride, N, and lattice N are reduced to NH3 by separate mech-
anisms, and that the existence of an MVK mechanism is not
supported by the evidence.

The non-existence of an MVK mechanism for V oxynitride,
combined with a separate mechanism for lattice N reduction,
implies that V oxynitride catalysts will, eventually, be depleted
of lattice N, an observation consistent with previous reports in
the literature (Yang et al 2018). As N-free V oxides are also
NRR active at pH 7 (Ganesan et al 2021), while O-free VN
and other metal nitrides are NRR inactive (Du et al 2019), the
role of lattice O in NRR active metal oxides and oxynitrides
warrants further consideration.

2.12. Lattice O. As O-free VN and other oxygen-free trans-
ition metal nitrides are NRR inactive (Du et al 2019), the
impact of lattice O on the NRR process is obviously significant
and needs to be examined in some detail. This is demonstrated
in figure 8, which provides a direct comparison of the electro-
chemical behavior (figure 8(a)) and indophenol blue absorp-
tion due to NH3 production (figure 8(b)) for both an N-free
V oxide film and a V oxynitride film under identical reac-
tion conditions—pH 7, 0.1 M Na,SOy4 (Osonkie et al 2022).
The V oxide data in figure 8 for sputter-deposited V oxide
are very similar to those reported previously (Ganesan et al
2021). The data in figure 8 show that both N-free V oxide and
V oxynitride display similar electrochemical behavior. There
is a slight relative increase in NH3 production for the oxyni-
tride (figure 8(b)). This, and the somewhat different current
magnitudes and threshold potentials suggest that (a) in addi-
tion to NRR, somewhat different electrochemical reactions
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may be occurring at the oxide and oxynitride surfaces, and (b)
that the somewhat higher NHj3 production in the oxynitride
is consistent with the simultaneous reduction of both lattice
N and N, at the oxynitride surface. The greater current and
different threshold potential for the oxide (figure 8(a)) may
reflect HER activity in the oxide and not the oxynitride (but see
below).

DFT-based calculations indicate that for metals of high
oxophilicity (Moltved and Kepp 2019), the dissociation of
adsorbed N, to V=N:, a plausible reaction intermediate
(equation (1)), is significantly energetically favored at a sur-
face V site bonded to 5 oxygen ligands, compared to surface
V bonded to 5 N ligands in the rocksalt structure (figure 9)
(Ganesan et al 2021). Extension of these calculations to other
oxides indicates a similar trend for Ti and V, but not for
Cr (figure 10) (Ganesan et al 2021). It is thus apparent that
the role of lattice O in the V oxynitride—and possibly other
oxophilic metal—is to enhance N, binding/dissociation at the
metal cation site.

The above results demonstrate that the role of lattice O in
V oxynitride is critical to N, reduction. These findings also
provide an explanation for observed NRR inactivity of O-free
VN (Du et al 2019), as well as the NRR activity of N-free V
oxide (Ganesan et al 2021). Furthermore, the observed lack of
an MVK mechanism means that any enhanced NRR activity
due to the presence of lattice N will eventually degrade as the
lattice N becomes depleted. However, V oxides may display a
broad variety of oxidation states, even within a single thin film
or nanostructure (Biesinger et al 2010, Goodacre et al 2020).

It is therefore fair to ask what V oxidation state (or states)
is (are) most favorable for N, binding/reaction. This issue is
explored in the next section.

2.2. The V oxidation state

A key issue in the use of metal oxynitrides as NRR
electrocatalysts is the role of metal cation d electrons in N=N
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bond activation. This is illustrated by the results of DFT-based
calculations (figure 11), showing calculated N=N stretching
frequency (y-axis) vs N=N bond distance (x-axis) for N,
bonded end-on to selected metal centers in various oxidation
states. Calculations were performed on molecular models of
N-rich (ligated amide, NH;) and O-rich (ligated by hydrox-
ide, OH) vanadium-dinitrogen surface configurations of vary-
ing d-count on the metal. To assign the formal oxidation state
of the metal and hence d-count typical electron counting rules
were employed, i.e. amide and hydroxide =1— charge. The
Gaussian 16 code (Gaussian 16, Revision C.01, Frisch et al
2016) was used for these simulations and the level of theory
employed was the B3LYP functional (Vosko et al 1980, Lee
et al 1988, Becke 1997) in conjunction with the def2-svp basis
set (Weigend and Ahlrichs 2005). Continuum solvent effects
were modeled via the solvent model density (SMD) solvation

method (Marenich et al 2009), assuming water as the solvent.
Various low-, intermediate- and high-spin states were evalu-
ated, and the reported data are for the most stable spin state.
For all open-shell entities (multiplicity >1), the unrestricted
Kohn—Sham formalism (Kohn and Sham 1965) was employed.
For all stationary points, vibrational spectra were computed.
Notably, the data in figure 11 show that, in general, a metal
(43) oxidation state provides enhanced bond activation relat-
ive to the corresponding (44) oxidation state for the transition
metals considered. Indeed, the calculations in figure 11 indic-
ate that V(IV) will not even bind N, although V(III) will. In
essence, the results in figure 11 indicate that the stabilization
of transition metal centers in infermediate oxidation states is
beneficial to N=N bond activation and NRR. Indeed, the XPS
data in figure 6 suggest that reduction of lattice N via the form-
ation of a V=N: surface state is coupled with further oxidation
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of the V site. Therefore, understanding the interaction of N,
with V(III) vs. V(IV) (or V(V)) is important to a fundamental
understanding of the functioning of V oxynitride, and other
oxynitrides, as NRR catalysts.

To address the above question, NAP-XPS studies were car-
ried out at room temperature on a V oxide surface with a distri-
bution of V oxidation states, mainly V(IV), but including V(V)
and a small proportion of V(III) (Balogun et al 2022). Stud-
ies were carried out at the Advanced Light Source (ALS) on
V oxide films fabricated at UNT, and then cleaned off surface
C and other contaminants at ALS. Vanadium O1s/V2p core
level spectra are displayed in figure 12. Using the V oxidation
state calibration method reported by Goodacre and co-workers
(Goodacre et al 2020) and based on earlier work (Coulston
et al 1996), the data show that the average V oxidation state is
between V(IV) and V(V), although a minority of V(III) states
is present (Balogun et al 2022).

NAP-XPS core level spectra of N, on this V oxide surface
are shown in figure 13. N1s spectra (figure 13(a)), acquired at
N, pressures up to 10~! Torr show that the N1s spectrum of
species bound to the surface (i.e. excluding the spectrum of
gas-phase N,)—is observable at pressures >10"> Torr, and
consists of a broad feature centered at a binding energy of
401.0 eV, and a less intense feature centered near 398.7 eV
(Balogun et al 2022). N/surface binding is sufficiently strong
that the N1s spectrum observed at 10~! Torr (figure 13(a)) is
essentially unchanged upon pump-down to UHV. As shown
in figure 13(b), Ols and V2p core level spectra are also
unchanged upon exposure to N, at room temperature. Expos-
ures of the same surface to equal partial pressures of N, and
H,0 up to 10! Torr result in a significant but not complete
decrease of N1s intensity, with no observable change in N1s
binding energies.

Given the data in figures 12(b) and 13(b), indicating
that the prevalent V oxidation state in the surface region is
V(IV), one might conclude that the XPS data in figure 13
represent binding to the majority V(IV) sites in the vana-
dium oxide film. However, the total Nls intensity indic-
ates that the maximum amount of N adsorbed corresponds
to ~1.5 x 10" atoms cm™2—a very small fraction of a
monolayer (Balogun et al 2022). Additionally, DFT-based
calculations of N, binding to various V oxide structures with
V in different oxidation states (table 1) indicate significant
N, absorption energies at V(III) and various V(IV) sites.
However, only at V(III) sites does the calculated absorp-
tion energy for N, exceed that calculated for H,O, con-
sistent with the N,/H,O co-adsorption data (see (Balogun
et al 2022)).

Hartree—Fock self-consistent field calculations of the pho-
toemission process for N, bound end-on to V sites surroun-
ded by point charges indicate that the N1s spectral features
centered at 401.0 eV and 398.7 eV (figure 13) can be accoun-
ted for as the shakeup and normal 1s excitation features,
respectively, for N, bound to V(III), but not to V(IV). A part of
the high binding energy spectral weight in N1s spectra can also
be also ascribed to a different adsorption site or to a dissociat-
ive adsorption. For the shake-up energy as shown in figure 14,
the energy separation between the shakeup and normal fea-
tures is calculated to be 3.3 eV, in reasonable agreement with
an experimental value of 2.3 eV (figure 13(a)). However, the
calculated shakeup-normal energy separation for N, bound
to V(IV) is ~13 eV. Thus, experimental N1s intensities, cal-
culated N, adsorption energies, and detailed calculations of
shake and normal Nls excitation energies are all consistent
with N interacting with V(III), rather than V(IV) sites. (Pos-
sible interactions with V(V) sites were excluded on the basis
of calculated N, adsorption energies, as shown in table 1)
(Balogun et al 2022).

The above findings regarding the NAP-XPS study
are certainly consistent with the calculations shown in
figure 11—that N, binds strongly to V(III) sites, but not
to V(IV). However, one must then ask how represent-
ative the V2p spectra shown in figure 13(b) are of a V
surface in an aqueous electrolyte under NRR conditions.
To address this issue, UHV-EC data were acquired for a
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V oxide film—similar to the one used in the NAP-XPS
studies—in a 0.1 M Na,;SOy electrolyte (pH 7), as shown in
figure 15.

The UHV-EC data in figure 15 show that, in agreement with
the V Pourbaix diagram (Lee et al 2020), a V oxide surface
with an average oxidation state near 4.0 would, upon immer-
sion, undergo significant reduction, yielding a hydroxylated
surface with an average V oxidation state <4.0, indicating
an increase in V(III) oxidation sites in the surface region.

As expected, cathodic polarization to typical NRR potentials
yields oxidation. Thus, the data in figure 15, together with
the calculations summarized in figure 11, and the NAP-XPS
findings summarized here, strongly suggest that V oxide films
would be significantly more active for NRR if V centers could
be stabilized in V(III) oxidation states under reaction condi-
tions, Indeed XPS data for V oxynitrides (Osonkie et al 2020a,
2022)—e.g. figure 6—demonstrate that the presence of lattice
N does yield an average V oxidation state closer to V(III).
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Table 1. Comparison of calculated N, and H,O absorption energies (AE) and exchange energies [E-exch = AE(H,O) — AE(N3)]. Energies
are calculated for N>-end on bonding to the V cation site. V-N and N-N bond lengths [r(VN)] and r(NN) are also given as is the V-O bond
length trans to N»—V interaction. Bond energies are in eV. Bond lengths are in A. Reprinted from Balogun et al (2022), with the permission

of AIP Publishing.
Trans
Oxide Morph Face CN(V) Geom f.o.s. AEN») AE(OH») E-exch r(VN) r(NN) VO
VO r.s. 001 6 Oh I —0.81 —0.96 —0.15 1.967 1.133 2.445
V203 R3-c 0001 4 Td I —0.64 —0.19 0.45 1.947 1.136 n/a
VO, Rutile 111 6 Oh v —0.44 —0.66 —0.23 2.118 1.113 2.014
VO, Rutile 110 ‘0’ SQP5 v —0.83 —1.29 —0.46 1.989 1.127 2.801
VO, C2m 100 3 TP3 v —0.95 —0.98 —0.03 1.973 1.137 n/a
V,0s5 Pmmn 010 6 Oh \Y% —0.17 —0.42 —0.25 2.869 1.108 1.609
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tice N as an additional source of NHj3, but also with enhanced
N; binding/activation at V(III) sites. The Pourbaix diagram for
V (Lee et al 2020) suggests that this should be the case at pH 7
and under acidic conditions, at which V oxynitride NRR activ-
ity has been reported (Yang et al 2018, 2019, Osonkie et al
2022).

2.3. Catalyst selectivity: NRR vs. HER

Catalyst selectivity for NRR over HER is an important con-
sideration in optimizing catalyst production and reaction con-
ditions for actual use, as significant HER production obvi-
ously lowers the rate of ammonia production (Pan ef al 2020,
Qing et al 2020). We have used gas chromatography-mass
spectrometry (GC-MS) to compare NRR and HER produc-
tion for V oxynitride at pH 7 and pH 10, and for Co oxyni-
tride a pH 10 (due to film electrochemical instability at pH
7) (Chukwunenye et al 2022). Notably, V oxynitride is NRR
active at pH 7, and NRR inactive at pH 10, while Co oxynitride
is NRR active at pH 10 (Chukwunenye et al 2022).

Binding Energy (eV)

Figure 15. UHV-EC XPS spectra for a V oxide film prepared by
MBE: (a) after ambient exposure and subsequent Ar ion sputtering
to remove adventitious C; (b) after immersion in de-ionized water at
open circuit potential; (c) after immersion at open circuit potential
in 0.1 M Na;SOy4, emersion, and rinsing in de-ionized water; and
(d) after Ar ion sputtering and immersion in 0.1 M Na,SO4 and
polarization to and emersion at —0.8 V vs Ag/AgCl, followed by
rinsing in de-ionized water. Average V oxidation states (Vox) are
shown. Reprinted from Balogun et al (2022), with the permission of
AIP Publishing.

GC-MS data for H, evolution, summarized in figure 16,
show that V oxynitride is HER inactive at pH 7, whereas Co
oxynitride is HER active at pH 10. The data thus demonstrate
the high selectivity of V oxynitride at pH 7.

DFT calculations indicate that an important reason for this
difference in NRR selectivity between V and Co oxynitrides
is the reactivity of H,O at the metal cation site. These calcula-
tions indicate far more favorable reaction energies (by >1eV)
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for O—H bond scission of adsorbed H,O at Co vs metal cation
site (equation (2)), leading to H, formation:

H>Oagsy— OHags)+Hyags) (2a)

H.qs+H>O — OH,4s+Ho>. (2b)

For both Co nitride and oxynitride, (2a) is heavily ener-
getically favored relative to V oxynitride. This result would
explain not only why Co oxides and oxynitrides are potent
HER catalysts, but also explain the HER inactivity of V oxyni-
trides at neutral pH. It should be pointed out, however, that (to
our knowledge) there are no data for HER of V oxynitrides
under acidic conditions, where proton-based HER mechan-
isms might be expected to be relevant.

3. Summary and conclusions

The data presented herein provide the basis for several import-
ant conclusions regarding V oxynitride. The first is that

an MVK mechanism is not operative under the conditions
examined. Lattice N and solvated N, at pH 7, are both reduced
to NHj3 by separate reaction mechanisms, both of which are
favored at O-ligated vs. N-ligated V centers (Osonkie et al
2022). This has an important consequence in that, under any
reasonable set of operating parameters at pH 7, the oxynitride
should eventually be depleted of lattice N. At pH 7, V oxide
is also NRR active (Ganesan et al 2021). Thus, in principle,
one should not see a large fall-off over time of NRR activity
for V oxynitrides as lattice N becomes depleted over time, and
our electrochemistry studies support this conclusion. (Osonkie
et al 2022). Existing data (Yang et al 2018, 2019) also suggest
that V oxynitrides should exhibit NRR durability under acidic
conditions.

At pH 7, V oxynitrides are also highly selective for NRR
relative to HER. In fact (figure 16) they are HER inactive under
neutral conditions (Chukwunenye et al 2022). However, the
selectivity of NRR vs. HER for V oxynitrides as a function of
lattice N depletion—as well as pH—remains to be explored.
Indeed, experimental data (Dey et al 2019) suggest that V
oxides (at least in +4/+5 oxidation states) are robust HER
catalysts under acidic conditions. This finding is in accord with
the results of DFT calculations discussed above, in that one
would expect that the HER reaction pathway depending on
O-H bond scission (equation (2a)) energetically unfavorable
at V sites, should become less important at lower pH. Instead,
a proton-based mechanism, e.g.:

H;0" +e” 4+ * = *H+H,0 (3a)

“H+ Hy0 (g) — Ha(g) +*OH. (3b)

is estimated to be energetically favored at V cation sites
(Chukwunenye ef al 2022). Thus, the above experimental and
theoretical findings indicate that V oxynitride should be a
robust NRR catalyst and highly selective for NRR over HER
at pH 7, but that this selectivity should decrease at acidic con-
ditions, at least for V in +4/+5 oxidation states (Dey et al
2019).

The above points to the importance of the V (or other
transition metal) oxidation state in the process. Calculations
of N=N bond activation (figure 11) and NAP-XPS stud-
ies of N,/V oxide interactions (figures 12—14) indicate that
V(II) should be more active for N, activation than V(IV) or
V(V). This could be due to the effects of V d electrons in 7-
backbonding (Balogun et al 2022), or the effects of different
ligands associated with different oxidation states. Absent the
depletion of lattice N, ex siru XPS data (e.g. figure 6) indicate
that lattice N helps stabilize V in the +3 state, and that increas-
ing V oxidation is observed after NRR and the loss of lattice
N. Thus, stabilizing V in a lower (43, vs. +4 or +5) might
have real consequences for NRR activity and selectivity under
acidic as well as neutral conditions.

The evident importance of metal oxidation states, as well as
the lack of detailed experimental verification of reaction path-
ways, points toward the importance of surface science methods
for future electrocatalysis-based studies. As shown above, in
select cases, ex situ and in situ XPS, as well as NAP-XPS at the
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vapor/solid interface can make important contributions to our
understanding of transition metal oxidation state, as well as
related aspects of catalyst surface composition, such as lattice
N depletion. Indeed, preliminary in situ XPS results for other
transition metal oxynitrides indicate that surface oxide forma-
tion/dissolution, as a function of pH, may also be key determ-
inants in understanding pH effects on NRR activity. These
data will be reported in a future publication. In the future, per-
haps operando photoemission at the liquid—solid interface will
also provide additional detailed information to bear on such
issues.
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