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Abstract — Artificial N, fixation via the electrocatalytic nitrogen (N2) reduction reaction (NRR)
has been recently promoted as a rational route towards reducing energy consumption and CO;
emission as compared with the traditional Haber-Bosch process. Nevertheless, optimizing NRR
relies on developing highly efficient electrocatalysts. Herein, we report on the reliable and
reproducible synthesis of two promising electrocatalysts in either the presence or absence of
Ketjenblack (KB), respectively, namely ZrO>-ZrN@KB and ZrO»-ZrN systems, synthesized
through the nitriding of Zr. Both materials had never previously been considered for NRR, to the
best of our knowledge. Nevertheless, both of these electrocatalysts incorporated a combination of
tetragonal ZrO,, ZrON, and cubic ZrN and showed excellent activity and durability towards NH3
formation. Moreover, the maximum NH3 production rate of 84.1 pgh ' mg ' at 0.7 Vvs. a
reversible hydrogen electrode (RHE) was achieved with the ZrO»-ZrN electrocatalyst with an
impressive Faradic efficiency of 21.2 % at —0.6 V vs RHE, indicating a high selectivity
associated with the NRR. Additionally, the catalysts demonstrated excellent stability during the
electrolysis process and recycling tests. We postulate that the combination of exposed active sites

of ZrN and ZrO; likely contributes to the enhanced NRR performance attributed to ZrO»-ZrN.



1. Introduction

Ammonia represents one of the largest carriers for the ubiquitous movement of renewable
energy in addition to its other uses in the fertilizer and chemical industries."? Currently, it is
perceived as a potential replacement for carbon-based fuels, due to its high energy density (4.32
kW h L), facile storage at low pressure, and easy transport.!® The traditional thermochemical
Haber-Bosch process has yielded immense advantages throughout the world.” However, the
reliance of this process on high temperatures (400°C) and pressures (150—200 bar), which utilize
about 2% of the global energy consumption, have propelled attempts to explore more sustainable
alternatives for the generation of ammonia.® The electrocatalytic nitrogen reduction reaction
(NRR) denotes one of the most promising alternative approaches to ammonia generation since it
can be powered by electricity generated from renewable sources and can overcome the
characteristic disadvantages of the energy-intensive Haber-Bosch process.” !°

The similar potential region between the NRR and the reduction of water to form
hydrogen results in the hydrogen evolution reaction (HER), which is the major competing
reaction to NRR and leads to relatively low faradaic efficiencies of less than 1% toward NHs.> 1
Due to the high ionization energy (15.6 eV) of the inert N=N triple bond, and the slow reaction
kinetics involving six proton-coupled electron transfer steps, an electrocatalyst is necessary to
enable N> adsorption and activation in the NRR process.* 12 An operationally feasible catalyst for
electrochemical ammonia synthesis should not only provide for sufficiently strong binding to
facilitate N-N bond breaking but also prevent H-H bond association and allow for the
protonation and removal of NH3.!% 11
The transition metals are generally regarded as promising catalysts to alleviate the kinetic

issues for Ny activation, as they possess d-orbital electrons for m-electron back donation. !> 14



However, transition metal catalysts evince poor binding towards nitrogen and are not effective
enough, in and of themselves for the N, activation process.'* !> Moreover, the d orbital electrons
within transition metals also contribute to the formation of metal-H bonds for the hydrogen
evolution reaction (HER).!* 161 Therefore, improvements in electrocatalytic NRR are required
not only in terms of developing and enabling a completely new class of catalysts but also for
modifying existing catalysts to achieve novel mechanisms for effective N2 activation.'® 1°-2!

Based on some recent studies, it has been suggested that the introduction of dopants
and/or defects into transition metal nitrides (TMNs) can improve their electrocatalytic NRR
performance by comparison with their undoped counterparts.?>2* For example, the introduction
of an O atom onto the metal-N surface could be advantageous for the activation of the surface N
sites adjacent to the surface O atom.?® Specifically, the presence of surface O atoms can result in
the regulation of the electronic structure of the nitride and a concomitant weakening of the
metal-N bond. These plausible scenarios could thereby lead to the lowering of the energy barrier
for NH3 release and consequently facilitate the progress and optimization of NRR. On the other
hand, in stable compounds of Zr such as ZrO,, the central element of zirconium possesses a
vacant orbital suitable to accept lone pair electrons of the N> molecule ¢ orbital, which
significantly weakens the N=N bond.?* 2 Therefore, the strategic modification of the TMN
electron state either using the relevant oxide alone or introducing a metal oxide impurity could
plausibly assist in accomplishing and enabling high NRR performance.?* 2

Via comprehensive density functional theory-based analysis, several theoretical studies
have been proposed to study a relatively unexplored family of promising and cost-efficient

catalysts, namely TMNs for NRR.?"! However, to the best of our knowledge, associated

experimental measurements along with the practical, real-life application of most TMNs in the



context of the electrochemical reduction of N2 to NH3 are still scarce. For instance, Xiao et al.
demonstrated that ZrNs can effectively promote the nitrogen fixation process under the limiting
potentials of 0.51 V, using DFT calculations.?! In a separate study, Pilania and coworkers
performed DFT computations to investigate the effect of surface compositional and
configurational changes, namely the presence of surface oxygen and surface steps, upon the
catalytic activity of ZrN for the electrochemical NRR process occurring through the Mars—Van
Krevelen (MvK) mechanism.*

Within the MvK mechanism, the lattice N atoms are reduced to NH3 and are desorbed
from the surface; consequently, a surface N vacancy species is generated, which is subsequently
replenished by absorbing an N> molecule. According to their computational results, the pristine
and the oxynitride surfaces of ZrN revealed a qualitatively similar potential energy surface
profile for the elementary reaction mechanism.*° Talarmin et al. and Skulason et al. noted that
either VN, NbN, CrN, or ZrN can reduce nitrogen to ammonia via the MvK mechanism at
smaller overpotentials of around —0.5 to —0.8 V by comparison with pure transition metals,
wherein higher overpotentials of around —1.0 to —1.5 V were predicted to form ammonia.?’->% 3

In a comprehensive DFT-based computational screening of TM mono-nitrides with 26
different d-block metal ions, Abghoui et al. found that the most promising candidates comprise
the (100) facets of the rock-salt (RS) structure of VN and ZrN, which show a likelihood for
generating ammonia in high yields at lower onset potentials and in principle, exhibit zero
poisoning by oxygen, hydroxide, and hydrogen species.?”** 3 In their complementary,
computational work, Pilania and co-workers evaluated and compared the energetics of the ZrN
(100) step and zirconium oxynitride (100) flat surfaces for the NRR elementary reactions and

found that the oxynitride surface gave rise to a favorable 30 meV lower overpotential as



compared with that of the pristine ZrN surface.? On the other hand, the ZrN step surface
exhibited a 40 meV higher overpotential, due to a stronger binding of N> on the surface
vacancy.’” Moreover, Sktilason highlighted the RS(111) nitrides as being the most favorable in
terms of H adsorption on a surface N with the least affinity of H binding to neighboring metal
atom(s), a process that would thereby facilitate NRR on the surface.?’ It has been hypothesized
by Yang et al. that the metal oxynitride acts as an active phase for electrochemical NRR, because
of the presence of active surface N sites adjacent to the surface O atoms.?® Furthermore, Guo and
Li et al. demonstrated the ability of the ZrO,/C electrocatalyst to reduce nitrogen to ammonia via
the formation of Zr-N species during NRR.?* Collectively, materials incorporating all the
different phases of ZrN, ZrON, and ZrO, can be credibly assumed to act as dynamic
electrocatalysts toward NRR.

It is worth noting that many of these previous reports have demonstrated the practical
electrocatalytic applicability of VN.26 3436 However, analogous studies of the experimental
applicability of either ZrN, ZrON, ZrO, or a merged ZrO»-ZrN system toward NRR are still
somewhat limited. Therefore, we selected a combination electrocatalyst comprised of mainly
ZrN and ZrO», based on the prior body of DFT studies and previous literature findings which
have provided a legitimate rationale with which to value the promise and potential of this
material as an electrocatalyst towards NRR for producing ammonia. 2’-%°

Moreover, the ZrO>-ZrN catalyst maintains a stable N-vacancy at the surface and should
not be poisoned by either oxygen or hydrogen from the aqueous electrolyte.?’ At the onset
potential, the N-vacancy is stable towards both protonation and oxidation from water, and it can
27,29

easily react with atmospheric nitrogen injected into the system under ambient conditions.

Thus, the competing HER could be suppressed to a large extent, and a significant amount of



ammonia production should be expected.?® ?° Hence, based on the above-mentioned findings and
precedence, herein we report on the synthesis of a promising zirconium-based (ZrO»-ZrN)
platform in addition to an analogous system composed of zirconium ZrO-ZrN deposited onto

conductive carbon (ZrO>-ZrN@XKB) for the efficient reduction of N> to NHs.

2. [Experimental section
2.1. Materials

Zirconium tetrachloride (Sigma Aldrich), Mg powder (Alfa Aesar), Ketjenblack carbon
(AKZO Nobel LLC; EC600-JD), Nafion solution (5 wt. % in water and ethanol mixture)
(Beantown Chemical), Toray carbon paper- 30% wet proofing (Fuel Cell Earth), salicylic acid
(Thermo Scientific), ammonium chloride (Thermo Scientific), sodium citrate dehydrate (Fisher
Chemical), sodium hypochlorite solution (NaClO, 5%) (Fisher Chemical), sodium
nitroferricyanide dihydrate (CsFeNgNa,O-2H>0) (LabChem), sodium hydroxide (NaOH) (Acros
Organics), and hydrochloric acid (HCl) (36.5-38 %, Alfa Aesar) were used, as received. In
particular, all reagents were of analytical reagent grade and utilized without further purification.
Ultrapure water (18.2 MQ cm ') was produced by a Milli-Q ultrapure system throughout all of
the experiments.
2.2. Synthesis of tested electrocatalysts
2.2.1 Synthesis of ZrO:-ZrN@KB and ZrOz-ZrN catalysts

The conductive carbon-containing ZrO>-ZrN@KB electrocatalyst was prepared by
mixing in 0.32 g of ZrCly, 0.34 g of Mg powder, and 0.3 g of Ketjenblack (KB) in 30 mL ethanol
by a process of ultrasonication and stirring. In this synthesis, the Mg powder was used as a
reducing agent.’” The mixture was then dried using a rotary evaporator. The as-obtained powder

was then transferred to an alumina crucible and subjected to annealing by passing Ar for 30 min



followed by NH3 for 6 h at 850°C at a flow rate of 1 L/min to induce nitridation within a quartz
tube furnace.®’ After 8 h, the sample was cooled inside the tube furnace, and Ar gas was allowed
to flow in overnight to eliminate any toxic gases. The nitridation product was then washed with
1.5 M HNO3 and ethanol to remove any unwanted byproducts and subsequently dried in a
vacuum furnace at 50°C for 12 h to obtain the desired ZrO>-ZrN@KB powder. The pristine
Zr0O»>-Z1N electrocatalyst was prepared by employing an identical synthesis method to that of
Z1rO>-ZtN@KB but in the absence of KB.

2.3. Preparation of the Working Electrode. 10 mg of either ZrO,-ZtN@KB or ZrO»-ZrN was
dispersed in a mixed solution, consisting of 700 uL H>O, 200 pL isopropyl alcohol, and 100 pL
Nafion (5 w%), which was then sonicated for 1 h to form a homogeneous ink. Subsequently, 10
uL of the ink was loaded onto a carbon paper with an area of 1 cm x 1 cm (catalyst mass loading
of 0.1 mg cm2) and dried under ambient conditions. Thus, the working electrodes obtained for
these inks were named C- ZrO,-ZtN@KB and C- ZrO»-ZrN, respectively, whose specific
preparation followed that of accepted protocols in the prior literature.?* 339 As the catalyst loading
was only 0.1 mg cm 2 and an adequate amount of Nafion was used, the catalyst stuck to the carbon
cloth throughout the experiments and no falling of ZrO>-ZrN@KB or ZrO»-ZrN during NRR was
observed from the working electrode.

2.4. Characterization

2.4.1. Scanning electron microscopy: SEM images were collected with the JEOL JSM-7600F

scanning electron microscope, equipped with an energy dispersive spectrometer (EDS) at an
accelerating voltage between 5 and 10 kV. The ZrO>-ZrN@KB and ZrO,-ZrN samples were
prepared for SEM imaging by dispersing in 5 mL of ethanol by sonication and then drop-casting

in small aliquots onto silica wafers prior to drying at room temperature.



2.4.2. Transmission electron microscopy: TEM images were collected with the JEOL 1400

transmission electron microscope at accelerating voltages between 80 and 120 kV, equipped with
a 2048 x 2048 Gatan charged-coupled device (CCD) camera. The HRTEM and STEM data were
collected using an FEI Talos 200x, an operando Scanning Transmission Electron Microscope.
The ZrO,-ZrN@KB and ZrO»-ZrN samples were prepared for TEM imaging by dispersing in 5
mL of ethanol via sonication and drop-casting aliquots onto copper grids which were coated with
lacey carbon. The particle sizes were calculated using ImagelJ software.

2.4.3. Raman spectroscopy: Raman spectral analysis for ZrO>-ZrN@KB and ZrO,-ZrN samples

was performed under ambient conditions using a Horiba Raman Microscope (Xplora Plus,
Horiba Instruments Inc., Piscataway, NJ, USA). The Raman spectra were collected using a laser
source of 532 nm with an output power of 5 mW and a 10x (NA = 0.25) objective. The
acquisition time of 30 seconds and accumulations of 10 scans were maintained throughout the
measurements. Systematic scans were conducted on each sample at various positions to
investigate the variations in the oxide crystal structure and composition across the oxide

thickness. Data processing was carried out using the Jobin Yvon LabSpec 6 instrument.

2.4.4. X-ray Diffraction: XRD analysis was conducted on a Rigaku Mini Flex 600 X-ray
diffractometer. The instrument was operated at voltage-current conditions of 40 kV and 15 mA,
using Cu Ko radiation (A = 1.5406A). The sample was prepared by sonicating the ZrO.-
ZTN@KB and ZrO,-ZrN powder, dispersed in 5 mL of ethanol. Small aliquots of the sample
were then drop cast onto a Si zero background diffraction plate for XRD. Measurements were
subsequently collected from 26 values of 10°— 80°at a rate of 4°/min, and the XRD patterns were

analyzed by using the Match! Program and the underlying JCPDS file no. 42-1164.
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2.4.5. X-ray photoelectron spectroscopy (XPS): X-ray photoelectron spectroscopy (XPS)

measurements were conducted on a Physical Electronics Quantum 2000 XPS microprobe
instrument, capable of chemical mapping. It is equipped with a 16-channel detector, a flood gun
for charge compensation (thereby facilitating analysis of surfaces with limited conductivity), and
an ion gun for chemical profiling. Monochromatic Al K o X-rays (1486.6 eV) were used at 12.5
W, with a beam diameter of 50 microns. The neutralizer was set at 1.0 V and 20 microamps, and
the analyzer was used in the Fixed Analyzer Transmission (FAT) mode. Calibration due to
charging considered the adventitious C s peak binding energy to be at 284.6eV. Data
deconvolution was conducted with PHI MultiPak software (version 9.1.1), utilizing a Shirley
background for all peaks.

2.4.6. Nuclear Magnetic Resonance (NMR): The NMR data were acquired on a 500 MHz

spectrometer upgraded with a Briiker Avance III Console with a variable temperature accessory,
a digital temperature control unit, and Z-gradient electronics. The samples were run for 1024
scans with 4 control scans, performed at room temperature.
2.5. Electrochemical Measurements

The electrochemical experiments were performed on a potentiostat (SP-300, Bio-Logic
Science Instruments Ltd.) using either C- ZrO»-ZrN@KB or C- ZrO»-ZrN, an Ag/AgCl electrode
(3M KCl electrolyte), and a platinum sheet as the working, reference, and counter electrodes,
respectively. An H-shaped electrolytic cell isolated by a Nafion 211 membrane in the middle was
used to conduct the NRR tests, as shown in Scheme S1. The potential utilized was converted to a
reversible hydrogen electrode (RHE) scale by calibration using the equation: E (vs RHE) = E (vs
Ag/AgCl) +0.207 V. The corresponding current density was normalized to the geometric surface

area. For conducting the electrochemical N> reduction, the chronoamperometry tests (—0.8 to
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—0.3 V vs. RHE for ZrO>-ZrN@KB and -0.8 to -0.5 V vs. RHE for ZrO,-ZrN were performed in
an Nz (99.9%)-saturated 0.1 M HCIl solution, which was purged with N> for approximately 30
min before running the NRR experiment.

2.6 . Determination of Ammonia (NH3).

The concentration of NH3 generated after each NRR experiment run was
spectrophotometrically measured by employing the indophenol blue method.>**° Specifically, 2
mL of electrolyte was taken from the cathodic chamber, and then a combination of 2 mL of
chromogenic reagent (1 M NaOH, 5 wt.% C7HsO3, 5 wt.% CsHsNa3O7), 1 mL of oxidizing
solution (0.05 M NaClO), and 0.2 mL of catalyzing reagent (1 wt.% Nay[Fe(CN)sNO] ) was
sequentially added into this solution. The mixture was allowed to stand in the dark at room
temperature for 2 h, and then the UV—vis absorption intensity was measured at 655 nm. The
reaction scheme for the formation of indophenol is shown in Figure S1. The concentration vs
absorbance curves were calibrated using the standard NH4Cl solution (Figure S2) with a series
of different concentrations. The fitting curve (y = 0.077x + 0.0148, R?>= 0.998) yielded an
excellent linear correlation between absorbance values and measured NH4Cl concentrations.

2.7 Determination of Hydrazine (N2H4)

The Watt and Chrisp method was used to estimate the amount of NoHy4 formed in the
electrolyte.*! A color reagent was prepared by mixing para-(dimethylamino)benzaldehyde
(PDAB) (5.99 g) in 0.1 M HCI (30 mL) in ethanol (300 mL) along with a 5 mL of electrolyte to
which was added 5 mL of the prepared color reagent. Figure S3 highlights the reaction of
hydrazine with PDAB to form a yellow-colored azine complex, which is stable under acidic
conditions. This mixture was then stirred for 30 min at room temperature, and the absorbance

was measured at 455 nm using a UV—vis spectrometer (Figure S4 (a)). A standard curve was
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plotted using a series of standard hydrazine solutions incorporating different NoHs concentrations
0f 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, and 0.5 pg mL !, respectively, in 0.1 M HCI. The fitting curve
(Figure S4 (b)) evinced an excellent linear relationship between absorbance versus NoHa
concentrations (y = 0.2486 x + 0.0116, R? = 0.999). This curve was used to calculate the yields
of hydrazine in the electrolyte.

2.8 Calculation of Vnu3 and Faradaic Efficiency (FE)

The rate of NH3 formation (Vnu3) was calculated using Equation 1253837

= V x [NH;|
VNH3 Txm. . m,, (1)

The corresponding Faradaic efficiency (F.E.) was calculated using Equation 2.2%3% 3

_ 3Fx Vx[NHy]

F.E.

In these equations, V is the volume of the electrolyte; [NH3] is the concentration of NH3; t
is the electrolysis time; mca 1S the catalyst mass; 3 denotes the number of electrons transferred
per ammonia molecule; F is the Faraday constant; Q is the theoretical electronic quantity across

the electrode, and 17 represents the molar mass of ammonia (i.e., 17 g/mol).

3. Results and Discussion

The syntheses of ZrO,-ZrN@KB and ZrO»-ZrN were achieved by a nitridation process in
which either the mixture of ZrCls, Mg powder, and KB (for ZrO»-ZrN@KB) or a corresponding
mixture of ZrCls and Mg powder alone (for ZrO,-ZrN) was combined in ethanol under stirring
and centrifugation prior to drying in order to generate a homogeneous black powder. The KB

was used to provide for a larger specific surface area (1400 m? g ') and a superior conductivity to
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the electrocatalyst ZrO>-ZrN@KB.*** The powder was then subjected to the nitridation process
by passing NHj3 to form either ZrO,-ZtN@KB or ZrO»-ZrN, wherein the dispersed N atoms
adjacent to the O atoms provided extra reactive sites to the overall electrocatalyst.?® The
extraneous Mg content and other potential impurities were eliminated by washing the final ZrO,-
ZIN@KB and ZrO»-ZrN with HNOs3 and ethanol. The schematic representation for the synthesis
of ZrO»-ZtN@XKB is shown in Figure 1.
3.1. Microscopy and Spectroscopy Characterization of ZrO:-ZrN@KB and ZrO2-ZrN

To analyze the morphology of ZrO>-ZrN@KB and ZrO»-ZrN, we utilized scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). The SEM image of
Z1r0>-Zt1N@KB (Figure 2a) showed that ZrO,>-ZrN@KB possessed layered structures, likely
composed of many large plates of KB with Zr, O, and N dispersed all over the surface of KB, as
can be deduced from the EDS mapping data presented in Figure 2 b, ¢, d, f. It has also been
observed that some ZrO»-ZrN particles are also slightly aggregated on certain areas on the
external surface of KB. The SEM and EDS mapping images of ZrO»-ZrN (Figure 3 a, b ¢, d, e)
showed that the Zr, O, and N are distributed within the as-prepared sample. However, EDS
analysis on compositions of Zr, O, and N was difficult for both ZrO,-ZrN@KB and ZrO»-ZrN,
likely due to the apparently uneven distribution of ZrO; and ZrN species throughout the surface
of the tested samples.

The corresponding TEM images of ZrO>-ZrN@KB catalysts are provided in Figure 4
(a). The isolated ZrO,-ZrN particles (dark color spheres) appear to be well dispersed within a KB
carbon background (gray color).**® The average size of the isolated ZrO»-ZrN particles was
~5.4 + 1.4 nm, as shown in the histogram in Figure S5 (A). For further confirmation of the

particle size and crystallinity, we collected complementary STEM and HRTEM data, as shown in
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Figure 4 (b) and (c¢). The observed lattice spacings, as seen in the HRTEM, are ~0.29 nm in
dimension, which can be ascribed to the (110) plane of the tetragonal structure of ZrO, present in
ZrO02-ZtN@KB.? It is worth highlighting that no distinctive ZrN or ZrON species were
identified in the HRTEM images of ZrO,-ZrN@KB. As a result, no lattice fringe of ZrN or ZrON
was observed. This could be ascribed to the poor nitridation within ZrO>-ZrN@KB due to the
interference of KB with NH3 during the nitridation process. The corresponding TEM images of
ZrO»>-ZrN are shown in Figure 5 (a). The average size of the particles was found to be ~11.8 +
2.3 nm, as shown in the histogram presented in Figure S5(B). For further confirmation of the
particle size and crystallinity, we collected complementary STEM and HRTEM data, as shown in
Figure 5 (b) and (c). The structural postulate of a ZrN core coupled with an oxidized ZrO- shell
was revealed by the presence of lattice spacings of 0.22 nm and 0.29 nm, corresponding to the
(200) planes of cubic ZrN within the core and the (110) planes of the tetragonal ZrO; localized in
the outer shell.**->! However, the clear identification of ZrON species within the sample was not
obvious in the HRTEM image data associated with ZrO,-ZrN.

With respect to chemical composition, the as-obtained XRD peak values of ZrO;-
ZrN@KB nano-particles of 30.62°, 35.56°, 51.07°, 60.63°, and 74.43° correspond to Miller
indices of (101), (110), (112), (211), and (220), respectively, associated with the JCPDS file no.
89—7710 and consistent with the tetragonal phase of ZrOx (Figure S6 (a)).*> %> The
characteristic diffraction peaks of KB were observed at 21.58° and 45.80°, which can be indexed
to the (002) and (100) crystallographic carbon planes, respectively (Figure S6 (a)).>%>° A small
portion of the ZrO»-ZrN@KB contains ZrN, a finding which was implied by the presence of
small peaks at 34.45° and 39.95° (Figure S6, blue dotted line) ascribed to Miller indices of (111)

and (200), respectively.>* 376
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For the ZrO,-ZrN catalyst alone, the peaks centered at 20 values of 34.45°, 39.95°,
57.60°, 68.76°, and 72.36° could be attributed to the (111), (200), (220), (311), and (222)
crystalline planes of the cubic phase of ZrN, respectively (Figure S6 (b)).>*>”%° Herein, small
peaks associated with ZrO; were observed at 30.62°, 51.07°, and 60.63°, and likely are associated
with Miller indices of (101), (112), and (211) (Figure S6, yellow dotted line), respectively.*® 3257
From the XRD analysis, no apparent peak for ZrON was observed within both of the ZrO»-
ZTN@KB and ZrO»-ZrN catalyst samples.

The Raman spectral data collected at specific locations for ZrO»-ZrN@KB and ZrO»-ZrN
are presented in Figures S7 (a) and S7 (b). The Raman spectra of ZrO>-ZrN@KB demonstrated
the presence of several peaks consistent with the occurrence of the tetragonal phases of ZrO»,
ZrN, and KB, respectively (Figure S7 (a)). The peaks located at 143, 170, 252, 315, 445 cm™!,
and 627 cm! are connected to the tetragonal phase of Zr0.5"%* A very small peak situated at
~567 cm™! could be assigned to the weak asymmetric band of ZrN. Moreover, the increased
intensity of the peak at 143 cm™ and the splitting of the peak at ~252 cm™ could be collectively
attributed to the presence of vibrational modes of ZrN.%% % For KB, two distinctive Raman bands
corresponding to the D and G bands were noted at 1340 and 1597 cm™!, respectively. The D band
nominally designates the out-of-plane vibrations, due to either disorder or defects in the lattice,
whereas the G band is the so-called graphene band that details the in-plane stretching vibrational
profile of the C—C bond (first-order E»g symmetry mode).’® 7 Moreover, since a small number of
N atoms are supposedly dispersed over the entire surface of ZrO, on KB (as per SEM-EDS)), it is
not surprising that the signals ascribed to KB and t-ZrO; appear to be more dominant than those
associated with ZrN itself. The Raman spectrum of ZrO»-ZrN, as shown in Figure S7 (b),

highlighted characteristic peaks at 180, 223, 508, and 660 cm™!, corresponding to ZrN, implying
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that the core ZrN species is present within ZrO»-ZrN, a finding which correlates well with the
previously discussed XRD and TEM results.

The complementary X-ray photoelectron spectroscopy (XPS) analysis of ZrO:z-
ZrN@KB (Figure S8 (a)) indicated perceptibly little N /s signal in the survey spectrum, which
is not unexpected, due to the relatively low detection limit of N. The overall spectra, however,
suggested the occurrence of both O /s and Zr 3d peaks which are consistent with the presence of
the tetragonal phases of the ZrO» structure (Figure S8 (a)). The Zr 3d regions are revealed in
Figure S8 (b), which highlights doublets associated with ZrN (179.7 eV (Zr 3ds;) /182.2 eV (Zr
3d312)), ZrON (180.8 eV (Zr 3ds2) /183.3 eV (Zr 3d312)), and ZrO> (182.2 eV (Zr 3ds») /184.6 eV
(Zr 3d32)). The positions for Zr 3d binding energies are consistent with that previously reported
by Rizzo et al. for ZrO; and ZrNxOy, although they reported a slightly higher binding energy for
ZrN (i.e., 180.2 eV for the Zr 3ds;2 singlet).>* While the relative size of the nitride peak as
compared with the other Zr species appears to be significant, the survey spectrum from this
sample indicates only a relatively small Zr 3d contribution overall (as compared with the very
large C Is contribution from the KB, which dominates the spectrum).

It is also worth noting that the N /s spectra (as shown in (Figure S8(a)) is almost
impossible to resolve, due to a very low signal-to-noise ratio. The O Is spectra from the ZrO,-
ZrN@KB sample demonstrate the presence of two peaks, as shown in Figure S8 (¢),
corresponding to ZrO> (530.0 eV) and ZrON (531.1 eV). A third larger peak located at about
532.7 eV can be correlated with O bound to C (as noted in the C/s spectrum), but may also
include a contribution from water adsorbed onto the surface from adventitious sources.?> 87!
The N 1s spectra for ZrO,-ZrN@KB are shown in Figure S8 (d), wherein the three peaks fitted

are consistent with an N /s fit with a peak located at 395.4 eV corresponding to ZrN; a signal
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positioned at 397.8 eV associated with ZrON, in addition to a third peak situated at ~400 eV,
which might represent a more oxidized N species from the interfacial region between the nitride
and the oxynitride. Moreover, the C /s peak appearing at 286.5 and 285.4 eV implies some
degree of contributions from the oxidized C=0 and C-O bonds, respectively (Figure S8 (e)).2> %
89 A peak attributed to a C-C bond is also observed at 284.5 eV.”?

The survey spectrum from the ZrO,-ZrN powder (Figure S9(a)), which does not
incorporate KB, on the other hand, shows a relatively large Zr 3d peak (as compared to any C
resulting from adventitious sources) along with correspondingly well-resolved O /s and N /s
peaks. Hence, as shown in Figure S9(b), the Zr 3d peak can be resolved into components of
ZrN, ZrON, and ZrO,.”>* The expected peaks for (i) the ZrN bonds at 179.8 eV (Zr 3ds)2) and at
182.4 eV (Zr 3d3p); (i1) the ZrON bonds at 181.5 eV (Zr 3ds2) and 184.0 eV (Zr 3d312); as well as
(iii) the ZrOz bonds at 182.1 eV (Zr 3ds»2) and 184.6 eV (Zr 3d/2) were observed.’”> 74
Interestingly, the Zr 3d doublet related to ZrON (which may represent an interfacial species
between a ZrN core and Zr oxide shell) is shifted to a slightly higher binding energy by about 0.5
eV. The reason for this finding is not obvious (although it may represent a shift of electron
energy density away from Zr, perhaps due to N deficiency within this interfacial region);
however, it is consistent with the O /s fit, as shown in Figure S9 (c), which indicates a
significantly larger ZrON: ZrO; ratio as compared with the spectra obtained from the ZrO»-
ZrN@KB sample. The peaks present in the O /s spectra from the ZrO>-ZrN sample are
consistent with those reported and identified by Cubillos et al. for ZrO2 (529.5 eV), ZrOxNy
(531.1 eV), and adsorbed water at the surface (532.7 eV).”> Likewise, the N Is spectrum shown
in (Figure S9 (d), which can be more easily resolved due to the relatively larger signal as

mentioned earlier, displays the presence of both ZrN (395.1 eV) and ZrON (398.0 eV) species.
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The N /s value for ZrN is consistent with that reported for N that is four-coordinated to Zr
(ZrN2),’¢ although it can vary significantly, based on variability in the degree of the N
coordination within thin layers. Similarly, the values for the N /s photoelectron singlet for
zirconium oxynitride can range from 397.5 to 400 eV, with small variations in the O: N ratio.

Overall, based on the characterization results, it can be concluded that although both of
the catalysts tested consist of a mixture of ZrO», ZrN, and ZrON, ZrO, signifies the dominant
surface species within ZrO>-ZrN@KB, whereas both ZrO and ZrN appear to be well mixed
within the ZrO»-ZrN material analyzed. More specifically, a core-shell motif is proposed for the
ZrO»>-ZrN nanomaterial structure, based in particular on the HR-TEM data. The poor extent of
nitridation within ZrO,-ZtN@KB could be attributed in principle to the presence of the
interference of KB with NH3 during the nitridation process, whereas in the absence of KB within
Zr0O»-ZrN, the nitridation process was comparatively more successful.
3.2. Electrocatalytic NRR Performance of ZrO:-ZrN@KB and ZrO:-ZrN

The as-synthesized ZrO,-ZrN@KB and ZrO»-ZrN catalysts were painted onto carbon
paper (CP) with a mass loading of 0.1 mg cm ™ to construct the cathode electrodes (i.e., C- ZrOs-
ZTN@KB and C- Zr0O,-ZrN) for NRR within the H-shaped electrolytic cell. The linear sweep
voltammetry curves for C- ZrO>-ZrN@KB and C- ZrO»-ZrN within Ar- and N»-saturated 0.1 M
HCI solution are illustrated in Figure S10 (a) and Figure S10 (b), respectively. It was found that
the current density in the No-saturated solution was higher than that noted with the Ar-saturated
solution in both cases. Our data demonstrate that the electroreduction of N> to NH3 occurred with
an onset potential of around —0.6 V on the C- ZrO>-ZrN@KB and -0.7 V on the C- ZrO>-ZrN

electrode surface.
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Comparable results have been detected for other analogous metal nitrides. For example,
the performance of a CBN/CP catalyst indicated that the electroreduction of N> to NH3 occurred
with an onset potential of ~—0.5 V.>® For a VN nanosheet array on Ti mesh, the corresponding
overpotential was also recorded at ~ -0.6 V. ** Zheng and Sun et al. found that for the MoN
nanosheet array, the measured onset potential was only ~ -0.3 V.”” Moreover, based upon the
computational studies by Abghoui and Skulason, it was suggested that the N> reduction to NH3
process occurs at a smaller bias of —0.5 V to —0.8 V in which the reaction can be explained by
the MvK mechanism for VN, NbN, ZrN, and CrN electro-catalysts.?8

The electrochemical data for the reduction of N> to NH3 using ZrO,-ZtN@KB and ZrO;-
Z1N as electrocatalysts are highlighted in Figure 6 and Figure 7. The chronoamperometry
curves (i.e., time-dependent current density curves) of C- ZrO>-ZrN@KB and C- ZrO-ZrN
evinced a level of reasonable stability at various potentials, as illustrated in Figure 6(a) and
Figure 7 (a). The current density started at a high current for all of the different potentials (-0.3
V t0 -0.8 V for ZrO>-ZrN@KB and -0.5V to -0.8 V for ZrO»-ZrN) but quickly dropped down and
leveled off, before attaining a threshold value. This observation might be attributed to the
charging of the double layer and a local concentration reduction of H" and N2 near the electrode
surface 3839 78.79

The electrolysis process was run for 3 h, and after 3 h, the as-generated NH3 dissolved in
0.1 M HCl electrolyte was detected by the indophenol blue method.*®*° In the indophenol
method, the concentration of the as-generated NH3 was analyzed and quantified by analyzing the
absorbance profile at 655 nm. Figure 6 (b) and Figure 7 (b) display the UV—visible spectra of
the resulting electrolyte after the chromogenic reaction. Based on the corresponding calibration

curves (y = 0.077x + 0.0148, R?=0.998, Figure S2), the mass of as-generated NH3 per hour and
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per microgram of the catalyst, in addition to the Vnus and FE results, were calculated, and the
associated results are provided in Figure 6 (c¢), Figure 7 (c), Table 1, and Table 2.

It can be observed that with ZrO,-ZrN@KB, the measured Vus is highest (61.2 pg h!
mg!) at an applied potential of -0.6 V and is characterized by a lower value of 24.3 pg h! mg™! at
-0.8 V. Similarly, for ZrO»-ZrN, the highest measured Vnus reached a highly attractive figure of
84.1 pgh'' mg! at -0.7 V, while at -0.8 V, the as-obtained Vnnus was only 52.1 ug h' mg™!. The
detected drop in the degree of NH3 formation from -0.6 to -0.8 V in ZrO>-ZrN@KB and -0.5 to -
0.8 V in ZrO»-ZrN could be attributed to the competing presence of the hydrogen evolution
reaction at more negative potentials. Moreover, for ZrO»-ZrN, above the potential of -0.5 V, no
reduction was observed. At -0.9 V, only HER was observed, resulting in an unstable
chronoamperometry curve. For ZrO>-ZrN@KB, the highest FE of 1.54% was detected at a value
of -0.4 V, while the lowest FE of 0.05 % was observed at -0.8 V. By contrast, for ZrO»-ZrN, the
highest FE measured reached 21.2% at -0.6 V, and the lowest FE detected was 2.05 % at -0.8 V
(Table 1 and Table 2). The lower FE measured at a value of -0.8 V could be ascribed to the
increased theoretical electronic quantity expected (FE o« 1/Q) across the electrode, which was
measured at a higher potential.

As shown in Table S1, a number of prior studies on NRR using metal nitrides have been
conducted, by means of comparison. Most of these metal nitride-catalyzed NRR processes
utilized transition metals but reports on Zr-based metal nitrides are still rare. As is apparent from
Table 1 and Table 2, the performance of ZrO>-ZrN@KB and ZrO»-ZrN in selectively yielding
NH; alone is either superior to or comparable to the activities of other metal nitride-based
catalyst systems, reported thus far. It is to be noted that the NH3 yield rate of ZrO»-ZrN

outperforms that of ZrO»-ZrN@KB possibly due to the higher activity of ZrO»-ZrN in
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comparison to ZrO>-ZrN@KB which can be potentially attributed to the relatively greater
number of ZrN sites present in ZrO»>-ZrN as compared with ZrO>-ZrN@KB. The relatively
greater content of ZrN formed within ZrO>-ZrN could have resulted from the more easily
accessible and reactive surface of Zr during the nitriding procedure as compared with the ZrO»-
ZrN@KB composite, which was covered with KB on its surface.

Moreover, the presence of KB could hinder the availability and spatial accessibility of the
active ZrN sites which are fewer in number within ZrO»>-ZrN@XKB. Thus, further increasing the
content of KB in ZrO,-ZrN@KB could significantly decrease the NRR activity. According to
previous findings and computational studies performed on the NRR mechanism on metal
nitrides, the behavior of ZrO,-ZrN is proposed to follow the MvK mechanism in which the N
atoms of ZrN are reduced to NH3 and are desorbed from the surface; subsequently, the as-
generated surface N vacancy can next be replenished by absorbing an N> molecule, and hence, in
principle, the cycle can continue to generate additional NH3; molecules.?® 3°

In an attempt to confirm that obtained NHj3 is only derived from NRR associated with C-
Z1r02-Zt1N@KB and C- ZrO>-Z1N species alone and not from competing processes, we also
conducted two control experiments. First, we immersed the sample within an N»-saturated
solution without applying any voltage for 3 h, and in the second experiment, we immersed the
sample within an Ar-saturated solution at a value of —0.3 V for 3 h. Apparently, no production of
NHj3 was evident in either experiment for these two electrocatalysts.

In order to check the effect of an alkaline medium, we also conducted the NRR
experiment in 0.1 M KOH keeping all the other parameters intact for the ZrO»,-ZrN catalyst. At a
potential of -0.7 V for 3h, the ZrO»-ZrN catalyst did not show sufficient NRR activity. This could

be due to the competing OH™ ions with N> molecules for active sites on the catalyst leading to
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less adsorption of N> molecules on the catalyst surface.®% 8! This could lead to lower activity of
the catalyst toward the production of NH3 in an alkaline medium.

Moreover, we checked the electrocatalytic activity of the catalyst ZrO»-ZrN in nitrate
reduction reaction (NORR) following a similar method to the NRR. The electrolysis process was
run for 3 h, at -0.7 V in a mixture of 0.1 M KNOs3 and 0.1 M HCI, and after 3 h, the as-generated
NHj3 was detected by the indophenol blue method. It was noted that the chronoamperometric
curve showed reasonable stability, however, for the indophenol test the UV-vis spectra do not
show any peak around 655 nm indicating no production of NH3. The corresponding
chronoamperometric curve and the UV-vis spectra are shown in Figure S11.

Since the NRR activity of ZrO,-ZrN was noted to be higher than that of ZrO,-ZrN@KB,
we chose to conduct a time-dependent study on the NRR using the C- ZrO»-ZrN catalyst at -0.7
V, keeping all the other reaction parameters intact (Figure S12 and Table S2). Specifically, we
ran the NRR at different time intervals, spanning from 0.5 to 5 h. It was observed that the
formation of NHj3 increased from a concentration of 0.35 pg/mL at 0.5 h to 0.63 ug/mL at 3h and
that this value gradually decreased to 0.47 ug/mL at 5 h (Figure S12). The slight reduction in the
concentration of NH3 that was measured with increasing reaction time could be potentially
attributed to the slight decay of the cathodic current.®? However, the measured rate of NH3
formation, i.e. Vnns, of 282.4 ugnus h™! mg™!, was found to be the highest at an interval of 0.5 h
of reaction time associated with a high FE of 18.7% (Table S2).

The stability of an electrocatalyst and its corresponding potential for regeneration and
reusability is certainly of major importance for deducing its practical utility. Hence, the stability
and durability of the electrocatalysts, i.e., ZrO>-ZrN@KB and ZrO»-ZrN, were also evaluated by

measuring the chronoamperometry curve at —0.6 V and -0.7 V, respectively, for 24 h to prove
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their robustness for the practical rigors of NRR. As shown in Figure 6 (d) and Figure 7 (d), it
can be seen that the current density dropped initially to a threshold value but then attained decent
stability within a relatively brief time.

We conducted Raman analysis on the C- ZrO>-ZrN@KB and C- ZrO>-ZrN samples
before and after the NRR process (Figure S13 (A) and Figure S13 (B)) to detect any changes in
the structure and the optical profile of the electrode, incorporating C- ZrO>-ZrN@KB and C-
Zr0»>-ZrN, and to thereby gain insights into their overall stability. As shown in Figure S13 (A),
the Raman spectra for (a) ZrO2-ZrN@KB and for (b, ¢) C- ZrO,-ZrN@KB both before and after
NRR show essentially identical Raman shifts. The major peaks corresponding to the ZrO» and
KB species (as described in Figure S7 (a), section 3.1) remained intact before and after the NRR
process. Similarly, the Raman spectra for (a) ZrO»2-ZrN and for (b, ¢) C- ZrO»-ZrN both before
and after NRR also effectively demonstrate the same Raman shifts, while the main peaks
corresponding to the ZrN (as described in Figure S7 (b), section 3.1) also stayed constant within
error, before and after the NRR process. The enhanced carbon signals in C- ZrO,-ZrN@KB and
C- ZrO»-ZrN before and after NRR can be attributed to the carbon paper.

These aggregate observations suggest that the C- ZrO>-ZrN@KB and C- ZrO»-ZrN
electrodes were sufficiently robust enough to withstand the NRR electrolysis conditions,
involving not only a strong acid medium but also constant charging—discharging processes.
Subsequently, we conducted recycling tests for five consecutive NRR cycles at —0.7 V for 3 h for
Zr0»>-ZrN and ended up re-using the same C- ZrO»-ZrN electrode for all of the electrocatalytic
cycles, while keeping other reaction parameters intact. The results were obtained by use of the
indophenol method and are presented in Figure 8 (a) and Figure 8 (b). An exceedingly small

difference in the measured Vnu3 and FE values was observed between each test (Figure 8 (a)).
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The outstanding observed recyclability of the catalyst until the fifth cycle can be ascribed to the
excellent durability and stability of C- ZrO»-ZrN. To ensure that the morphology, composition,
and performance of the catalyst ZrO,-ZrN can remain relatively stable after the catalyst stability
test, we have conducted the XRD and SEM-EDS analysis of the used catalyst as shown in
Figure S14 and Figure S15, respectively. The XRD of the used ZrO>-ZrN catalyst showed peaks
corresponding to the planes of ZrN and ZrO; similar to that of the fresh catalyst shown in Figure
S6(b), indicating the catalyst remained intact after the NRR experiment. However, an extra broad
peak at 20 value of around 17 ° was observed, which is obvious due to the presence of oxidized
carbon from the carbon paper.®* 8 Similarly, the SEM-EDS of the used catalyst showed that the
Zr, O, and N were well distributed even after the NRR experiments. The carbon from the carbon
paper was also observed in the EDS mapping image of the used ZrO>-ZrN. Overall, it is
concluded that the ZrO»-ZrN catalyst morphology, composition, and integrity remained intact
after the stability test.

Hydrazine (N2H4) is the most common active intermediate, which may be released as a
byproduct along with the ammonia.®>®” Therefore, to assess its presence or absence, we also tried
to detect hydrazine (N2Ha) via the Chrisp and Watt method,*! using the standard curve for the
N:H; assay. It is shown in Figure S4 and possesses good linearity (y = 0.2486 x + 0.0116, R* =
0.999). As highlighted in Figure S16, it was found that the concentration of N>H4 was negligible
in the resultant electrolytes at all electrolysis potentials analyzed. These data strongly suggest
that both ZrO»-ZtN@KB and ZrO»-ZrN possess an excellent selectivity toward NH3 production.

To further probe and verify the origin of NH3 formation in ZrO»-ZrN -catalyzed NRR, we
recorded the "H NMR spectra of the NH4" species contained within the electrolyte. As shown in

Figure 9 a, the 'H NMR analysis for NH4Cl displayed a triplet coupling at 7.08, 6.97, and 6.87
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ppm (blue curve).?>3® The variation in the concentrations of NH4Cl1 showed a decent linear
relationship with the magnitude of the 'H NMR signals detected at 6.97 ppm. The tested sample
of ZrO»-ZrN (electrolysis at —0.7 V) highlighted a 1:1:1 triplet at 7.06, 6.95, and 6.85 ppm (red
curve). The standard curve (Figure 9 b) suggested that the concentration of NH4" in the test
sample was deemed to be 0.56 pg mL!. This value was found to be in good agreement with that
independently obtained from the indophenol blue method, which was measured to be 0.6 ng
mL™!, as shown in Table 2.

To verify the N source of the as-formed NH3, we conducted the '°N isotopic labeling
experiment by bubbling in '°N; into the electrolyte to produce NH3 by NRR. As demonstrated in
Figure 9 a, the standard sample of >’NH4Cl evinced a doublet coupling at 6.99 and 6.85 ppm
which was distinct from normal NH4Cl, as noted in the 'H NMR spectra (green curve in Figure
9 a). In the NRR conducted on the ZrO»-ZrN combined electrocatalyst with the !°N»-saturated
electrolyte at —0. 7 V, peaks similar to the 'H NMR spectra of '"’NH4Cl were observed at 7 and
6.86 ppm.?>#? Hence, it can be reasonably concluded that the observed NHj3 is produced by the
electrocatalytic N> reduction when employing ZrO>-ZrN as the electrocatalyst.

As per the DFT studies on transition metal nitrides, such as VN, CrN, ZrN, and NbN, the
catalytic activities of the rock salt, RS(100/111), and the zinc blende, ZB(100/110), structures for
reducing N2 to NH3 were found to be energetically promising on the surface of nitrides.?” %8 As
mentioned in previous literature, the catalytic cycle for the formation of 2NH3 could be sustained
on all of the external facets of ZrN owing to the faster regeneration of the catalyst with nitrogen
(replenishment of the vacancy) as opposed to the migration of the nitrogen into the surface
(decomposition).?”- ¥ Hence, based on the previous studies, we have proposed a mechanism for

the electrochemical routes for NRR on the Zr-N surface of the ZrO»-ZrN electrocatalyst.8%2
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The proposed mechanism is highlighted in Figure 10. Since the N atoms are known to
protrude slightly from the surface and are thus more exposed than the metal atoms, it is apparent
that the most favorable H adsorption site is at the outer surface of the electrocatalyst. In the
mechanism then, it is postulated that first, the protonation of the nitrogen atom occurs on the
surface, and after the formation of the first NH3 molecule, an N vacancy is created. This vacancy
is then replenished by the adsorption of a solvated N> molecule from the electrolyte, wherein one
of the N atoms is used to fill up the N vacancy, and the additional N atom becomes further
hydrogenated to release a second NH3 molecule. However, it is difficult to state here whether the
mechanism is “dissociative” or “associative.” Specifically, it is ambiguous as to whether the
adsorbed N> initially dissociates without protonation or the adsorbed Ny is protonated prior to
dissociation. This nuance is difficult to differentiate, given the complex composition of the

electrocatalyst, which incorporates ZrN, ZrO», and ZrON within the structure.?’- % %3

4. Conclusions
In summary, we have studied the electrocatalytic activity of two ZrO,-ZrN-based

nanocatalysts for NRR. Specifically, the two nanocatalysts used for NRR were synthesized
through nitriding Zr, either in the presence or absence of KB, respectively. Both of these as-
prepared catalysts incorporated a combination of tetragonal ZrO,, ZrON, and cubic ZrN. In the
presence of KB, the as-obtained nanocatalyst highlighted ZrO, as the majority phase, while in
the absence of KB, ZrN was the predominant species. Between these two catalysts, it was found
that ZrO,-ZrN achieved the highest Vnus of 84.1 pg h™! mg ' at -0.7 V and a correspondingly

high FE of 21.2 % at —0.6 V vs. RHE in an acidic solution. The enhanced activity of ZrO;-ZrN
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can in principle be attributed to the accessibility of readily available active ZrN sites at the center
of the material with the ZrO- localized on the outer shell.

To the best of our knowledge, the NRR performance metrics of the ZrO>-ZrN@KB and
ZrO»>-ZrN nanocatalysts are superior to or comparable to that of most of the recently reported
metal-nitride electrocatalysts. We speculate that the activity of the ZrN—based electrocatalyst
towards NRR performance could be enhanced by further increasing the number of available
active ZrN sites through other possible synthetic strategies, such as but not limited to the use of
an inert atmosphere in the synthesis process, control over reaction temperatures, and regulation
of the dwell time.
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Figure 1. Schematic illustration for the stepwise synthesis of ZrO>-ZrN@KB.
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Figure 2. (a) SEM image of ZrO,-ZrN@KB along with (b) overlap of the EDS mapping signals

of the chemical elemental distribution, present within the sample. False color images of (¢)

carbon, (d) zirconium, (e) oxygen, and (f) nitrogen are shown.
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Figure 3. (a) SEM image of ZrO,-ZrN along with (b) overlap of the EDS mapping signals of the
chemical elemental distribution, present within the sample. False color images of (¢) zirconium,

(d) oxygen, and (e) nitrogen are shown.
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Figure 4. (a) TEM images of ZrO,-ZtN@KB are presented, along with the associated (b) STEM,
and (c) HRTEM with the inset highlighting the corresponding electron diffraction pattern. (d)
Additional HRTEM image of the selected region of the particle, shown in (c). Lattice fringes are
visible with d spacings of 2.97 A and 3.44A, ascribed to the (110) plane of tetrahedral ZrO and

(002) plane of KB, respectively.
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Figure 5. (a) TEM images of ZrO,-ZrN are provided, along with the associated (b) STEM, and

(c) HRTEM with the inset highlighting the corresponding electron diffraction pattern. (d)
Additional HRTEM image of the selected region of the particle, shown in (c). Lattice fringes are
visible with measured d spacings of 2.27 A and 3.00A, corresponding to the (200) cubic plane of

ZrN and the (110) plane of tetrahedral ZrO,.
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Figure 6. (a) Chronoamperometry results associated with C- ZrO>-ZrN@KB, collected at
various potentials. (b) UV—visible absorption curves of the electrolytes using the indophenol
method are shown after 3 h of electrolysis, measured against different potentials. (¢) Vnu3z and
FEs for C- ZrO,-ZrN@KB are provided at each given potential. (d) Chronoamperometry results

associated with C- ZrO,-ZrN@KB were obtained at —0.6 V for 24 h.
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Figure 7. (a) Chronoamperometry results associated with C- ZrO>-ZrN, collected at various

potentials. (b) UV—visible absorption curves of the electrolytes using the indophenol method are

shown after 3 h of electrolysis, measured against different potentials. (¢) Vnuz and FE data for C-

ZrO»-Z1N are provided at each given potential. (d) Chronoamperometry data collected on C-

Z1r0;-ZrN were measured at —0.7 V for 24 h.
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Figure 9. (a) 'H NMR spectra (500 MHz) of NH4", including NH4" standard samples with
concentrations of 1.2 pg mL ™! (blue curves), NRR samples after electrolysis at —0.7 V vs RHE
using N> as the feeding gas (red curve), ’NH4" standard samples with a concentration of 1.2 pg
mL ! (green curve), and NRR samples after electrolysis at —0.7 V vs RHE using °N; as the
feeding gas (black curve). (b) The calibration curve of the 'H NMR signal at 6.97 ppm is given

using standard solutions of varying concentrations of NH4".
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Figure 10. Proposed mechanism of possible electrochemical pathways for NRR on ZrO,-ZrN

electrocatalyst surface.
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Table 1. Data used for the calculation of Vnu3 and FE values for ZrO,-ZrN@KB are provided to
at most 3 significant digits. Error bars have also been added in, based on 3-5 replicate

experimental runs performed at each potential.

E(VvsRHE) Absorbanceat [NH3](ug/mL) Vs (ugh'mg!) Q (mAss) FE (%)

~ 655 nm
-0.3 0.02 0.10 129+ 0.9 4494 1.46 +£0.09
-0.4 0.02 0.13 173+ 0.4 5750 1.54 £0.04
-0.5 0.03 0.16 21.2+0.8 13500 0.80+0.03
-0.6 0.05 0.46 61.2+0.5 69800 0.45+0.002
-0.7 0.03 0.26 343+£39 91200 0.19+0.02
-0.8 0.03 0.16 243+2.0 213000 0.05+0.01

The volume of electrolyte used in all experiments was 40 mL, and the electrolysis time was 3 h.
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Table 2. Data used for the calculation of Vnu3 and FE values for ZrO;-ZrN are provided to at

most 3 significant digits. Error bars have also been added in, based on 3-5 replicate experimental

runs performed at each potential.

E(VvsRHE) Absorbanceat [NH3](ug/mL) Vims (ngh'mg') Q (mAes) FE (%)
~ 655 nm
-0.5 0.05 0.45 60.5+0.07 1599 19.3 £ 0.005
-0.6 0.06 0.55 69.7+3.12 1680 21.2+0.94
-0.7 0.06 0.63 84.1 £0.17 4900 8.75+0.02
-0.8 0.04 0.38 52.1+1.12 13000 2.05+0.04

The volume of electrolyte used in all experiments was 40 mL, and the electrolysis time was 3 h.




