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1. Experimental Methods
1.1. Chemicals and Materials

Pt/C [46 weight percent (Wt%) Pt supported on Ketjen Black, Tanaka Kikinzoku
Kogyo] was obtained commercially and used as received. Particle sizes and distributions
of the commercial Pt/C were examined in our previous paper under a transmission electron
microscope (TEM, JEOL 2010F, 200 kV).! Urea (98%), vanadium oxychloride (99%),
Potassium hydroxide (KOH, 99.99%), sulfuric acid (H2SO4, 99.999%), D20 (99.9%), and
dimethyl sulphoxide (DMSO, 99.99%) were purchased from Sigma-Aldrich. Ammonium
sulfate ((NH4)2SO4, 99.5%) was obtained from Acros Organics. Ethanol (100%) was
purchased from Decon Laboratories, Inc. Isopropanol (IPA, 99.9%) was obtained from
Fisher Chemical. Nafion (LQ-1105-1100 EW, 5 wt%), Nafion-211 membrane, and carbon
paper (Sigracet 39 BC) were all purchased from Fuel Cell Store. Nessler’s reagents were
obtained from HANNA Instruments. Tin boats for Elementar analysis were purchased from
EA Consumables, Inc. "N, (98 atom % '°N) was purchased from Cambridge Isotope
Laboratories, Inc.
1.2. Synthesis of Vanadium Nitride Nanoparticles

Vanadium nitride nanoparticles were synthesized following a “urea-glass” method.’
Typically, 1 g of vanadium precursor was dissolved in 2 g of ethanol to make the dark-
reddish precursor solution; then 1.04 g of urea was slowly added into the alcoholic solution;
the dispersion was stirred until urea was completely solubilized and the solution changed
from dark-reddish to green; the solution was then dried into a glass or glassy film by
evaporating the solvent; the gel was then put into an furnace under a N> flow at 800 °C for
3 h with a heating ramp of 3 °C/min.
1.3. Characterizations of Catalysts

Brunauer-Emmett-Teller (BET) surface area measurements were collected on a
Micromeritics ASAP 2020 analyzer. Scanning electron microscopy (SEM) images were
taken using Zeiss Auriga 60 CrossBeam. Transmission electron microscopy (TEM) images
were taken using a JEOL JEM 3010 TEM microscope (Germany). X-ray diffraction (XRD)
patterns were collected using a Bruker D8 XRD operating instruction with a Cu K, X-ray
tube. X-ray photoelectron spectroscopy (XPS) measurements were completed on each

sample with a Thermo Scientific K-Alpha spectrometer. Each spectrum was collected with



a spot size of 400 um and an operating pressure of less than 3.0 x 10~7 Pa using an Al Ko
microfused monochromatized source (1486.6 eV) with a resolution of 0.1 eV. X-ray
photoelectron spectra were analyzed using the Avantage Data System, a software package
available through Thermo Scientific. UV—vis absorption spectra were recorded with a Cary
60 spectrometer (Agilent Technologies). Thermogravimetric analysis (TGA) was
performed in air atmosphere on a TA Discovery TGA instrument. The elementar analysis
was performed on a CHNS Elementar vario EL cube. Operando electrochemical X-ray
absorption spectroscopic (XAS) experiments were conducted at Beamline 8-1D, National
Synchrotron Light Source 11, Brookhaven National Laboratory.

The N and C contents in the fresh VN catalysts were determined to be 15.51 + 0.01
wt% and 16.85 £ 0.01 wt%, respectively, using CHNS Elementar (Table S1-1). The CHNS
Elementar analysis of each sample was repeated five times and the relatively small
deviation demonstrated the good reproducibility. The XPS results revealed the existence of
multiple nitride, oxynitride, and oxide species on the surface of VN nanoparticles (Figure
S1-2). All the XPS spectra in this work were deconvoluted using the same set of parameters
(Section 4). Thermogravimetric analysis (TGA) was employed to confirm the amount of V
and C in the catalysts, respectively. There were two weight loss (negative) peaks at around
200 °C and 400 °C in the TGA curve (Figure S1-3), corresponding to the loss of water and
carbon, respectively. When the temperature was above 200 °C, VN was oxidized into
brown/yellow solid, indicating the formation of V,0s, which was confirmed by XRD
(Figure S1-4). The composition of the fresh VN catalysts was determined to be 60.0 wt%
of'V, 20.0 wt% of N and 20.0 wt% of C, which were consistent with the CHNS Elementar

analysis.

1.4. Preparation of MEA and Procedure for ENRR Tests

The chemical stability of VN nanoparticles is investigated by soaking as-synthesized
VN nanoparticles in 1 M H2SO4 at 85 °C. UV-vis spectra were collected to monitor the
concentration of VO?* in the solution and thus the degradation rate of VN nanoparticles.
Roughly 7% of V in the VN nanoparticles was leached out within the first hour (Figure S1-
5), which was attributed to the dissolution of surface vanadium oxides. The degradation

slowed down after 1 h and a total of ~12% of V was dissolved within 24 h. Prior to



reactivity studies, as-synthesized VN nanoparticles were soaked in 1 M H2SO4 at 85 °C for
1h.

The ink solutions of VN catalysts were mixed into a mixture of H>O:IPA (50:50) with
30 wt% Nafion ionomer and hand-sprayed onto carbon paper to an approximate metal
loading of 0.5 mg cm ™2 to serve as the cathode. The ink solution of Pt/C was prepared
following the same procedure outlined above and was subsequently sprayed onto a Nafion-
211 membrane using a Sonotek sprayer to reach a final Pt loading of 0.4 mg cm 2, which
was used as the anode. After hot-pressed at 140 °C for 3 min, the membrane electrode
assembly (MEA) was fabricated for electrochemical nitrogen reduction reaction (ENRR).
The anode was fed with 1 atm of Hz, which effectively functioned as a RHE. Thus, the cell
potential is numerically identical to the cathode potential versus RHE and the ENRR can
be performed at well-defined potentials. The membrane was then covered with a Sigracet
39 BC carbon paper anode gas diffusion layer and assembled with the cathode into an MEA
with an active geometric cross-sectional area of 5 cm? (Figure S1-6). The production of
ammonia was conducted with the cathode and anode fed by high-purity N2 (99.999%) and
H> (99.999%) under 1 atm at a constant flow rate of 0.1 L min !, respectively. The
temperature of the cell was maintained at 80 °C. The temperatures of the humidifiers for
cathode and anode were controlled to be 85 °C to maintain 100% relative humidity in the
electrolyzer. The ammonia produced on the cathode and anode were collected in 1 mM
H2SO4. After the tests in a PEMEL, the MEA was soaked in 3 M H2SO4 for 24 h to extract

the ammonia inside the membrane.
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Table S1-1. The CHNS Elementar analysis results of VN nanoparticles.

Sample

N content (Wt%)

C content (Wt%)

VN nanoparticles

15.51+£0.01

16.85+0.01
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Figure S1-2. (A) XPS survey spectrum of VN nanoparticles. (B) XPS deconvolutions of
the V 2p region. The five peaks in the V 2p region are attributed to VN, VNxOy, VOx, and
V>0s from lower to higher binding energy, respectively. (C) XPS deconvolutions of the N
Is region. The four peaks in the N 1s region are attributed to VNxOy, VN, satellite feature,

and ammonia from lower to higher binding energy, respectively.
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Figure S1-3. Thermogravimetric analysis (TGA) curve of VN nanoparticles.
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Figure S1-4. XRD pattern of VN nanoparticles post TGA measurement, indicating that VN

nanoparticles were oxidized into V20Os.
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Figure S1-5. Time-dependent UV-vis spectra (A) and degradation rate (B) of VN

nanoparticles in 1 M H,SO4 at 85 °C, showing the leaching of VO?* from VN nanoparticles.
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Figure S1-6. Schematic illustration of the MEA configuration used in this work.
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Figure S1-7. SEM images of VN catalysts on carbon paper at different magnifications
before (A and B) and after (C and D) nitrogen reduction at —0.2 V for 1 h.

13



701
60 -

30+
20

50- |/

Intensity / a.u.
N
<@
>

—VN

—— Carbon paper

—— VN on carbon paper before test
—— VN on carbon paper after test

-

ol Ny

20 / degree

Figure S1-8. XRD patterns of as-synthesized VN nanoparticles, carbon paper, and carbon

paper sprayed with VN nanoparticles before and after nitrogen reduction. There are two

main diffraction peaks at 43° and 54°, respectively, in the XRD pattern of carbon paper,

which is consistent to a previous report.’
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2. Quantification of Ammonia

The amount of ammonia in the effluent of cathode and anode, as well as in the soaking
solution of the spent MEA, was determined using Nessler methods based on the following
reaction:

NH} + 2[Hgl,]?>~ + 40H~ - HgO - Hg(NH,)I | +71~ + 3H,0

Since the ammonia is collected in acid solutions (cathode/anode effluent and membrane
soaking solution), KOH solution (3 M) was added to adjust the pH of the solution to ~12.5.
Due to the different concentrations of H2SO4 solution used for cathode/anode exhaust (1
mM H2SO04) and membrane soaking solution (3 M H2SOg), two calibration curves were
made by using (NH4)2SO4 solutions with known concentrations using a photometer (HI
96715, HANNA) (Figure S2-1A).4

Quantification of produced amounts of ammonia in ENRR is based on the mass
balance of N in all N-containing species in the system, i.e., VN nanoparticles, ammonia
in the cathode and anode effluents, and ammonia trapped in the spent MEA. Due to the
possible degradation of VN nanoparticles in the acidic operating environment of PEMELs,
the amount of ammonia quantified in the cathode and anode effluents and the MEA soaking
solution could originate not only from ENRR, but also from the leaching of N on VN
nanoparticles. CHNS Elementar analysis was employed to determine the amount of N in
the fresh and spent MEA to determine the change of N content in the MEA before and after
ENRR tests.>® The combination of the Nessler method and the Elementar analysis allows
us to establish a complete N balance, and the procedure to quantify the amount of ammonia
produced via ENRR in this work is illustrated in Figure S2-2. Before ENRR tests, VN
catalysts on freshly prepared MEA is the only source of nitrogen (N(yy pre)). After ENRR,

there are three sources of nitrogen: 1) ammonia in both cathode/anode effluents
(N(NH, Effluent) )> 2) ammonia in membrane soaking solution (N, Mea)), and 3) VN
catalysts on the spent MEA (N(yn post))- The amount of ammonia in both cathode/anode

effluents and membrane soaking solution were determined using the Nessler method. The
N content in both fresh and spent MEAs were determined by the CHNS Elementar analysis.
Therefore, the amount of ammonia produced by ENRR is calculated using the following

equation based on the mass balance of ENRR:

N(NH3,ENRR) = N(NH3,MEA) + N(NH3,Efﬂuent) + N(VN,post) - N(VN,pre)

15



The accuracy of the ammonia quantification method used to calculate ENRR rates and
FEs were verified by control experiments. Ammonia was detected in the MEA soaking
solution when Ar was fed on the cathode side at different potentials for 1 h, however, no
detectable level ammonia was observed in the effluent from either anode or cathode. The
amount of ammonia detected in the MEA soaking solution with Ar was independent of the
cathodic potential (86.0 = 12.2 pg, Figure S2-3), which is consistent with NMR results
(Figure 2D in the main text). This also agrees with the XPS and XAS results, which suggest
that ENRR will convert oxynitride species to VN rather than dissolving VN. When nitrogen
gas was introduced at OCP under otherwise identical conditions, no ammonia was detected
in cathode or anode effluent. 102.0 + 11.3 pg of ammonia was detected in the MEA soaking
solution, which is close to the amount of ammonia when Ar is fed to the cathode. The
nitrogen content in the spent MEA was determined with the CHNS Elementar analysis to
be 108.9 + 30.8 pg ammonia (equivalent of N) less than that of the fresh MEA, which was
within the experimental errors of N leached into the soaking solution (102.0 + 11.3 pg of
ammonia equivalent, Figure S2-1B). This control experiment demonstrates that the
combination of the Nessler method and the CHNS Elementar analysis is able to establish
a quantitatively N balance in the ENRR system, and in turn reliably determine the amount
of ammonia produced in ENRR. Table S2-1 shows time-dependent distribution of
ammonia during nitrogen reduction. During the first 8 hours nitrogen reduction, most of
the produced ammonia was trapped in Nafion membrane and MEA, due to the strong
interactions between ammonia and Nafion membrane as well as porous carbon. The
amount of ammonia in membrane varies within a narrow range, indicating that the
membrane was saturated with ammonia. Therefore, most of produced ammonia was

detected in cathode and anode exhausts after 8 hours.
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Figure S2-1. (A) Calibration curves for the quantification of ammonia in cathode/anode
exhaust and membrane solution. (B) Comparison of ammonia quantifications based on

CHNS Elementar analysis and Nessler method.
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Figure S2-2. Schematic illustration of the procedure to quantify the amount of produced

ammonia via nitrogen reduction in this work.
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Table S2-1. Time-dependent distributions of ammonia during nitrogen reduction.

Time (h) | NNu3.Effluent) (Ug) | NoH3MEA) (1€) | NvN,post)-N(vNpre) (ng) | Total (ng)
1 0.79 163.57 —63.14 101.22
2 2.49 154.59 47.36 204.44
4 27.79 164.04 157.86 349.69
8 73.94 177.69 252.57 504.20
24 491.29 186.49 378.86 1056.64
48 998.56 200.00 663.00 1861.56
120 2916.99 296.59 1089.13 4302.71
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3. Nitrogen Reduction in Batch Mode under *N;

Isotopic labeling experiments with either '°N labeled N> or nitrides could pinpoint the
source of N in the produced ammonia from ENRR. '°N, was employed as feed in ENRR,
and conducted the reaction in a batch cell (Figure S3-1), because it is costly to use °Nz in
a flow device like MEA-based electrolyzer. A balloon was used to maintain a slight positive
pressure of '°N; in the head space to prevent the '“N» in the atmosphere from leaking into
the cell. The isotopic labeling experiment was carried out using the setup with *N as the
feeding gas in 0.05 M H2SOg4 electrolyte. After electrolysis at —0.1 V vs. RHE for 48 h,
10 mL of the electrolyte was taken out and concentrated to 1 mL. Then, the electrolyte was
mixed with 1 mL of 1M phosphate buffer solution (PBS). 0.9 mL of the resulting solution
was taken out and mixed with 0.1 mL D20 containing 100 ppm DMSO was then added as
an internal standard for *H nuclear magnetic resonance measurement (*H NMR, Bruker
Avance 111 600 MHz).” Control experiments at OCP under N2 and —0.1 V under Ar were
conducted following a similar procedure.

Figure S3-2 shows the 'H NMR results of the ENRR products at —0.1 V for 48 h. There
are five peaks corresponding to "NH4" and "“NH4", respectively, indicating that ammonia
is produced via electrochemical nitrogen reduction and also ENRR on VN catalysts goes
through Mars-van Krevelen mechanism. There is no detectable amount of ammonia
produced using commercial Pt/C, Pd/C, and Au/C as catalysts for ENRR under the same

conditions, indicating the poor performance of these noble metal catalysts for ENRR.
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Figure S3-1. The setup for isotopic '°N> experiment with VN catalysts in 0.05 M H>SOs.

Ag/AgCl and Pt mesh are served as the reference and counter electrodes, respectively.
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Figure S3-2. 'H nuclear magnetic resonance (NMR) spectra were obtained for the post-
electrolysis 0.05 M H2SOs4 at (a) —0.1 V in >Ny, (b) OCP in N>, and (c) 0.1 V in Ar with
VN as catalysts, respectively. '"H NMR spectra were obtained for the post-electrolysis 0.05
M H2S0; at —0.1 V in N with commercial (d) Pt/C, (e) Pd/C, and (f) Au/C as catalysts,
respectively. Standard spectra of (g) >NH4" and (h) *NH4" prepared by dissolving °N-
and '“N-labelled (NH4).SO4 in PBS with a concentration of 100 ppm, respectively. The

chemical shifts in the spectra were calibrated using DMSO as an internal standard.
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4. Deconvolution of XPS Spectra

All the XPS spectra in this work were deconvoluted using the same set of parameters,
with peak assignments consistent with previous reports (Table S4-1 and S4-2). %2 The V
2p32 XPS spectra can be deconvoluted into four peaks at 513.6, 515.3, 516.0, and 517.1
eV, which are assigned to V in VN, VN,Oy, VOx (x £2), and V20s, respectively (Table S4-
1). The O 1s band in the range of 530—540 eV is included in all the V 2p spectra in order
to obtain a good baseline.> !° The N 1s XPS spectra could also be deconvoluted into four
bands, with the band at 397.3 eV being assigned to N in VN.>!:12 A 1:1 ratio between the
bands assigned to V and N in VN (corrected with atomic sensitivity factors) is maintained
in the peak fitting for all XPS spectra in this work. The other three N 1s peaks at 396.4,
398.4, and 401.0 eV are assigned to the VNxOy, a satellite peak, and ammonia/ammonium

species, respectively, based on literature (Table S4-2).%11:12
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Table S4-1. The parameters for the deconvolutions of V 2p spectra.

Specie Band Position Full Width at Half Reference
(eV) Maximum (eV)
VN 2p3n 513.63 1.75 8—-10
2pin 521.10 1.75
VNxOy 2p3p 515.09 1.92 9
2p12 522.47 1.92
VOx (x £ 2p3n 515.99 1.48 8—-10
2) 2p1n 523.31 1.48
V205 2p3p 517.10 1.36 8—-10
2p12 524.41 1.57

25



Table S4-2. The parameters for the deconvolutions of N s spectra.

Specie Band | Position Full Width at Half Reference
(eV) Maximum (eV)
VN N 1s 397.3 0.80 9-11
VN;Oy N 1s 396.4 1.05 9,10
Satellite peak N 1s 398.4 2.00 9
ammonia/ammonium | N 1s 401.0 2.33 12

26



A 10000
— Fit
_VZOS
8000 — VO,
— VN,O,
¢ VN [}
O 60001 o Raw data
= -
2 .
5 4000 - -
c ¢’
2000 ; .
0_‘ LI L L B B rrTrTTTT L
540 530 520 510

Binding Energy / eV

v )

Intensity / CPS

6000

— Fit

—— Ammeonia
50007 __ gateliite

— VN,O, .
4000+ VN

* Raw data
3000
2000
1000
OJ'.ﬂhﬂT. - o

T T
408 404

400 396

Binding Energy / eV

Figure S4-1. XPS deconvolutions of the V 2p region (A) and N 1s region (B) of VN

catalysts on carbon paper before nitrogen reduction.
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Figure S4-2. XPS deconvolutions of the V 2p region (A) and N 1s region (B) of VN

catalysts after nitrogen reduction at —0.2 V for 1 h.
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catalysts after nitrogen reduction at —0.4 V for 1 h.
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5. Operando XAS Characterizations of VN Catalysts
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Figure S5-1. Operando XAS results of VN catalysts: K-edge XANES spectra of VN

catalysts at different potentials (A) —0.4 V, (C) —0.6 V, and (E) —0.8 V. The corresponding

pre-edge peaks at different potentials (B) —0.4 V, (D) —0.6 V, and (F) —0.8 V.
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Figure S5-2. (A) XAFS results of standard samples, including VN nanoparticles and V,0s.
Time-dependent XAFS results of VN catalysts during nitrogen reduction at different
potentials: (B) 0.1 V, (C) 0.2V, (D) —-0.4 V, (E) —0.6 V, and (F) 0.8 V.
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6. Production Rate and FE of Other ENRR Catalysts

Table S6-1. Production rate and Faradaic efficiency when V203 was employed as catalysts

for nitrogen reduction at —0.2 V for 1 h.

Production Rate (1071 mol s™! cm™2)

Faradaic Efficiency (%)

0.54+0.10

0.34 +0.07
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Table S6-2. List of previously reported production rate and FE of ENRR catalysts.

Cathode Anode Electrolyte Production Rate FE JNRR Potential (vs NHE) Reference
(mol cm2s7") (nA cm™)

Fe electrode Stainless Steel 6N KOH 0.6 x 10714 n.a n.a -0.85V 13
Ru/C Pt Nafion 3.43 x 10712 0.28% n.a 09V 14
Pt/C Pt Nafion 1.14 x 107 0.55% 1050 0.2V vs RHE 15

Fe/CNT Pt Nafion/GDL 3.59 x 10712 0.03% 1.2 20V 16
AuNR Pt 0.1 M KOH/Nafion 2.69 x 1071 4.00% 10 097V 17
Au/TiO2 Pt HCl/Nafion 5.94 x107° 8.11% 35 —0.2 Vvs RHE 18
Au-CeOx/RGO Pt HCl/Nafion 1.35 x 10710 10.10% 10 —0.2 Vvs RHE 19

Polyimide/C Pt Li*/H* 7.68 x 10712 2.91% <10 —0.4 V vs RHE 20

Mo nanofilm Pt 0.01 M H2S04 3.09 x 107! 0.72% 5.5 —0.39 V vs RHE 21
Ir/C Pt/C Nafion 2.09 x 10712 0.02% 0.60 —0.2 Vvs RHE 22

VN NPs Pt/C Nafion 3.31 x 10710 5.95% 95.8 —0.1 Vvs RHE This work

Practical NRR current: jygr = joperationat X FE
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7. Computational Methods

DFT calculations were performed to compare the effect of oxygen modification on the
binding strength of H and N on VN(111) and VNo.7500.25(111) surfaces. As shown in Table
S7-1, the H and N binding energies are not significantly affected on the N vacancy sites of
the two surfaces. However, the O vacancy site on VN.7500.25(111) binds to N much more
strongly, about 2.51 eV and 2.36 eV stronger than that on N vacancy of VN(111) and
VNO(111), respectively, while the H binding energy increases only slightly, by 0.32 eV
and 0.28 eV, respectively. The different extent of increase in H and N binding energies
suggests that the formation of oxynitride offers the possibility of breaking the linear scaling
relationship between the two adsorbates, which might be responsible for the enhanced
ENRR activity.

Spin polarized density functional theory (DFT)***

calculations were performed at the
GGA level within the PAW-PW91 formalism”>*® using the Vienna Ab-Initio Simulation
Package (VASP) code.?”-?® The bulk vanadium nitride (VN) was modeled using a cubic
NaCl structure. The DFT calculated lattice parameter of bulk VN was 4.12 A which is in
close agreement with the experimental value of 4.14 A and previously calculated lattice
parameter with similar methods.?” The bulk vanadium oxynitride (VNO) with 25% O
concentration (i.e., VNo.7500.25) was modeled by replacing one N atom in the unit cell of
bulk VN with an O atom. The DFT calculated lattice parameter of bulk VNO in the present
study is 4.14 A which agrees well with previously calculated lattice parameter of similar
structure with similar methods.*

The N-terminated-VN(111) and NO-terminated-VNO(111) surfaces were modeled
using six layer 4 x 4 surface slabs. The Brillion zone integration was performed using a 3
x 3 x 1 Monkhorst-Pack grid®*® and a plane wave cut-off energy of 400 eV was used for the
total energy calculations. A vacuum layer of ~15 A thick was added in the slab cell along
the direction perpendicular to the surface in order to minimize the artificial interactions
between the surface and its periodic images. During geometry optimization, atoms in the
top three layers were allowed to relax while atoms in the bottom three layers were fixed
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until the Hellman-Feynman force on each ion was smaller than 0.01 eV/A. The binding
energy (BE) of an adsorbate was calculated as:

BE(adsorbate) = E(slab + adsorbate) — E(slab) — E(adsorbate)

where E(slab + adsorbate), E(slab) and E(adsorbate) are the total energy of slab with
adsorbate, the energy of clean slab and the energy of adsorbate in the gas phase,

respectively.
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Table S7-1. DFT calculated H and N binding energies (in e¢V) on VN(111) and

VNo.7500.25(111) surfaces.

VN(111) VNO(111)
Adsorbates N-vacancy N-vacancy O-vacancy
H -2.63 -2.67 -2.95
N -4.90 -5.05 -7.41

38



8. Turnover Number of the Catalysts

The total amount of produced ammonia was determined to be 253.1 umol at —0.1 V
within 120 h. Based on XPS analysis, x and y in VNxOy phase were determined to be 0.7
and 0.45, respectively.

Based on the Elementar analysis results (Table S1-1), the total amount of VN and
VNo.700.45 in the catalysts was:

1—-16.85wt% = 83.15 wt%

Also, the total N content in the catalysts was 15.51 wt% (Table S1-1). Since there was
2.5 mg of the catalysts on carbon paper, the amount of active phase (VNo.7O00.45) for
nitrogen reduction was:

0.8315 0.1551
(51 + 14) g/mol 14 g/mol
(514+0.7x 14+ 0.45x 16) g/mol (14 x0.7) g/mol
(51 + 14) g/mol 14 g/mol

25%x1073g x

= 12.4 uymol

Therefore, the turnover number (TON) of the catalysts within 120 h was determined
to be:

253.1 pmol

= 29.2
12.4 x 0.7 pmol

Based on XAS results, 57.8% of the active phase (i.e., 7.2 umol) was converted to VN
during nitrogen reduction, which is corresponding to 5.0 umol of active nitrogen atoms.
Thus, the total amount of active nitrogen atoms in the catalysts after 4 h was:

12.4 X (1 —57.8%) x 0.7 pmol = 3.7 pmol

Since the total amount of ammonia produced at —0.1 V from 5 to 120 h was determined
to be 232.5 pmol. the turnover number (TON) of the catalysts at steady state (5—120 h) was
determined to be:

232.5 pmol 628
3.7umol
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