Journal of Materials Chemistry A

o
-

Journal of

Materials Chemistry A

Enabling Electrochemical N2 Reduction to NH3 in the Low
Overpotential Region Using Non-Noble Metal Bi Electrodes
via Surface Composition Modification

Journal: | Journal of Materials Chemistry A

Manuscript ID | TA-ART-03-2020-002550.R1

Article Type: | Paper

Date Submitted by the

Author 27-Jun-2020
Complete List of Authors: | Jang, Youn Jeong; University of Wisconsin-Madison, Department of
Chemistry
Choi, Kyoung-Shin; University of Wisconsin-Madison, Department of
Chemistry

SCHOLARONE™
Manuscripts




Page 1 of 27 Journal of Materials Chemistry A

Enabling Electrochemical N, Reduction to NH; in the Low
Overpotential Region Using Non-Noble Metal Bi Electrodes via

Surface Composition Modification

Youn Jeong Jang'? and Kyoung-Shin Choil-*

!Department of Chemistry, University of Wisconsin-Madison, Madison, WI 53706, United

States
’Department of Chemical Engineering, University of Hanyang, Seongdong-gu, Seoul, 04763,

Republic of Korea

* Correspondence and requests for materials should be addressed to K.-S.C.

(email: kschoi@chem.wisc.edu).



Journal of Materials Chemistry A

Abstract

The electrochemical N, reduction reaction (ENRR) that can produce NH; using water
as the hydrogen source at ambient temperature and pressure can be an exciting alternative to
the Haber-Bosch process. The major challenge for electrochemical NHj production is the
competing hydrogen evolution reaction (HER), which seriously limits the Faradaic efficiency
(FE) for NH; production. To date, noble metal electrocatalysts that are inactive for the HER
have mainly been investigated for the ENRR. Studies reporting a FE greater than 10% for NH;
production using non-noble metal catalysts in the low overpotential region (E <0.2 V vs RHE)
are very rare. This study reports effective electrochemical surface modification strategies that
drastically increase the ENRR activity of a non-noble Bi electrode in the low overpotential
region and achieve a FE for NH; production as high as 13.2% at -0.2 V vs. RHE in pH 7.5
phosphate buffer. The effect of each of the surface modifications on the activity for the ENRR
and the electrode stability during the ENRR were systematically elucidated, which may be used
to develop general strategies to enhance the ENRR activities of other non-noble metal

electrodes in the low overpotential region.
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Introduction

The conversion of nitrogen (N,) to ammonia (NHj3) is one of the most important
chemical transformation processes, as ammonia is widely used as a commodity for fertilizers
and various chemicals and can also be used as an alternative carbon-free energy source.!- The
N, to NHj conversion has mainly relied on the Haber-Bosch process that requires the use of
high temperatures (400-500°C) and high pressures (150-250 bar). Because of these
requirements, along with the need for H,, the Haber-Bosch process currently generates a

considerable amount of CO,.*

The electrochemical N, reduction reaction (ENRR), which can produce NHj using
water as the hydrogen source at ambient temperature and pressure, can offer an exciting
alternative route that can be less energy intensive and more environmentally benign. With the
decrease in the cost of electricity produced by renewable sources,®® the ENRR has been
receiving more attention. The major challenge for the ENRR is that the standard reduction
potential of N, to NH; (N,(g) + 8H" + 6e- = 2NH,"(aq), £°= 0.275 V vs. SHE) is very close
to that of the hydrogen evolution reaction (HER),” and the ENRR is kinetically more complex
than the HER. As a result, the ENRR cannot effectively compete with the HER and suffers

from a very low Faradaic efficiency (FE).!%-12

To date, noble metal electrocatalysts that are inactive for the HER, such as Au, Ag, Ru,
and Rh, have mainly been studied for the ENRR.!3-1? Studies reporting a FE greater than 10%
for NH; production using non-noble metal catalysts in the low overpotential region (E<0.2 V
vs RHE) are very scarce.??! Considering that the use of noble metal catalysts is cost prohibitive
for practical, large scale production of NHj; via the ENRR, development of practical and

efficient ENRR catalysts is of great interest.
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Recently, Bi was recognized as one of the most promising non-noble metal catalysts
for the ENRR. It was reported that the 6p orbitals of Bi can overlap strongly with the 2p orbitals
of adsorbed N, allowing for a strong binding strength of N, reduction intermediates such as —
NNH on the Bi surface.?? This feature along with the fact that Bi is not a good HER catalyst
enables Bi to achieve a high selectivity for the ENRR.?? For example, Bi electrodes composed
of defect rich Bi nanoplates and Bi nanocrystals were reported to achieve FEs of 11.68% and
66% for NH; production, respectively.?>>3 However, these performances were achieved at -0.6
V vs. RHE and these electrodes appeared to be inactive for the ENRR in the low overpotential

region (E < -0.5V vs. RHE).

In this study, we demonstrate NH; production using Bi electrodes at a significantly
reduced potential, -0.2 V vs. RHE, with a FE for NH; production as high as 13.2% in pH 7.5
phosphate buffer. This performance was enabled by a combination of multiple electrochemical
surface modifications whose effects were systematically elucidated. Without these surface
modifications, the same Bi electrode achieves a FE of only 3.7% at a more negative potential
(-0.3 V vs. RHE). Here, we report the procedure, result, and effect of each of the surface
modifications that resulted in a drastic activity enhancement for the ENRR. These surface
modifications may be able to enhance the ENRR activities of other Bi and non-noble metal

electrodes in the low overpotential region.

Methods

Synthesis of Bi electrodes. Porous Bi electrodes (p-Bi) used in this study were
electrodeposited as reported previously.?* A 30 ml aqueous solution containing 14 mM BiCl;
(Alfa Aesar, 99.99%), 1.4 M HCI (Aldrich, 37%) and 2.5 g/L polyethylene glycol (PEG) 6000
(USB Corporation) was used as the plating solution. A typical undivided three-electrode cell

composed of a Ti foil working electrode, a Ag/AgCl (4M KCIl) reference electrode and a Pt
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foil counter electrode was used for deposition. The reduction of Bi** to Bi® was carried out at -
2.6 V vs. Ag/AgCl for 2 min, where the measured average current density was approximately
-750 mA/cm?. As-deposited Bi electrodes were rinsed with distilled water and dried in air. The
electrochemically active surface area of the resulting p-Bi electrode was determined by double
layer capacitance (Cy) measurements.?> For these measurements, cyclic voltammetry was
conducted with a three-electrode configuration using a graphite rod electrode, a Ag/AgCl (4 M
KCl) reference electrode, and Bi working electrodes (p-Bi and Bi foil electrodes). The
potentials were cycled between -0.3 V vs RHE and -0.15 V vs RHE where no Faradaic
processes occur, with varying scan rates of 10, 30, 60, 90 and 120 mV/s. Cy values were
determined from the slope of the charging current density versus scan rate plot. The results
showed that the electrochemically active surface area of the p-Bi electrode is 9 times higher

than that of a flat Bi foil electrode with the same geometric area.

Characterization. The crystal structures of electrodes were examined by powder X-ray
diffraction (XRD) (Bruker D8 Advanced PXRD, Ni filtered Cu Ko radiation, A = 1.5418 A) at
room temperature. The surface morphologies were investigated using scanning electron
microscopy (SEM) (a LEO 1530 at an accelerating voltage of 2 kV). X-ray photoelectron
spectroscopy (XPS) spectra were collected using a K-Alpha X-ray photoelectron spectrometer
(Thermo Scientific) equipped with Al Ka excitation. The binding energies were calibrated with
respect to the carbon Is peak at 284.8 eV. UV-Vis absorption spectra required for the
quantification of NH; and N,H; were recorded using a Cary 300 Bio UV-Visible

spectrophotometer (Varian).

Surface treatment of Bi electrodes by cyclic voltammetry. As a set of surface modifications
to enhance catalytic performance of the ENRR, cyclic voltammetry experiments were
conducted using a three-electrode setup in an undivided cell. A p-Bi electrode was used as a

working electrode, while a graphite rod and a Ag/AgCl (4 M KCl) electrode were used as a
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counter and a reference electrode, respectively. Voltammetry experiments were carried out by
sweeping the potential in the positive direction from the open circuit potential (OCP) to 1.62
V vs. RHE at a scan rate of 25 mV/s as an initial scan, followed by three scanning cycles
between 1.62 V vs. RHE and -0.65 V vs. RHE. The electrode obtained by this cyclic
voltammetry in a 0.5 M phosphate buffer (pH 7.5) is referred to as an ap-Bi electrode, whereas
the electrode prepared by the cyclic voltammetry in a 0.5 M phosphate buffer with 25 mM
V,05 (Aldrich, 99.99%) (pH 7.5) is referred to as an apv-Bi. The 0.5 M phosphate buffer (pH
7.5) solution was prepared by dissolving 0.5 M KH,PO, (Fisher Scientific, 99%) in deionized
water (18 M{1) and adjusting the pH to 7.5 by adding KOH (Aldrich, 85%). In order to prepare
the 0.5 M phosphate buffer with 25 mM V,0Os, the corresponding amount of V,0s was
dissolved in the phosphate buffer and the pH was readjusted to 7.5 with KOH. The solution
was stirred for at least 12 h before use, which resulted in the change of the solution color from
orange to colorless. The morphologies and the surface areas of the ap-Bi and apv-Bi electrodes

are identical to those of the p-Bi electrode.

ENRR. Both J-V and J-t measurements were performed using a three-electrode setup in an
undivided sealed cell with a gas inlet and outlet allowing for the constant purging of N, during
the measurement. Before introducing N, to the electrolyte, the N, gas (99.999%) passed
through a Cu/SAPO trap to remove any impurities in the N, gas as recommended.?® Bi
electrodes were used as working electrodes with a graphite rod as the counter electrode and a
Ag/AgCl (4 M KCl) reference electrode. The solutions were purged with N, for 30 min before
use and were constantly purged with N, during the measurement. When necessary, Ar was used
instead of N, for comparison. The ENRR at constant potentials was performed by applying a
desired potential for 90 min using the same setup. Before the ENRR, Bi electrodes were

reduced at -0.3 V vs. RHE for 1 min in order to reduce the naturally oxidized surface of Bi
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electrodes in the air. For the stability test, the ENRR was repeated multiple times using the

same electrode.

The NH; produced by the ENRR in the electrolyte was spectrophotometrically detected
by the modified indophenol blue method.?¢ First, 2 mL of electrolyte after the ENRR was added
to a centrifuge tube, followed by 2 mL of a 1 M NaOH (Aldrich, 97%) solution containing 5
wt % salicylic acid (Aldrich, 99%) and 5 wt % sodium citrate (Aldrich, 99%), 1 mL of 0.05 M
NaClO (Aldrich, 10-15%) solution, and 0.2 mL of 1 wt % sodium nitroferricyanide dihydrate
(Aldrich, 99%). After 2 h at room temperature, the absorbance of the mixed solution was
measured at 655 nm using a UV-Vis spectrophotometer. The concentration of produced
ammonia was determined based on the calibration curve generated from a set of standard
solutions of known concentrations of NH,;" measured against the peak intensity at 655 nm, in
which the standards were prepared by adding NH4Cl (Aldrich, 99.5%) to the electrolyte used
in the ENRR experiment. In order to confirm that the NH; detected in this study was truly from
the ENRR and not due to contamination by the cells or the environment, we repeated all ENRR
experiments reported in this study using Ar-saturated solutions under the same reaction
conditions,? which yielded no detectable NH,4*. N,H, can be another product produced by the
ENRR. Thus, the formation of N,H,; was examined spectrophotometrically by the method of
Watt and Chrisp.?’ First, 2 mL of electrolyte after the ENRR was added to a centrifuge tube,
followed by 2 mL of ethanol solution containing 0.7 M HCI (Aldrich, 37%) and 0.12 M 4-
(dimethylamino)benzaldehyde (Aldrich, 99%). After keeping the solution for 1 h at room
temperature, the absorbance of the mixed ethanol solution was tested at 455 nm using a UV-
Vis spectrophotometer. The concentration of produced N,H, was evaluated based on the
calibration curve of concentrations of N,H, in standard solutions against peak intensity at 455

nm, in which the standard solutions were prepared by adding N,H,4 x H,O (Aldrich 50-60%) to
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the electrolyte used in the electrolysis measurements. The results showed that none of the

samples examined in this study produced N,H,.

Quantification using isotopically labeled PN,. In order to further confirm that the
spectrophotometrically detected NH3 is truly from the ENRR, the ENRR performed in the very
low bias region (-0.2 V vs RHE) was repeated in 'N,-saturated electrolytes using experimental
conditions that are otherwise the same as those described above. The electrolyte was first
purged with Ar gas for 30 min to remove gas impurities in the cell. Then "N, (fed through a
Cu/SAPO trap) was purged for 30 min before use and was constantly purged during the
measurement. The NH," produced was quantified using proton nuclear magnetic resonance
spectroscopy ('H-NMR) on a Bruker Avance III HD 600 MHz spectrometer (Bruker Biospin
Corp., Billerica, MA) equipped with a TCI-F cryoprobe with z-gradient. For NMR
measurements, the electrolyte after electrolysis was collected, acidified to pH ~3 by adding
H3PO, (Aldrich, 97%), and then condensed to 6 mL via reduced pressure distillation.?3
Afterwards, solutions were mixed with 5 volume % D,0O (Aldrich) containing
trimethylsilylpropanoic acid (TSP) that serves as an internal reference for locking. All analyses
were performed with water suppression using excitation sculpting to remove the 'H signal from
water. The transmitter frequency was centered on the water frequency (~4.7 ppm, adjusted for
every sample). Spectra were acquired using 1024 scans, an acquisition time of 3 s and a
relaxation delay of 1.5 s. The water suppression did not affect quantification of ’NH,4" since
the "'NH," signals appeared at 7 ppm. The concentration of produced "'NH," was determined
based on a calibration curve, obtained by integrating the 'NH," signal of a set of standard
solutions of known concentrations. The standard solutions were prepared by adding "NH4C1
(Aldrich, 99.5%) to the same electrolyte used in the ENRR, followed by the aforementioned

acidification and mixing with D,O (5 vol %) containing TSP for locking.
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The FE for NHj production was calculated by dividing the amount of charges used to
produce the detected amount of NH; by the total charge passed during the ENRR using the
following equation, where n is the number of electrons required to produce one NH; molecule,

which is 3, and F is Faraday’s constant (96485.33 C/mol).

n X molof NH3 x F(C/mol)
Total charge passed (C)

FE (%) = x 100

Results and Discussion
1. Synthesis and Surface Modification of Bi Electrodes

The Bi electrode used in this study was prepared as a nanocrystalline, porous electrode
by electrodeposition using a previously reported method.?* In this method, Bi metal was
electrodeposited while concurrently reducing water to H, where the H, bubbles served as an
in-situ template to construct a mesoporous foam structure. The walls of the foam structure were
composed of Bi nanocrystals (Figure 1A).2* This nanocrystalline, porous Bi electrode is

referred to as a p-Bi electrode for the rest of the study.
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FE for NH; (%)
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Figure 1. (A) SEM images of p-Bi and ap-Bi electrodes; (B) Comparison of FEs for NH;
production by p-Bi and ap-Bi electrodes obtained in N,-saturated phosphate buffer (pH 7.5);
Bi 4f XPS spectra of (C) p-Bi and (D) ap-Bi electrodes; (E) P 2p XPS spectrum of an ap-Bi

electrode.

The as-prepared p-Bi electrode shows only limited activity for the ENRR (Figure 1B).
For example, when the ENRR was performed at a constant potential of -0.3 V vs. RHE in N,
saturated 0.5 M phosphate buffer (pH 7.5), a FE of only 3.7% for NH; production was
observed. This was the highest FE achievable by the p-Bi electrode at any potential; at a more
positive potential than -0.3 V NHj; production was negligible while at a more negative potential
the FE for NH; production diminished due to the HER becoming more dominant. We note that
since Bi is not a noble metal, the exposure of the Bi electrode to air results in the formation of
a thin B1,05 layer on the surface. Thus, before performing the ENRR, a potential of -0.3 V vs.
RHE was applied to the p-Bi electrodes for 1 min to convert any surface Bi,O; to Bi. The linear
sweep voltammogram (LSV) of the p-Bi electrodes after this treatment confirmed the absence
of a surface B1,0; layer (Figure S1). Figure S1 also shows the comparison of LSV of a p-Bi

electrode obtained with and without saturated N,. The LSVs show no noticeable difference,

10
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although p-Bi can perform the ENRR. This suggests that when the HER, which has an onset
potential comparable to that of the ENRR, is the dominant reaction, LSVs alone cannot detect
the activity for the ENRR. The LSVs of the Ti foil used as a substrate to deposit p-Bi are shown
in Figure S2, which show considerably lower current densities than those of p-Bi. When the
Ti-foil was used for the ENRR at a constant potential of -0.3 V —-0.6 V vs. RHE, no NH; was

detected.

In order to enhance the catalytic activity of the p-Bi electrode for the ENRR, we
performed a set of electrochemical surface modifications. The first modification was to treat
the surface of the p-Bi electrode with cyclic voltammetry (CV) where the potential was first
swept from the open circuit potential (OCP) to 1.62 V vs. RHE and then cycled between 1.62
V vs. RHE and -0.65 V vs. RHE in 0.5 M phosphate buffer (pH 7.5) three times (Figure S3).
We postulated that the CV treatment with a fast scan rate (25 mV/s) would force the rapid
conversion between Bi® and Bi,O; on the p-Bi electrode surface, which can diminish the
surface crystallinity, increase defect sites on the electrode surface, and possibly provide more
effective binding sites for the ENRR. (The Bi electrode obtained by this treatment is referred

to as an ap-Bi electrode in this study).

The comparison of the SEM images (Figure 1A) and XRD patterns (Figure S4) of the
Bi electrode before and after the CV treatment showed no noticeable differences, suggesting
that this treatment did not affect the bulk morphology or composition. The surface change
created by this treatment, however, could be clearly confirmed by X-ray photoelectron
spectroscopy (XPS) (Figure 1C). The Bi 4f region of the p-Bi electrode showed four peaks.
The two peaks appearing at 157.4 and 162.7 eV are Bi 4f;, and 4fs, peaks from BiC,
respectively.?82° The two peaks appearing at 159.5 and 164.8 eV are Bi 4f;,, and 4fs), peaks
from Bi*" in Bi,Os, respectively.’-32 Bi,O; can form on the Bi surface between the CV

treatment and the XPS measurement in the air, which cannot be distinguished from the Bi,0;

11
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formed by the CV treatment. Also, we removed any surface Bi,0; before we conduct the ENRR
at constant potentials. Therefore, the Bi’" peaks from the surface Bi,Os layer do not provide

any critical information relevant to the ENRR and these peaks are not considered further.

The Bi 4f region of the ap-Bi electrode showed evident broadening of the Bi? peaks
(Figure 1D), indicating the CV treatment indeed increased the surface amorphousness of the
Bi electrode. The Bi 4f region of the ap-Bi electrode also revealed an additional effect of the
CV treatment; in the Bi*" region, new peaks corresponding to Bi** from BiPO, appeared at
160.6 and 165.9 ¢V (Figure 1D).33-34 (The Bi 4f peaks for pure crystalline Bi,O3; and BiPO,
references can be found in Figure S5A-B.) We also detected the P 2p peak at the position
expected for PO, in the XPS spectrum of the ap-Bi electrode (Figure 1E), which further
confirmed the formation of BiPO,4 on the surface of the ap-Bi electrode. This means that during
the potential sweep in the positive direction in the phosphate buffer, the surface of the p-Bi
electrode was oxidized to BiPO, instead of Bi,0;. The fact that the XRD patterns of the ap-Bi
electrode did not show peaks from a crystalline BiPO, phase suggests that the formation of
BiPO, is limited only to a thin surface layer and is amorphous. The incorporation of BiPO, in
the Bi surface by the CV process was unintentional but, as discussed below, it was revealed to

be essential in improving the catalytic activity of the Bi surface for the ENRR.

When the ENRR was conducted at constant potentials, the ap-Bi electrode showed a
considerable increase in FE for NH; production (Figure 1B). For example, the ap-Bi electrode
showed an activity for NH; production at a potential as low as -0.2 V vs. RHE (FE = 1.0%)
where NH; production by p-Bi was negligible. The FEs achieved at -0.3 V vs. RHE by p-Bi
and ap-Bi electrodes are 3.7% and 5.6%, respectively, and those at -0.4 V vs. RHE are 2.1%
and 4.6%, respectively. Furthermore, significantly higher average current densities were
observed by the ap-Bi electrode during the ENRR at constant potentials (Figure S6),

suggesting that not only the FE but also the rate for the ENRR is increased by the CV treatment.

12
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2. Effect of Phosphate Incorporation on ENRR

In order to examine whether the performance difference between the p-Bi and ap-Bi
electrodes is mainly due to the increase in the surface amorphousness of Bi or due to the
formation of BiPO, on the surface, we performed the same CV treatment on the p-Bi electrode
in a 0.5 M K,SO4 (pH 7.5) solution so that only an increase in the amorphous surface of Bi
could be achieved without the formation of BiPO,4 (Figure 2A). The Bi 4f XPS spectrum of
the resulting electrode showed broadening of the Bi® peaks as in the case of the ap-Bi electrode
but showed Bi** peaks only from Bi,O; (Figure 2B). When this electrode was used for the
ENRR at a constant potential of -0.3 V vs. RHE, a FE of 4.0% was achieved, which is only
slightly better than that of the p-Bi electrode (Figure 2C). This suggests that the formation of
BiPO, has a larger effect on the activity increase for the ENRR than the increase in surface

amorphousness of Bi.

6 =
B
5 (A) 4 (B) I Bi 5] (€) ap-Bi(KPi)
3 VA f 7 o
&0 — — Bs s p-Bi ap-Bi(K,S0,)
E 1 = x 4
< -3 c =z
E ] L
5 % / i £ e
=
& 27
9 — in KPi
— in K380,
12 = . y T T 0
-0.5 0.0 _ : 1.0 1.5 156 15.9 . 162 165 168 At -0.3 V vs. RHE
Potential (V vs. RHE) Binding energy (eV)

Figure 2. (A) CVs obtained during the second cycle of the CV treatment of a p-Bi electrode in
0.5 M K,SO, (pH 7.5) (black) and in phosphate buffer (pH 7.5) (red) (scan rate: 25 mV/s). The
arrows and numbers indicate the scan direction; (B) Bi 4f XPS spectrum of the ap-Bi electrode
obtained by the CV treatment in 0.5 M K,SO, (pH 7.5); (C) Comparison of FEs of various Bi
electrodes for NH; production at -0.3 V vs. RHE in 0.5 M phosphate (pH 7.5) buffer saturated
with Ns.

13
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The comparison of CVs obtained in a sulfate solution and a phosphate buffer during the
CV treatment revealed a key difference caused by the formation of BiPO,4 on the Bi surface
(Figure 2A). When the CV was performed in a sulfate solution, the anodic current during the
scan in the positive direction is due to the oxidation of Bi to Bi,O; and the cathodic current
during the scan to the negative direction is due to the reduction of Bi,O; to Bi. When the CV
was performed in a phosphate buffer, the anodic current is due to the oxidation of Bi to BiPO,
while the cathodic current is due to the reduction of BiPO, to Bi. The CV comparison clearly
shows that the reduction of BiPO,4 to Bi occurs at a more negative potential than that of Bi,O;
to Bi and thus BiPO, can survive under the reduction potential where Bi,Oj; is converted to Bi.
This could be easily confirmed by comparing LSVs obtained after applying -0.3 V vs. RHE to
the Bi electrode for 1 min, which is the routine process we perform to remove the surface Bi,O3

layer before conducting ENRR at constant potentials.

The LSVs of the p-Bi electrode after this treatment shows the absence of the reduction
peak of Bi,O; to Bi (Figure 3A), suggesting that Bi,O; was completely removed by this
treatment. However, the LSV of the ap-Bi electrode after the same 1 min treatment shows a
reduction peak centered at -0.32 V vs. RHE, which corresponds to the conversion of BiPO, to
Bi, suggesting that the 1 min treatment at -0.3 V vs. RHE is not enough to fully reduce BiPO4
(Figure 3A). This also means that BiPO,4 was present during the ENRR performed at constant

potentials.

14
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Figure 3. (A) LSVs of p-Bi and ap-Bi obtained in Ar-purged 0.5 M phosphate buffer (pH 7.5)
after applying -0.3 V vs. RHE for 1 min to reduce the surface Bi,0; (scan rate: 10 mV/s); Bi
4f XPS spectra of the ap-Bi electrode after (B) the first run and (C) the fifth run of the ENRR
at -0.3 V vs. RHE; (D) Changes in FE of the p-Bi and ap-Bi electrodes for repeated ENRRs at
-0.3 Vvs. RHE

The Bi 4f XPS spectra of the ap-Bi electrode after the repeated use for the ENRR at -
0.3 V further confirmed the presence of BiPO, during the ENRR; the intensity of the Bi** peaks
from BiPO, gradually decreases but was still present after the 5% run (Figure 3B-C). (Each
ENRR run consists of applying the given potential for 90 min.) During repeated use a gradual
decrease in FE for NH; production was also observed (Figure 3D). The FE for NH; production
of the p-Bi electrode showed a negligible change during repeated use (Figure 3D), indicating
that the decrease in FE of the ap-Bi electrode is not due to the intrinsic catalytic instability of

the porous Bi electrode. Instead, the gradual decrease in FE of the ap-Bi electrode during

15
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repeated use appeared to be related to the gradual conversion of BiPO, to Bi during the repeated
ENRR experiments. This observation further suggests that the catalytic enhancement of the ap-
Bi electrode is mainly owing to the presence of BiPO4. When the films were CV-treated again
after the 5™ constant potential run, the FE for the ENRR was recovered to 5.6%, further

confirming the necessity of BiPO, for enhanced ENRR by the ap-Bi electrode.

These results clearly show the advantageous effect of forming BiPO, at the Bi surface
for enhancing the activity for NH; production. A recent study comparing the adsorption
energies of N, on Sb metal (antimonene monolayer) and Sb,O3 showed that N, can adsorb
more strongly on Sb,O3 due to the increased polarity of Sb,O3 with respect to the non-polar
antimonene monolayer.>> We believe that Bi3" in BiPO,4 can have the same effect and enable a
stronger adsorption of N, or ENRR intermediates on the electrode surface than Bi°, lowering
the overpotential required for the ENRR. Bi** in Bi,O; is not stable under the potential used
for the ENRR and is reduced to Bi’. Thus, shifting the reduction potential of Bi*" to the negative
direction by forming BiPO, and retaining more Bi*" during the ENRR appears to be the key to
promoting the ENRR in the low overpotential region. It is possible that in addition to stabilizing
Bi**, PO4* may have an additional effect on promoting the ENRR. However, because the
retention of Bi** during the ENRR is not possible without the incorporation of PO,* into the
surface layer, the effect of retaining Bi’" and the effect of having Bi** specifically in the form

of BiPO, could not be separately investigated in this study.

3. Effect of Vanadate Incorporation on ENRR

After observing the advantageous effect of forming BiPO, on the surface, we
attempted to identify an anion that may have a similar or even stronger effect than phosphate

for enhancing the ENRR. We postulated that vanadate (VO,4*") can be a promising candidate

16
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because vanadate has the same structure as PO, and it can react with Bi*" to form BiVO,.
Furthermore, vanadium containing compounds, such as Bi,V,0;; and VN, have been reported

to be catalytically active for the ENRR.20-36

In order to investigate the effect of vanadate incorporation into the Bi surface, we
performed the same CV treatment as above after dissolving 25 mM V,0s51in 0.5 M phosphate
buffer. (The result obtained without the use of phosphate buffer is discussed later.) The
resulting Bi electrode is referred to as an apv-Bi electrode. According to the SEM and XRD
results, the morphology and Bragg peaks of the apv-Bi electrode are identical to those of the
ap-Bi electrode (Figure S7). The CV obtained from the second cycle of the CV treatment in
0.5 M phosphate containing vanadate is shown in Figure 4A. This result revealed that the
incorporation of vanadate into the Bi surface during the anodic scan shifts the reduction
potential of Bi** to Bi® toward the negative direction further than the incorporation of phosphate
alone. The reduction potential of Bi’" present in a solid-state compound is affected by its local
environment (e.g. type and number of neighboring atoms making bonds to Bi*") and this result
suggests that the reduction of Bi** at the surface of the apv-Bi electrode is more difficult than
that of the ap-Bi electrode. This was also confirmed by the LSV of the apv-Bi electrode
obtained after applying a potential of -0.3 V vs. RHE to the electrode for 1 min (Figure 4B);
the reduction peak of Bi** to Bi® of the apv-Bi electrode is shifted in the negative direction and
is broadened, suggesting that the complete reduction of surface Bi3* in the apv-electrode would
require a more negative potential. This will be beneficial for preserving more Bi*" ions or Bi3*-

containing phases during the ENRR.
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Figure 4. (A) CVs obtained during the second cycle of the CV treatment of the ap-Bi electrode
in a 0.5 M phosphate buffer solution (pH 7.5) with (blue) and without (red) 25 mM V,0s (scan
rate: 25 mV/s). The arrows and numbers indicate the scan direction; (B) LSVs of ap-Bi and
apv-Bi electrodes obtained in Ar-purged 0.5 M phosphate buffer (pH 7.5) without and with 25
mM V,0s, respectively, after applying -0.3 V vs. RHE for 1 min to reduce the surface Bi,03
(scan rate: 10 mV/s); (C) Bi 4f XPS spectrum of an apv-Bi electrode, (D) P 2p XPS spectrum
of apv-Bi (blue) and ap-Bi (red) electrodes; (E) V 2p XPS spectrum of an apv-Bi electrode.

The effect of the CV treatment performed in phosphate buffer containing vanadate on
the electrode’s surface composition was examined using XPS. The Bi 4f region of the apv-Bi
electrode shows new peaks due to the formation of BiVO, in addition to the peaks from Bi®,
Bi,0;, and BiPO, (Figure 4C). (The Bi 4f peaks of a pure BiVO, reference are shown in
Figure S5C.)*” We also found that the P content in the apv-Bi electrode is significantly higher
than that of the P content in the ap-Bi electrode when comparing the P 2p peaks (Figure 4D),
which suggests that vanadate incorporation enhanced phosphate incorporation. The V 2p
region of the apv-Bi electrode shows V>* peaks that are broader than those expected for BiVO,

and are slightly shifted to the positive direction (Figure 4E). These peaks could be successfully

18

Page 18 of 27



Page 19 of 27

Journal of Materials Chemistry A

deconvoluted into the peaks from BiVO, and VOPO,. (V 2p peaks of pure BiVO, and VOPO,
references are shown in Figure S8.) Thus, we concluded that the CV treatment incorporated
vanadate into the apv-Bi electrode not only in the form of BiVO, (or in the form of vanadate
bound to Bi) but also in the form of VOPO, (or in the form of vanadate bound to P), thereby
increasing the PO4>- content of the electrode surface. The ratio of V in the form of BiVO, to

that in the form of VOPO, is 0.4: 0.6 while the P:V ratio is 1:~0.9.

We note that when the CV treatment of the p-Bi electrode was performed in K,SO,
solution containing the same concentration of vanadate, vanadate was not incorporated into the
Bi surface, which is confirmed by XPS. This result suggests that the co-presence of phosphate
and vanadate in solution are critical to incorporate vanadate into the Bi surface. This also
implies that the BiVO, formed on the apv-Bi electrode is not pure BiVO, but most likely

Bi(PO4)1x(VOy)x.

The results of the ENRR at constant potentials achieved by the apv-Bi electrode are
shown in Figure SA. (The corresponding current density-time profiles are shown in Figure S6
and the corresponding yields and production rates of NH;3 are summarized in Table S1). We
note that the ENRR with the apv-Bi electrode was performed in 0.5 M phosphate buffer
containing 25 mM V,0s, the same solution used for the CV treatment for reasons explained
later. The apv-Bi electrode shows substantial increases in FE for NH; at all potentials
investigated. In particular, the FE of 13.2% achieved at -0.2 V is remarkable in that the FE of
the ap-Bi electrode at the same potential was only 1.1%. This result suggests that the
incorporation of vanadate into the surface layer, which shifts the reduction potential of Bi** to
the more negative direction and helps to retain more Bi** during the ENRR in the low
overpotential region, can further promote the ENRR. We note that studies reporting a FE for
NH; production greater than 10% at a potential < -0.2 V vs. RHE have been extremely rare

even when catalysts composed of noble metals are included (Figure S9). At a more positive
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potential than -0.2 V, the FE for NH; production by the apv-Bi was negligible (< 1%) and the

current density was too low for reliable NH; detection.

In order to confirm that the NH; produced in this low bias region was truly from the
ENRR and not due to contamination by the cell or the environment,?> we repeated the ENRR
using Ar-saturated solutions under the same reaction conditions, which yielded no detectable
NH;. We also repeated the ENRR at -0.2 V vs. RHE with isotopically labelled N, and
obtained FEs for ’'NH; production (13.3% for apv-Bi and 1.0% for ap-Bi) (Figure S10) that
is consistent with the results shown in Figure SA. These results confirmed the accuracy of our

setup/procedure used for the spectrophotometric NH; quantification.

When the apv-Bi electrode was used for the ENRR repeatedly at -0.2 V vs. RHE in 0.5
M phosphate buffer containing 25 mM V,0s, a slight decrease in FE was observed after the 1%
run but the FE was stabilized and maintained above 12% after the 2" run (Figure 5B). The
slight difference in FEs between the 15 run and the rest of the runs is most likely due to the
slight difference in structure and composition of the surface Bi(PO4);<(VO,), layer present in

the as-prepared sample and that stabilized by the dynamic equilibrium during the ENRR.

The peak analysis of the Bi 4f XPS spectra shows that the ratio of Bi in the form of
BiPO, and BiVOj to total surface Bi detected by XPS was maintained (0.25 for the pristine
sample and 0.23 after the 5™ run). This suggests that the presence of vanadate on the electrode
surface greatly stabilized the Bi*" at the surface during the ENRR (Figure 5C). The XPS
spectra of V showed that the total content of V was also maintained during the ENRR, although
the individual areas of VOPO, and BiVO, fluctuated slightly (Figure SD). A longer-term
current density-time plot of the apv-Bi electrode for 24 hours that further confirms its stability

can be found in Figure S11.
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Figure 5. (A) Comparison of FEs for NH; production by p-Bi, ap-Bi, and apv-Bi electrodes
obtained in N,-saturated phosphate buffer (pH 7.5). The buffer used for the apv-Bi electrode
contained 25 mM V,0s.; (B) Changes in FE of an apv-Bi electrode for repeated ENRR
experiments at -0.2 V vs. RHE; (C) Bi 4f XPS spectra and (D) V 2p XPS spectra of an apv-Bi
electrode before and after repeated ENRR experiments at -0.2 V vs. RHE five times.

When the apv-Bi electrode performed the ENRR in a phosphate buffer that does not
contain V,0s, however, the FE achieved for NH; production by the apv-Bi electrode was

significantly lower (FE = 8.9% at -0.2 V vs. RHE) and gradually decreased during repeated
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use (Figure S12A) due to the loss of V from the apv-Bi electrode (Figure S12B). This result
suggests that the vanadate at the apv-Bi surface is not permanently stable during the ENRR but
its loss can be effectively prevented by having sufficient vanadate in the electrolyte. This result
also confirms that the presence of vanadates on the electrode surface is critical to the substantial

increase in the activity for the ENRR achieved by the apv-Bi electrode.

Conclusion

In summary, we have demonstrated that electrochemical surface modification of a
porous Bi electrode performed in phosphate buffer (pH 7.5) containing V,05 can remarkably
increase its catalytic ability for the ENRR, achieving a FE of 13.2% at -0.2 V vs. RHE. This
drastic increase in FE, especially in the very low overpotential region, illustrates the power of
simple surface modifications to promote NH; production, encouraging further methodical
studies of the ENRR on non-noble metal catalyst surfaces. The results obtained in this study
suggest that the presence of Bi** on the surface during the ENRR is the key to promoting the
ENRR in the low overpotential region; the presence of Bi*" appears to enable a stronger binding
of N, or ENRR intermediates to the catalyst surface, lowering the overpotential required for
the ENRR. Retaining Bi*" during the ENRR was possible because Bi** in the surface Bi(PO,);.
«(VOy), layer is more difficult to reduce than Bi** in the surface Bi,O; layer. The results
obtained in this study are not sufficient to elucidate whether phosphate and vanadate have
additional effects on promoting the ENRR. This is because the effect of Bi** and the effects of
phosphate or vanadate could not be separated in this study due to the necessity of phosphate
and vanadate in stabilizing Bi**. We are currently designing catalyst systems where we can
independently investigate these effects. There are inherent difficulties and limitations in
studying a thin, amorphous surface layer, especially when the composition of the surface layer

is complex. However, it is always the surface layer that has a major effect in determining the
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catalytic property of any bulk electrode. This study, which demonstrated the remarkable impact
of surface modification and systematically examined the effect of surface amorphousness,
incorporation of phosphate, and incorporation of vanadate on the activity for the ENRR and
the electrode stability during the ENRR, provides a useful foundation for the development of

general strategies to produce practical ENRR catalysts.
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