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Green ammonia synthesis using CeO,/RuO, nano-
layers on vertical graphene catalyst via electro-
chemical route in alkaline electrolytef

HyungKuk Ju,*1*® Dong Han Seo, & *19 Sunki Chung, © 19 Xin Mao,"
Byeong-Seon An,' Mustafa Musameh, Thomas R. Gengenbach,) Hokyong Shon,®
Aijun Du, © " Avi Bendavid,* Kostya (Ken) Ostrikov, & " Hyung Chul Yoon, @'
Jaeyoung Lee 2 ©9 and Sarbjit Giddey®

The electrochemical synthesis of ammonia at ambient temperature and pressure has the potential to
replace the conventional process for the production of ammonia. However, the low ammonia yield and
poor long-term stability of catalysts for the synthesis of ammonia hinders the application of this techno-
logy. Herein, we endeavored to tackle this challenge by synthesizing 3-D vertical graphene (VG) on Ni
foam via a one-step, low-temperature plasma process, which offered high conductivity and large surface
area. Subsequently, the vertical graphene on Ni foam was loaded with nanolayers of ruthenium oxide
(RuO,, ~2 nm) and cerium oxide (CeO,, <20 nm) nanoparticles via magnetron sputtering. The incorpor-
ation of nanoparticle layers (RuO, and CeO,/RuO,) on VG significantly increased the NHs yield in KOH
electrolyte. Finally, the performance and long-term stability of this composite material were successfully
demonstrated by the addition of CeO,/RuO, nanolayers on the VG electrocatalyst. The catalyst achieved
an excellent performance with a high ammonia synthesis yield of 50.56 ig MGotat cat. ~ W+ (111 X 1071
mol cm™2 s7%) during the performance evaluation period of 36 h. This observation was also verified by
density functional theory calculation, where CeO, exhibited the best catalytic performance compared to

rsc.li/nanoscale RuO, and pristine graphene.
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1. Introduction

Recently, the electrochemical production of ammonia has
attracted immense attention and has become an intensely
researched topic due to the diverse ever-increasing range of
applications of ammonia including as fertilizers and industrial
chemical commodities, which is also considered a renewable
energy carrier and a carbon neutral liquid fuel."”® Currently,
ammonia is synthesized via the conventional high-pressure
(<200 bar), high-temperature (400-500 °C)-driven process
known as the “Haber-Bosch process”. In addition, the
ammonia synthesis reaction (N, + 3H, = 2NH3) is an exother-
mic process (AH = —46 k] mol™") and thermodynamically
favoured at low temperatures and high pressures. However, it
is well known that the Haber-Bosch process requires unfavour-
able high temperature conditions due to its sluggish catalytic
kinetics and even extremely high pressures to achieve the
desirable synthesis of ammonia. However, the ammonia yield
under these conditions is still only around 3-6% in a single
pass through one catalyst bed."”™® Alternatively, compared to
the conventional Haber-Bosch process, ammonia synthesis via
the electrochemical route can offer significant advantages
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including ambient conditions (<100 °C and ~1 bar) with a rela-
tively simple process (single reactor) and low capital cost for
its production. These advantages minimize the significant
costs associated with the compression of gases and high-
pressure and high-temperature reactor. In particular, electro-
chemical ammonia synthesis based on the solid polymer
membrane process can enable the use of diverse hydrogen
sources (including water, seawater, and alcohols) instead of H,
sourced from fossil fuels such as natural gas, fuel oil, and
coal. Currently, the majority of the ammonia is produced by
sourcing hydrogen via the steam reforming of natural gas,
which contributes to high CO, emissions.”'® Therefore, the
electrochemical route has potential to be the future process
for the green production of ammonia with zero CO, emissions
and for decentralized ammonia production by utilizing green
electricity generated from renewable energy sources to substan-
tially reduce the carbon footprint.

However, the low yield of this green ammonia production
via the electrochemical route is a significant challenge, limit-
ing its wide use in industry. One of the key contributing
factors to the low yield in the synthesis of ammonia is the low
selectivity of the catalyst for the desired reaction. The electro-
catalyst is used for two competing reactions, i.e., the hydrogen
evolution reaction (HER) and ammonia synthesis by nitrogen
fixation. The HER is favoured over the electrochemical N, fixation
reaction due to the high bond energy (941 k] mol ") of the stable
N, molecules (N=N triple bond), their low polarizability, and
very poor solubility of N, in aqueous media."" Therefore, ideal
electrocatalysts should be selective for N, fixation and hydrogen-
ation (associative mechanism) for the N, reduction reaction
(NRR) with minimum HER activity."* "> Moreover, the poor long-
term stability of catalysts is also a significant issue. The
ammonia synthesis reaction rate is often degraded over time due
to the physical detachment or/and physiochemical degradation
of the catalysts from the electrode interfaces or/and the catalyst
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interaction sites becoming inactive. Therefore, significant
research effort has been globally directed towards the develop-
ment of highly effective and stable catalysts for the electro-
chemical production of ammonia.

A diverse range of metals (Au, Ru, Rh, Pd, Mo, Fe, Bi, Cu,
etc.),"** metal oxides (NiO, MnO, Fe,Qj;, Cr,03, TiO,, RuO,,
etc.),”**° non-metallic nanomaterials (B,C, zeolitic based
MOF, etc.),"**° and sulfur complexes (MoS,, FeS,, ReS,
etc.)’'* have been explored as promising catalyst candidates
for the NRR in acid, neutral, and alkaline media. Among the
heterogeneous catalysts, employing metal oxide-based nano-
scale electrocatalysts can be an interesting strategy to suppress
the intrinsic HER and enhance the catalyst selectivity for the
electrochemical reduction of N, to ammonia. Recently, Singh
et al."? theoretically proposed that a metal-thin insulator-cata-
lyst may provide increasing NRR selectivity to ammonia by sup-
pressing the HER by limiting the electron transfer. Sktlason’s
group®® used density functional theory (DFT) calculations to
explore the possible activities of various rutile-structured metal
oxides and some metal oxide candidates for the electro-
chemical NRR, which exhibited stable and high activity toward
ammonia synthesis, while simultaneously reducing the domi-
nant competing HER. In addition, this approach for suppres-
sing the HER using metal oxide catalysts has been also
suggested as a way to solve the electrochemical reduction of
CO, gas in aqueous media.**?” Another key consideration for
the NRR environment is the selection of the electrolyte
medium. Again, the undesirable HER is significantly domi-
nant in acidic media with a two orders of magnitude higher
current density compared to that in alkaline media. Moreover,
alkaline electrolyte offers an environment for the accurate
measurement of the products via the direct formation of
gaseous ammonia according to Henry’s law and reducing the
NO, contamination, minimizing the false positive results of
ammonia synthesis yield.*® Further, non-noble metal oxides can
be utilized as potentially active electrocatalysts in alkaline elec-
trolyte (NaOH and KOH).*>*® Mukherjee et al.*' reported that
the overall ammonia synthesis rates using ZIF-derived nitrogen-
doped carbon catalysts can be up to one order of magnitude
higher (up to 2.03 x 10~° mol ecm™? s™* at 60 °C) in KOH electro-
lyte than in NaOH electrolyte, suggesting that K* ions act as pro-
moters. When comparing the electrochemical performances of
different catalysts for the NRR, a further complication arises
when the catalyst itself contains nitrogen functional groups and
dopants, which may contribute to the ammonia production,
leading to the overestimation of the catalyst performances.***?
Interestingly, the Li-mediated non-aqueous electrolyte strategy
has been reported recently to improve the N, solubility with a
very high faradaic efficiency of up to about 82%.***® However,
for the implementation of this strategy, some questions such as
the Li mediator reaction mechanism and the use of high over-
potentials need to be solved.

Thus, to avoid the above-mentioned complications, in this
work we synthesized all our catalysts in an ultra-high vacuum
environment using highly purified gas sources and target to
avoid any potential contamination from the nitrogen sources
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affecting our results. For example, the synthesis of vertical gra-
phene (VG) was carried out using a highly purified methane
source in a well-controlled high vacuum chamber.*®*® Unlike
the other widely used methods of chemical exfoliation and
mechanical exfoliation of graphite for the synthesis of gra-
phene-based materials, which are rich in oxygen and poten-
tially nitrogen functional groups (pyridinic, pyrrolic, and gra-
phitic N), using our plasma process, we could synthesize high-
purity graphene films with high structural quality.”""
Moreover, nanolayer depositions of CeO, and RuO, were
carried out in an ultra-high vacuum chamber using a high
purity target, which again were free from potential N contami-
nation. Therefore, we believe that the results presented in this
work are free from any overestimation arising due to the pres-
ence of any nitrogen species present in the samples. Finally, in
this work, we demonstrated for the first time, novel composite
nanolayers of RuO, and CeO, supported on a high surface
area, pure carbon-based 3-D graphene structure and explored
their electrocatalytic performance in the electrochemical
ammonia synthesis process. We observed a negligible electro-
chemical catalytic reaction from 3-D VG itself, where the incor-
poration of a nanolayer of RuO, increased the catalytic activity
for the NRR in 0.1 M KOH electrolyte. This ammonia pro-
duction performance was further enhanced by incorporation
of a nanolayer of CeO,, where the CeO,/Ru0O,/VG composite
exhibited 1.5-times higher electrocatalytic activity and selecti-
vity for the NRR. Moreover, the CeO,/RuO,/VG composite
exhibited a stable ammonia production for an evaluation
period of 36 h, demonstrating its potential as a long-term
stable catalyst for ammonia production, as determined by the
ion-selective electrode (ISE) method and cross-checked with
the indophenol blue method. We compared the "N, experi-
ment with "H nuclear magnetic resonance (NMR) spectroscopy
as a final alternative confirmation analysis to further elucidate
the synthesis of ammonia. Besides, our rigorous experimental
observation was supported by DFT calculation, where we
observed similar orders of reaction potential with the experi-
mental results. Lastly, we demonstrated that the addition of
two metal oxide layers was helpful in improving the catalytic
performance for the production of ammonia, whereby the de-
posited nanolayers helped to suppress the H, generation reac-
tion, while promoting the electrochemical N, fixation reaction
and increasing the ammonia production rate. Our result will
pave the way towards the development of long-term stable and
highly effective catalysts for the electrochemical production of
ammonia in the future.

2. Experimental

The electrochemical NRR (ammonia synthesis) measurements
were carried out with a VersaSTAT 4 (Princeton Applied
Research, USA) using a three-electrode configuration in an
optimized glass H-type cell with a two-compartment chamber
(see Fig. S1 of the ESIt). The H-type cell consisted of a working
(ammonia synthesis side) and counter (water oxidation reac-
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tion side) electrode chamber, separated by a Nafion 115 mem-
brane (typical thickness: 127 pm, DuPont™, USA). Pt gauze
(1 cm x 1 cm, 100 mesh, 99.9%, Aldrich) and Ag/AgCl, 3 M KCl
(Mettler Toledo, Switzerland) were employed as the counter
and reference electrodes, respectively. All electrochemical
results in this work were converted to the RHE reference scale
via calibration using the following equation: E (vs. RHE) = E
(vs. Ag/AgCl) + 0.197 V + (0.0591 x pH). To clean the polymer
membrane, it was pre-treated using the typical Nafion mem-
brane treatment method by boiling in 5 wt% H,0, (30%, VWR
international, USA) and 0.5 M H,SO, (32%, Merck, EMSURE)
at 90 °C, respectively, and then the pre-treated membrane was
well rinsed with ultrapure water (18.2 MQ cm, Simplicity® UV
Water Purification System, type I, Merck) and filtered using a
Millipore 0.22 um filter, as detailed in a previous report on
PEM electrolysis.>® The prepared Nafion membrane was stored
in ultra-high purity Ar (>99.997%, BOC Limited) saturated 1 M
KOH solution (45 wt% in H,O, Sigma Aldrich) for 1 day before
use in the electrochemical experiments to minimize any con-
tamination sources. All tests were conducted in N,-saturated
0.1 M KOH (pH = ca. 12.88) using an H-type cell and agitated
with a stirring bar at a rate of ca. 300 rpm. The electrolyte at
the cathode chamber was continuously purged with ultra-high
purity N, gas (99.999%, BOC Limited) for 30 min via a glass
sparger before performing all experiments. All the prepared
samples (CeO,/Ru0,/VG, RuO,/VG, CeO,/VG and pure VG on
Ni foam) were rinsed with 0.05 M H,SO,, ultrapure water and
0.1 M KOH, and then used as the working electrode with an
active area of 0.785 cm? exposed to the electrolyte. The electro-
chemical experiments were carried out at room temperature
(20 °C) and ambient pressure. All produced gases from the
cathode chamber were passed through an acid solution (0.05
M H,S0,) cold trap and the amounts of NH; were quantitat-
ively determined via the ion-selective electrode (ISE) method
using an HQ430d meter (HACH, USA) and cross-checked using
the indophenol blue method and a UV-vis spectrophotometer
(Evolution 201, Thermo Scientific), as detailed in the ESL} For
the accuracy and precision result data, all determinations of
NH; or/and NH," were repeated more than 3 times with three-
point calibration curves and the final NH; formation rate was
normalized by considering the background. In particular, we
carried out well-controlled experiments to investigate the
reliability of the results in terms of pre-contamination of any
ammonia-related sources before the NRR test, as rec-
ommended by recent review papers.”**> Ar and N, were
bubbled in 0.1 M KOH solution without the electrode and with
the prepared electrode at open circuit voltage (OCV) for about
2 h after pre-saturation with each gas for 30 min with no
current flow passing via a 0.05 M H,SO, solution cold trap.
The concentration level of any NHj-related sources was negli-
gible in all cases, but the values were normalized as a back-
ground. The produced ammonia (NH," in 0.05 M H,S0,) from
the cathode chamber was identified in the "N, experiment
using 900 MHz 'H liquid-state nuclear magnetic resonance
("H NMR) spectroscopy (Bruker, Korea Basic Science Institute,
Ochang, South Korea). All experiments were performed least
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three times to improve the accuracy and reproducibility of the
results and try to follow the current recommended protocols
for rigorous research. To analyse the microstructure of the
Ce0,/Ru0,/VG electrode, transmission electron microscopy
(TEM) samples were prepared using the conventional drop-
casting method. The samples were investigated using an
analytical TEM (JEOL, JEM-ARM200F NEOARM) at 200 kV
equipped with a cold field-emission gun (CFEG) and an
energy-dispersive X-ray spectrometer (EDX, Oxford). The
elemental distribution in the CuO,/RuO, film was determined
via STEM-EDX.

Density functional theory (DFT) within the generalized gra-
dient approximation of the Perdew-Burke-Ernzerhof func-
tional, as implemented in the Vienna ab initio simulation
package (VASP) was performed for the cell relaxation and struc-
ture optimisation.”**® The convergence tolerances of energy,
force, and displacement for the geometry optimization were
setto 107" eV,and 5 x 10 eV A™", and 5 x 10™° A, respectively.
The DFT + D3 semi-empirical correction in Grimme’s scheme
was used to correct the dispersion interaction.”” The cut-off
energy was set to be 500 eV during the calculation. To avoid
the interaction between periodical images, the vacuum space
was set to be more than 20 A. 2 x 2 x 1 k-point grids were used
to represent the Brillouin zone for geometric optimization. For
the metal oxide surfaces, we built four metal layers and each
layer contained 4 x 4 supercell, and the last two layers were set

to frozen during the calculation. The overpotential was
. . . AG
obtained using the equation %—0416, where AGpax

stands for the largest free energy change in the N, reduction
pathway and 0.16 V is the equilibrium potential. The Gibbs
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free energy changes (AG) for each elementary step were calcu-
lated based on the computational hydrogen electrode model
proposed by Norskov's group,”® ®® which can be calculated as
follows:

AG = AE + AZPE — TAS + AGy + AGpu

where AE denotes the electronic energy change directly
obtained from DFT calculations, AZPE is the correction of zero-
point energies (ZPE), T is the temperature of 298.15 K, and AS
is the change in entropy. AGy = —eU is the contribution of the
electrode potential to AG, and AGpy = —kgT In 10 x pH.

3. Results and discussion

3.1. Synthesis and characterization of CeO,/RuQ,/vertical gra-
phene (VG) electrode

Fig. 1 describes the process for the synthesis of the CeO,/
RuO,/vertical graphene (VG) electrode. Porous Ni foam was
chosen as the base substrate for the deposition of VG, RuO,
and CeO, nanoscale thin films due to its macroscopic high
surface area and porosity (BET surface area of VG: ~1500 m>
¢~' and pore volume: ~2.80 m® g~'), which is expected to
provide a high surface area for efficient ammonia pro-
duction.®” The Ni foam was loaded in an inductively coupled
plasma chamber to synthesize the 3-D VG film via a single-
step, low-temperature (<450 °C), rapid (~10 min) plasma
process, where microporous, vertically oriented and intercon-
nected graphene sheets were synthesized on the Ni foam. The
vertical graphene was further expected to provide additional
high surface area and interaction sites for the deposition of

Magnetron
sputtering process

Metal oxide film

Growth

‘ RuO, Deposition

CeO, Deposition

Ce0,/Ru0O,/VG
on Ni foam

RuO,/VG
on Ni foam

Fig. 1 Schematic of the synthesis of vertical graphene (VG), RuO,/VG, and CeO,/RuO,/VG on Ni foam. VG was synthesized via a rapid and low-
temperature plasma process on Ni foam, where the deposition of a nanolayer of RuO, followed by a CeO, nanolayer was carried out via magnetron

sputtering.
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hetero-thin films (RuO, and CeO,) and interaction with the
electrolyte for efficient ammonia production. After the syn-
thesis of VG (0.25 mg cm™> on Ni foam), RuO, (70 pg cm?)
and CeO, (37 pg em ) nanoscale thin films were deposited via
a magnetron sputtering process to synthesize CeO,/Ru0,/VG
on Ni foam as NRR electrodes.

Fig. 2 shows the FE-SEM images and EDX spectra of VG,
RuO,/VG and CeO,/Ru0,/VG on Ni foams as NRR electrodes.
Fig. 2a-c (see also Fig. S2 and S37) represent the low- and
high-magnification SEM images and the EDX spectrum of the
VG electrode on Ni foam, respectively. The SEM images of VG
exhibit the high porosity and open structure of the intercon-
nected vertically aligned graphene sheets and the EDX spec-
trum reveals the presence of carbon and Ni with the absence
of other heteroatoms. Fig. 2d-f (see also Fig. S2 and S3 in the
ESIt) show the low- and high-magnification SEM images and
the EDX spectrum of the RuO,/VG film on Ni foam, respect-
ively. It can be observed that the interconnected and vertically
aligned graphene sheets are decorated with a thin layer of
RuO,, where transparent graphene sheets were no longer
visible, while thicker decorated graphene sheets can be
observed. The presence of an RuO, layer and VG was again
confirmed by the EDX spectrum, exhibiting the presence of C,
Ry, and O elements, while the electrode was free of any other
hetero-elemental species (e.g., N sources). Fig. 2g-i (see also
Fig. S21) show the low- and high-magnification SEM images

Vertical graphene
(VG) on Ni foam

,. Rt
CRGESAAN 2000m
¢ »

ol V
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and the EDX spectrum of CeO,/Ru0O,/VG on Ni foam, respect-
ively. Similar to the case of RuO,/VG, vertically aligned thicker
graphene sheets were observed, while EDX revealed the pres-
ence of C, Ru, Ce and O elements, confirming the presence of
VG, RuO, and CeO, layers. Again, no heteroatoms such as
nitrogen groups were detected in the EDX spectrum.
Furthermore, EDX mapping of the CeO,/RuO,/VG electrode
revealed the presence of C, Ru, Ce and O, thus reinforcing the
presence of VG, RuO, and CeO, layers (Fig. S37).

Fig. 3 shows the high-resolution TEM (HR-TEM) micro-
graphs of the synthesized CeO,/Ru0,/VG. Fig. 3a and b reveal
the distribution of the layers of CeO, and RuO, nanoparticles
distributed on the edge planes of the vertical graphene sheets.
According to Fig. 3a, it can be observed that the nanoparticles
are concentrated on the first ca. 150 nm of the upper edge
plane of the VG sheets and a slightly less concentrated nano-
particle layer was formed beyond 150 nm in thickness, arising
from the 3D nature of the VG/Ni support. The subsequent
higher magnification TEM images shown in Fig. 3b show the
varying particle size distributions (2-20 nm) and shapes
(spherical and interconnected) together with the crystalline
nature of these CeO, (<20 nm) and RuO, (~2 nm) nano-
particles, which can be seen from the crystalline lattice of the
nanoparticles. Moreover, the graphitic lines arising from the
atomic lattice of the vertical graphene sheets are also visible in
the high-magnification TEM image. To identify the phases de-

Fig. 2 SEM images and EDX spectra of VG, RuO,/VG, and CeO,/RuO,/VG on Ni foam. SEM images of VG (a and b) reveal interconnected graphene
sheets in a unique 3-D morphology, providing a high surface area for the deposition of the catalyst and interactions. Moreover, the transparent gra-
phene sheets reveal that the individual graphene flakes are composed of few layers of graphene. (c) EDX spectrum of VG on Ni foam, where the
strong carbon peak is observed without any hetero-atom contamination. The Ni peak arises due to the presence of Ni foam. (d and e) SEM images
of RuO,/VG on Ni foam, where it can be observed that the transparent edges of the graphene flakes disappeared after the deposition of the RuO,
layer. (f) EDX spectrum of RuO,/VG on Ni foam, where an additional peak of Ru and O peak together with C and Ni peaks can be observed, confi-
rming the addition of an RuO, layer. (g and h) SEM images of CeO,/RuO,/VG on Ni foam. (i) EDX spectrum of CeO,/RuO,/VG on Ni foam, confi-
rming the addition of RuO, and CeO; layers without any heteroatom contamination.
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Fig. 3 TEM micrographs of CeO,/RuO,/VG. (a—d) HR-TEM images of layers of CeO,/RuO, nanoparticles distributed on the vertical graphene
sheets. (e and f) HAADF-STEM images of CeO,/RuO,/VG. (g) Elemental composition of CeO, and RuO, nanoparticles distributed on the vertical gra-

phene sheets.

posited on the VG sheet, the fast Fourier transforms (FFTs)
were obtained, as shown in Fig. 3¢ and d. Based on the phase
analysis using the FFTs, the phases were identified to be CeO,
and RuO,, respectively. Fig. 3e and f show the HAADF-STEM
images of CeO,/Ru0,/VG, which also verified the clarity of the
layers of nanoparticle distribution on the VG sheets. To
further confirm the chemical composition of the nanoparticles
deposited on the edges, the STEM-EDX spectrum and elemen-
tal mapping were obtained. As shown in Fig. 3g, the CeO, and
RuO, nanoparticles were confirmed to exist on the VG sheets
based on the mapping of the C, O, Ru, and Ce elements.
Furthermore, the elemental ratios suggest the presence of
RuO, and potentially the presence of mixed oxidation states of
CeO,.

Fig. 4 shows the Raman spectra of the as-prepared VG,
RuO,/VG and CeO,/RuO,/VG on Ni foam. Fig. 4a presents the
Raman spectrum of VG, where three distinct peaks of D, G and
2D are observed.*” The D peak is located at ~1350 cm™", which
is due to the finite crystallite size effect and/or various defects
induced in the sp> carbon materials. The G peak is located at
~1580 ¢cm™', corresponding to the in-plane vibrational E,,
mode of the sp>bonded carbon. The 2D peak located at
~2690 cm™" is ascribed to the second-order Raman spectral
vibration from the 3D interplanar stacking of the hexagonal
carbon networks.®” Fig. 4b and d show the Raman spectra of
the RuO,/VG electrode. All the distinct features of VG were
present, while additional peaks were observed in the range of
400 cm™" to 800 cm™', which are due to the presence of RuO.,.
The peak located at ~530 cm™' represents the E, vibration
mode of RuO, and the additional peak located at ~640 cm™"
represents the A, vibration mode of the RuO, layer, which

1400 | Nanoscale, 2022, 14,1395-1408

confirm the presence of RuO, together with VG.®* Fig. 4c and
e show the Raman spectra of the CeO,/Ru0O,/VG electrode. In
the case of the CeO,/Ru0O,/VG electrode, all three distinct
peaks of VG were present together with the A1, vibration mode
of the RuO, layer. Moreover, a new peak located at ~460 cm ™"
appeared due to the F,, vibration mode from the CeO, layer,
confirming the presence of VG, RuO, and CeO, layers.**
Interestingly, the E,, vibration mode from the RuO, layer was
suppressed.

The surface composition and chemical properties of the VG
film and the presence of Ru and Ce on its surface were further
investigated by XPS, as shown in Fig. 5. The XPS surface com-
positions (see Table S17) clearly confirmed the deposition of
successive RuO, and CeO, layers on the surface of VG. As
expected, the surface of the pristine Ni foam consisted of a
mixture of Ni oxide and hydroxide with a significant amount
of adventitious surface carbon. After the synthesis of VG on
the Ni foam, XPS only detected C with a very low concentration
of O, indicating the complete coverage of the Ni foam by the
graphene film. The shape of the C 1s peak, a sharp and
narrow, asymmetric peak with a high binding energy tail, rep-
resents the spectrum of the typical graphitic structures, and
together with the low O levels confirmed the presence of
almost pure graphene on the surface at the binding energy of
284.5 eV, as shown in Fig. 5a. In the case of RuO,/VG, XPS
detected the presence of Ru oxide in addition to graphene.
The Ru 3d doublet overlapped with the C 1s peak, which com-
plicated the interpretation, but it is clear that the main C 1s
peak retained the characteristic peak shape of graphene
(Fig. 5a). The Ru 3ds/, peak was rather broad with the peak
maximum at just above 281 eV. This suggests the presence of
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higher oxidation states of Ru, most likely mainly Ru*" (RuO,).
For the CeO,/RuO,/VG electrode, XPS detected a very substan-
tial concentration of CeO, on the surface, while both the C
and Ru levels were significantly reduced. This observation
indicates the partial coverage of the RuO,/VG surface with
CeO,. The Ce 3d high-resolution spectra of the CeO,/Ru0,/VG

This journal is © The Royal Society of Chemistry 2022

electrode are shown in Fig. 5b. The Ce 3d peak shape is charac-
teristic of Ce*" (Ce0,) and no evidence of the presence of Ce**
was detected.® In addition, XPS revealed that there were negli-
gible levels of N source on the electrode surface (Table S1 and
Fig. S47). Note that the detection limit for nitrogen under the
experimental conditions employed was at least 0.2 atom%.
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Finally, Fig. 5¢ shows a schematic of how the CeO,/Ru0,/VG
layers were deposited on the Ni foam, where VG was syn-
thesized on Ni foam first to provide a high surface area for the
deposition of the catalytic nanolayers of RuO,, followed by the
deposition of a CeO, nanolayer. To investigate the pore struc-
ture of the different VG-based catalysts, Brunauer-Emmett—
Teller (BET) measurement was performed to obtain the N,
adsorption/desorption isotherms at 77 K, as shown in Fig. S5.1
Based on the particle size distribution of VG and CeO,/RuO,/
VG on Ni foam, the proportion of mesopores above 10 nm
decreased after the deposition of the metal oxides, revealing
that the metal oxides deposited on the electrode surface
affected the pore structure of the vertical graphene to some
extent. However, the slight changes in the pore structure can
most likely be attributed to the further deposition of metal
oxides. We expected that the added nanolayer would rarely
impact the electrocatalytic activity of the electrode, in good
agreement with the previous report.®®

All the characterization results present solid evidence for
the successful synthesis of nanoscale thin film structures of
VG, RuO,/VG and CeO,/Ru0,/VG on Ni foam. Furthermore, we
confirmed that our electrodes for the ammonia synthesis test
via the RF inductively coupled plasma chemical vapor depo-
sition (CVD) and magnetron sputtering techniques were syn-
thesized under rigorously controlled experimental conditions
to exclude ammonia and any other N group sources, which
was confirmed by the above-mentioned EDX and XPS analyses.

3.2. Electrochemical ammonia synthesis

The electrochemical nitrogen reduction reaction to form
ammonia involves multistep processes involving the transfer
of 6 electrons and 6 protons. The half-reactions of the electro-
chemical NRR process with the competing HER at the cathode
chamber can be depicted as follows:*”~®°
N, + 6H" + 6e~ — 2NHj,

E° = 0.06 Vvs. NHE at the acid electrolyte

(1)

N, + 6H,0 + 6e” — 2NH; 4+ 60H ™,
E° = —0.736 Vvs. NHE at the alkaline electrolyte

2H" +2e~ — H,,E° = 0 V vs. NHE at the acid electrolyte
3)

2H20 + 2e — Hz —+ ZOH_,
E° = —0.828 Vvs. NHE at the alkaline electrolyte(at pH = 14)

(4)

The electrochemical synthesis of ammonia can be thermo-
dynamically spontaneous at ambient pressure and tempera-
ture below ~175 °C, which means that the minimum required
overall cell voltage at room temperature may be slightly lower
(NRR for 1.17 V) compared to that for the water splitting cell
(1.23 V).”° However, the HER only requires a 2-electron transfer
compared with the intrinsically sluggish kinetics (6 electrons)
and much more complicated multistep process of the NRR.
Therefore, we expected that the NRR may need a much higher
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overpotential than the above-mentioned theoretical onset
potential. To understand the electrochemical N, reduction
behaviour and electrocatalytic activity of the catalyst in an alka-
line environment, the linear sweep voltammetry (LSV) curves
were obtained for CeO,/RuO,/VG on the Ni foam electrode by
scanning the voltage from 0 V to —1 V vs. RHE at a scan rate of
5 mV s in Ar- and N,-satrurated 0.1 M KOH electrolyte, as
shown Fig. 6a. Overall, the curves exhibit a similar shape and
behaviour for both purge gases, but slightly higher current
densities were produced at potentials lower than —0.4 V vs.
RHE in N,-satrurated electrolyte, indicating that the electro-
chemical synthesis of NH; occurred on the surface of CeO,/
RuO,/VG due to the N, reduction reaction. This trend of the
LSV curve is in good agreement with the recently reported
studies on the NRR in KOH,'?**”*"7* NaOH,”> Na,S0,,”® and
LiCO, "7 electrolytes. As explained above, the onset potential of
about —0.4 V vs. RHE for the N, reduction appears to be sig-
nificantly higher than that for the HER. In addition, the NRR
to produce NH; gas or/and NH," ions is thermodynamically
favourable even under ambient conditions (at low temperature)
and the electrocatalytic reaction for ammonia synthesis may
be possible under moderate conditions (at all pH ranges and
under the reduction potential) based on the Pourbaix
diagram.”® Fig. 6b shows the chronoamperometry results
obtained for the CeO,/Ru0,/VG on Ni foam electrodes in 0.1
M KOH solution with nitrogen purging gas. The measure-
ments were made at different applied potentials ranging from
—0.4 to —1.0 V vs. RHE for a 2 h duration using a different elec-
trode for each chronoamperometric measurement. Although
the tested electrode of CeO,/RuO,/VG on Ni foam was well-
covered by nanoscale oxide layers, as confirmed by the above
analyses, the corresponding current densities exhibited higher
values in the range of —15 mA em ™2 at —0.4 V to —40 mA cm™>
at —1.0 V vs. RHE than the electrodes tested under a similar
environment.”>®® Interestingly, irregular current oscillation
behaviours were also observed in all cases during the chron-
oamperometry measurements. This perturbation in current
oscillation increased gradually with an increase in the applied
potential of the cell for the NRR test. The reason for these
oscillations under a fixed applied potential is unclear, but we
hypothesize that it may be associated with the competing HER
vs. NRR. The dominant side-reaction of proton reduction to
generate hydrogen bubbles may reduce the physiochemically
active sites on the catalyst interface (cathode surface) for
further reduction of N, with an increase in overpotential.
These competing HER and NRR processes result in a low
ammonia synthesis yield at high reduction potentials given
that most of the protons (H')/electrons (e7) in acid solution or
the reduction of water (H,O) with electrons in alkaline solution
will produce hydrogen.'>'®#" The produced ammonia was
measured by the ISE method (Fig. S67) and the average NHj;
formation rates were normalized to the area of the working
electrode and the reaction time (see also Experimental
section), as shown in Fig. 6c. The highest average NH; for-
mation yield rate and faradaic efficiency (FE) value by the ISE
method using the CeO,/Ru0,/VG on Ni foam electrode were
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Fig. 6 Ammonia synthesis via electrochemical N, reduction reaction in 0.1 M KOH electrolyte under ambient conditions. (a) LSV curves of CeO,/
RuO,/VG on Ni foam in Ar- and N,-saturated electrolyte at a scan rate of 5 mV s™%. (b) Chronoamperometry curves for potentiostatic measurements
at the corresponding potentials using CeO,/RuO,/VG on Ni foam for 2 h and (c) corresponding normalized average NH3 formation rate and faradaic
efficiency (FE%). (d) Comparison of the ammonia synthesis performances at —0.6 V vs. RHE for 2 h using different catalysts. All ammonia concen-

trations were analysed using the ion-selective electrode method.

achieved at —0.6 V vs. RHE, which were 5.69 x 10" mol cm™>
s~' and 1.39%, respectively. We believe that the achieved value
of NH; formation using a small amount of noble metal oxide
catalyst is reasonably higher than that of the reported NRR
catalysts under similar alkaline-based conditions by
following recently recommended protocols (without using
N-contaminated catalyst precursors and N-doped catalysts), as
summarized in Table S2.f When the applied potential was
more negative (much higher overpotential) than —0.6 V vs.
RHE, both the NH; formation rate and FE values decreased,
which is most likely associated with the major competitive
reaction of hydrogen production being facilitated on the cata-
lyst surface, leading to a decrease in both NH; formation rate
and FE, as explained above.

In our experiment, it was not obvious why a higher corres-
ponding current in the chronoamperometry measurements
was observed than that in summarized literature results
(Table S27). Although a non-noble metal oxide-based electro-
catalyst was selected in this study, most of the corresponding
current at applied voltages under a reduction environment
could be dominantly related to the HER, leading to a compara-
tively low FE. The reason for the similar LSV curves, ie.,
Fig. 6a, may be easily observed in many NRR studies as the
combined current contribution with the HER and NRR. This
means that a number of cases obtained certain low and high
values of FE and current densities and the contribution from
the NRR partial current density is still very low. Again, a key

This journal is © The Royal Society of Chemistry 2022

strategy to improve the selectivity and performance of catalysts
for the NRR is to suppress the major undesirable HER.'>>*%?
Thus, to gain further insight into the contribution of the de-
posited non-noble metal oxide catalyst layers of the VG elec-
trode, the performance of the three different electrodes of
Ce0,/Ru0,/VG, Ru0,/VG, and VG on the Ni foams was com-
pared at —0.6 V vs. RHE for 2 h, as shown in Fig. 6d. The elec-
trode of VG on Ni foam exhibited hardly any NH; synthesis
after the NH; concentration was normalized using N, and Ar
experiments in the OCV state (see also Experimental details)
and no ammonia formation is most likely attributed to its
HER activity. Moreover, as reported in previous studies, bare
Ni foam itself exhibits negligible NRR activity.®*"*> The average
value of NH; formation yield with RuO,/VG on Ni foam by the
ISE method was 3.76 x 10™"" mol em™ s~ with an FE of
0.73%, which is 1.5-fold lower that of CeO,/RuO,/VG. It is note-
worthy that the nanoscale metal oxide catalyst layers of CeO,/
RuO, coated on the high surface area of the VG electrode fabri-
cated via the RF inductively coupled plasma CVD and magne-
tron sputtering techniques showed a reasonably good electro-
catalytic performance for the NRR from N, gas in alkaline
media under ambient conditions. To determine the contri-
bution of the Ru and Ce oxides, we further investigated the
NRR performance of the CeO,/VG, RuO,/VG and CeO,/RuO,/
VG electrocatalysts using the indophenol-blue method, as
shown in Fig. S7a.t The NH; yield rate on CeO,/VG and RuO,/

2

VG was around 1.2 x 107'° and 6.6 x 107" mol cm™2 s7%,
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respectively. According to this result, it is obvious that both
RuO, and CeO, are active species for the nitrogen reduction
reaction, but CeO, is the main active site for the selective NRR
on the surface of the electrode, which was proven by the
theoretical DFT calculation (section 3.3). Specifically, CeO,
shows a six-times higher faradaic efficiency for the NRR com-
pared to RuO,. Furthermore, electrochemical impedance spec-
troscopy (EIS) was also conducted on the CeO,/VG, RuO,/VG
and CeO,/Ru0,/VG catalysts during the NRR at —0.6 V vs. RHE,
as shown in Fig. S7b.f The solution resistance of all three elec-
trocatalyst samples at high frequency was calculated to be
around 38 Q; however, the first semi-circle arc, which is related
to the charge transfer resistance, was obviously different for
each sample. The charge transfer resistance of RuO,/VG was
the lowest, indicating favorable HER, in accordance with the
reduction potential region. After the decoration of CeO,, the
charge transfer resistance of CeO,/RuO,/VG increased. Thus,
based on this result, we can deduce that the suppression of
the HER on CeO, could be another factor for the good NRR
performance of the CeO,/RuO,/VG composite catalyst. This
good selectivity result is facilitated by the effective control of
the undesirable HER activity due to the modification of the
high surface area VG film covered with a metal oxide (CeO,
and RuO,) nanoparticle layer structure.®®*”

Fig. 7 shows the long-term performance test using the same
Ce0,/Ru0,/VG catalyst, where a stable electrocatalytic NRR
performance was demonstrated at —0.6 V vs. RHE for 36 h con-
secutively in 0.1 M KOH medium. The cell was operated with a
fresh 0.1 M KOH electrolyte solution after every 6 h cycle oper-
ation and the electrolyte was re-purged with ultra-high purity
N, for 30 min before restarting the next cycle. Fig. S81 shows
the HR-TEM analysis of the CeO,/Ru0,/VG catalyst after it was
employed in the long-term performance test. The results show
that layer of CeO, and RuO, nanoparticles was again reason-
ably visible and remained intact on the graphene sheet
surface, with some agglomeration of the particles. In Fig. 7a,
the NRR stability performance reasonably showed no signifi-
cant variation in the ammonia formation rate and faradaic
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efficiency except for cycle number 3 (period of 12-18 h), but
even the highest result (8.49 x 107" mol em™ s~ by ISE
method and 1.56 x 107*° mol em™ s™' by indophenol blue
method) is almost within the experimental error bars, as
shown in Fig. 7c. The produced NH; on the cathode electrode
can absorb/release and accumulate at the electrode and/or
membrane during electrolysis.**> We assume that the pro-
duced NH; during the 1st and the 2nd cycles accumulated at
the Nafion membrane and/or electrode, resulting in some devi-
ation in the ammonia formation rate during the 3rd cycle.
Compared with other reported results (Table S27), the cor-
rected ammonia products (NH," ion form in 0.05 M H,SO,
solution trap) was also cross-analysed using the common indo-
phenol blue method (see Experimental and Fig. S9f). Note
that both the ISE and indophenol blue methods were carried
out to more reliably determine the ammonia concentration.
The ISE method detects the NH;-N striped through the elec-
trode membrane filter into the sensing electrode and the UV-
vis-based indophenol blue method analyses the ammonium
ions (NH4").”'"%° To further elucidate the source of N, for the
synthesised ammonia, we compared the results from the "N,
and Ar-saturated experiments using "H NMR spectroscopy as a
final alternative confirmation analysis. We could clearly
confirm the formation of ammonia using '*N, gas, whereas no
triplet coupling of '*N peaks was detected in the Ar gas experi-
ment (Fig. S101). In addition, a very small amount of hydra-
zine (N,H,) was detected at the level of approximately 20 ppb
during the long-term performance test using the Watt and
Crisp analysis (see Fig. S11}). Remarkably, both ammonia syn-
thesis results exhibit an approximately 2.5-fold higher value
with the ammonia synthesis average yield of 1.11 x 10~*° mol
em™? s (50.56 pg h™" Mgl cae. ') for 36 h and faradaic
efficiency of 2.96% by the indophenol blue method than that
using the ISE method, which gave an ammonia synthesis
average yield of 4.68 x 107'" mol em™® s™' and faradaic
efficiency of 1.25%. Again, in the consecutive ammonia syn-
thesis test at —0.6 V vs. RHE for 36 h under ambient con-
ditions, we obtained a high value of 50.56 pg h™ mgotal cat.

(b) ,
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Fig. 7 Durability test for the electrochemical ammonia synthesis reaction with CeO,/RuO,/VG on Ni foam electrocatalyst. (a) Comparison of the
ammonia synthesis rates and faradaic efficiencies measured by ion-selective electrode (ISE) and indophenol blue methods. (b) Time-dependent
current density curves at an applied potential of —0.6 V vs. RHE recorded during a test period of 36 h.
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which is higher than that of the previously reported alkaline-
based system (Table S21). The observed high performance is
most likely attributed to the boosted ammonia synthesis
selectivity and electrocatalytic activity for N, reduction by con-
trolling the dominant competitive reaction of hydrogen evol-
ution by successfully fabricating the promising, stable nano-
layers of CeO,/RuO, on the high surface VG film. It is worth
noting that the determination methods of low concentration
ammonia solution are still one of the major points of debate.
Thus, highly selective, more accurate, and good reproducible
determination methods are urgently required.’™® In Fig. 7b,
the corresponding current density profiles show almost a
similar trend to the chronoamperometry measurement result
at —0.6 V vs. RHE, as shown in Fig. 6b; however, a gradual
decrease in current was observed for every 6 h test in each
cycle. During the tests, the current densities were stable for 6
consecutive cycles (total 36 h testing) in the range of —18 to
—25 mA cm > (cathodic increase of 1.17 mA h™") and showed
similar profiles after 3 consecutive cycles, which well-matched
the result of the ammonia formation rate.

3.3. DFT calculation

Fig. 8 shows the DFT calculation result for graphene, RuO,
and CeO,. To further identify the significant role of the RuO,/
CeO, (or Ce0,) layer in reducing N, to ammonia, we investi-
gated the NRR process on a pristine graphene layer, RuO,
(110), and CeO, (110) surface for comparison. For pure gra-
phene, we found that the adsorption of N, is an endothermic
process, indicating its inert chemical property. Moreover, the
potential-determining step (PDS) was found to be the first
step, i.e. *NN + H' + e~ — *NNH, and the calculated overpoten-
tial was as high as 1.90 V, which is in accordance with our
experimental results that negligible ammonia production was
found on pristine graphene catalyst, as shown in Fig. 6d.
However, for the RuO, (110) and CeO, (110) surfaces, the
adsorption of an N, molecule on the catalyst surface is an
exothermic process, which demonstrates that N, can be well
captured and adsorbed on these two surfaces, particularly for
CeO, (110). In the case of the RuO, (110) surface, the highest
free energy change was also found to be the first hydrogen-
ation step from *NN to the *NNH intermediate with an overpo-
tential of 0.76 V. The details of the relationship between the
active site of the catalyst and the activation energy of the
different steps in the CeO, and RuO, NRR reaction path was
also calculated to be the activation barrier for the step of *NN
+ *H — *NNH, which is 1.26 eV, and 0.86 €V, respectively. Also,
for the step of *NH, + *H — *NHj;, the calculated energy bar-
riers were 0.64 eV, and 0.45 eV, respectively, whereby these
energy barriers can be easily overcome under ambient con-
ditions. Therefore, the use of the materials designed in this
work can reduce the input of external electric energy into the
system for the NRR. Remarkably, the CeO, (110) surface exhi-
bits the lowest overpotential of only 0.35 V, which is better
than that of some of the best Fe/Mo catalysts and the last
hydrogenation step (*NH, + H' + e~ — *NH3) is the PDS of the
whole N, reduction process. For an efficient NRR process to

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 DFT calculation of the nitrogen reduction reaction potential with
pristine (a) graphene, (b) RuO; and (c) CeOs,.

occur, suppression of the competing HER reaction is another
important aspect. Therefore, we also calculated the activation
energy of the HER reaction for the CeO, and RuO, and pure
graphene surfaces (Fig. S12t). Our calculation showed that H
can be bonded to the CeO, and RuO, active sites easily;
however, significant barriers are present when trying to form
H, due to the high overpotential of about 0.55 eV for the CeO,
surface and 0.51 eV for the RuO, surface. Thus, the high over-
potential values indicate the suppression of the HER process
on the surface of these two materials. For pure graphene, the
calculated binding energy of *H is 1.54 eV; therefore, the HER
is also unfavourable on the pure graphene surface and under
the employed conditions. Thus, based on these DFT results,
we can deduce that the incorporation of RuO,/CeO, in the 3-D
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graphene structure can significantly enhance the NRR per-
formance, and the excellent catalytic activity originates from
the CeO, layer.

4. Conclusion

The electrochemical synthesis of ammonia has become an
intense topic for research recently. In this work, we aimed to
address the low yield and low long-term stability of catalysts
for the synthesis of ammonia, which is one of the key factors
hindering the wide use of this promising technology. We inves-
tigated the potential to use different nanolayers of metal oxide
nanoparticle films (RuO, and CeO,) on high porous pure gra-
phitic nanostructures such as vertical graphene film (3-D gra-
phene) on an Ni foam substrate via a single-step, low-tempera-
ture plasma process. Our results confirmed that the pristine
graphene structures without any heteroatom species yielded
negligible ammonia production in 0.1 M KOH. However, when
nanolayers of metal oxide films (RuO, and CeO,) were de-
posited on the high porous substrate such as vertical graphene
film on Ni foam, the production of ammonia significantly
increased under ambient conditions. Finally, the long-term
capability of this composite material was successfully demon-
strated using the CeO,/RuO, on VG electrocatalyst, where we
achieved the average ammonia synthesis yield of 50.56 pg h™*
Mol car.  (1.11 x 107'° mol em™ s™') with a faradaic
efficiency of 2.96% for 36 h. This observation was predicted
and supported by DFT calculations, where CeO, exhibited best
catalytic performance compared to RuO, and pristine gra-
phene. Lastly, the addition of different metal oxide films was
important in suppressing the H, evolution and increasing the
NH; synthesis reaction. Our work will pave the way to utilize
and explore different types of efficient and effective metals and
metal oxide-based electrocatalysts for the electrochemical N,
reduction process.
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