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Abstract

Carbon-free electrochemical synthesis of ammonia is a promising technology for CO;
emission reduction. This study aims to explore the electrocatalytic activity of A-site Ba-
doped perovskite cathode catalyst (Lao.eBao.sFeo.sCuo.203-5, LBFCu) for ammonia synthesis
from water and nitrogen. LBFCu was prepared via the sol-gel method using combined
EDTA-citrate complexing agents and characterized by X-ray diffraction (XRD) and
scanning electron microscope (SEM). Ammonia was successfully synthesised from water
and nitrogen under atmospheric pressure, and LBFCu mixed with Ceo.sGdo.1sCa0.0202-5
(CGDC) was used as a cathode. When a voltage was applied to the cell containing CGDC-
carbonate composite solid electrolyte, ammonia formation was observed at 375, 400, 425
and 450 °C. At 400 °C and 1.4 V, the maximum rate of ammonia production was achieved
at 4.0x10 mol s cm™, which corresponds to Faradaic efficiency of ~ 0.06 % at the
current density of 19 mA cm™. According to the findings, the synthesis of ammonia directly
from water and nitrogen may be considered a promising green synthesis technology.

Keywords
Ammonia production; electrosynthesis; electrocatalyst; perovskite oxide; oxide-
carbonate composite electrolyte

Introduction

Ammonia is one of the most produced chemicals worldwide, widely used as a chemical feedstock
for the production of reactive nitrogen compounds such as urea, ammonium nitrate, nitric acid,
synthetic fibers, pharmaceuticals, resins, dyes, plastics and ammonium sulphate. The global
production of ammonia reached ~160 million tons in 2019 [1,2]. Since its development in the early
1900s, the Haber-Bosch process has been applied for industrial production of ammonia, converting
hydrogen and nitrogen gas into ammonia at high temperature (~500 °C) and high pressure (15 to
30 MPa), using fossil fuels (natural gases or coal) as energy sources, which now becomes a big
challenge when moving toward renewable energy transition. The steam reforming step to generate
hydrogen gas causes serious carbon emissions as it consumes approximately 84 % of the energy
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required for the ammonia industry [3-6]. More than 300 million metric tons of CO; are generated
per year from the ammonia production industry [7]. It is urgent to find an environmentally friendly
process for the ammonia industry. Electrochemical synthesis of ammonia appears more and more
attractive since renewable electricity is the energy source instead of fossil fuels [8-11]. Different
catalysts have been developed for nitrogen reduction [12-15]. However, there are still challenges
for the electrochemical process to be applied in the industry [16]. A number of review papers have
been published to discuss the problems and strategies in the electrochemical synthesis of ammonia
[15,17-19].

Solid-state electrochemical synthesis of ammonia has been reported [8,20-22]. H, was used as a
precursor for ammonia synthesis in these reports, despite the problems associated with its
production, purification, transportation and storage [6,23]. Ammonia synthesis directly from H,0
and N3 will bypass the hydrogen production stage, which can help reduce the carbon emission in H;
production when fossil fuel is used as energy resources [24]. It has been demonstrated that
ammonia can be synthesised from H>O and N in electrolytic cells based on proton (H*) or oxygen
ion (0%") conducting electrolytes and different working electrodes (cathodes) [25-28]. The principle
of the electrochemical synthesis of ammonia from H,O and N; using oxygen-ion, and conducting
electrolytes is presented in egs. (1-3) [25].

At the cathode,

3H,0 + N> + 6" — 302 + 2NH3 (1)
At the anode, oxygen ions are converted to gaseous oxygen,
30;- — 3/20; + 6e- (2)

The overall reaction is:
3H,0 + Nz—)'ZNH3+3/202 (3)

Perovskite-type oxides are generally noted as ABOs, where A is a rare-earth or alkaline earth
element (e.g., La, Sr, Ba) and B is a transition metal element (e.g., Fe, Cr, Co). These oxides are low-
cost, easily synthesized, with high thermal stability and good catalytic activity [28-30]. Perovskite-
based catalysts have been applied in solid oxide fuel cells (SOFCs) [31,32], solid oxide steam
electrolysis cells (SOECs) [33,34], direct carbon fuel cells (DCFCs) [35], and electrochemical synthesis
of ammonia [28,36-38].

In the literature, it has been reported that the catalytic activities of perovskite oxides were impro-
ved by the A-site doping strategy [39-41]. By A-site doping, oxygen vacancies will be generated [39].
It was also reported that oxygen vacancies at the cathode improve the catalytic activity of ammonia
synthesis [42]. In the previous study [43], A-site Sr-doped perovskite cathode Lap.eSro.4Feo sCuo203-5
(LSFCu) was successfully employed for the electrochemical synthesis of ammonia from water and
nitrogen.

Alkaline earth elements, such as barium, were found to be an efficient promoters for ammonia
synthesis catalysts [44-47]. It was reported that Ba-promoted iron-cobalt alloys and Ba-promoted
cobalt catalysts supported on magnesium-lanthanum mixed oxide catalysts showed significantly
higher activity for ammonia synthesis [46,47]. Based on this discussion, it is anticipated that A-site
Ba-substituted perovskite oxide with the form LaopeBaosFeosCuo203.5 (LBFCu) may have good
electrocatalytic activity for ammonia synthesis. To the best of our knowledge, the electrosynthesis
of ammonia using LBFCu as an electrocatalyst (cathode) has not been reported yet. Thus, in this
paper electrocatalyst activity of LBFCu for ammonia synthesis from water and nitrogen is explored.
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Experimental

Materials synthesis

Lao.sBao.aFeo.sCuo.203-5 (LBFCu) was synthesised via a combined EDTA-citrate complexing sol-gel
process [48]. Lanthanum oxide (La20s, Alfa Aesar, 99 %), barium nitrate (Ba(NOs),, Alfa Aesar, 99 %)
(Fe(NOs)3-9H,0, Alfa Aesar, 98 %) and cobalt nitrate (Co(NOs)2:6H,0, Sigma Aldrich, 98 %) were
used. La;03 was dissolved in diluted nitric acid to form a lanthanum nitrate solution. Calculated
amounts of Ba(NOs),, Fe(NOs)3-9H,0 and Co(NOs),-6H20 were dissolved in deionised water, and
then added to the lanthanum nitrate solution. Citric acid and EDTA (ethylene-diamine-tetra-acetic
acid) were added as complexing agents, with a ratio of citric acid: EDTA: metal cations of 1.5:1:1.
Dilute ammonia solution was added to adjust the pH to ~ 6. On a hot plate, water in the mixture
was gradually vaporized under heating and stirring. The resultant powder was ground and
subsequently calcined in air at 900 °C for 2 h, at 5 °C min'! heating/cooling rate, to obtain single-
phase LBFCu.

SmMo.5Sr0.5Co03-5 (SSCo) catalyst, and Gd and Ca co-doped ceria Ceo.sGdo.18Ca0.0202-5 (CGDC) pow-
ders were also synthesised via combined EDTA-citrate complexing sol-gel process. The composite
electrolyte was prepared by mixing CGDC and ternary carbonate ((Li/Na/K).COs) at a weight ratio of
70:30, as described elsewhere [27].

Materials characterization

X-ray diffraction (XRD) data were collected at room temperature using a Panalytical X'Pert Pro
diffractometer with Ni-filtered CuKa radiation (A4 = 0.15405 nm), using 40 kV and 40 mA, fitted with
a X'Celerator detector. Absolute scans were recorded in 2@ ranges 5-100°, at a step size of 0.0167°.
The crystallite size (D) was estimated using Sherrer's equation as follows:

094

D:ﬂcose @

where A is the X-ray wavelength, @ Bragg’s diffraction angle and Sis the full width at half maximum
(FWHM).

The microstructures of the prepared catalyst and the cross-sectional area of the single cell were
examined using a Hitachi SU6600 Scanning electron microscope (SEM).

Thermo-gravimetry and differential scanning calorimetry (TGA/DSC) analyses were performed
using a Stanton Redcroft STA/TGH series STA 1500, operating through a Rheometric Scientific
system interface controlled by the software RSI Orchestrator. The thermal behaviour of LBFCu ash
was studied in flowing air at a flow rate of 50 ml min-t. The thermal behaviour of LBFCu (cathode)
was investigated in N2 atmosphere from room temperature up to 500 °C at 10 °C min! heating/co-
oling rate.

Fabrication of the single cell for ammonia synthesis

A tri-layer single cell was fabricated through the one-step dry-pressing method. The anode
consisted of SSCo, CGDC, and starch as a pore former, at a weight ratio of 61:26:13. The electrolyte
was CGDC/(Li/Na/K)2COs3 (70 : 30 wt.%). The cathode consisted of LBFCu, CGDC and starch, with a
weight ratio of 61:26:13. The anode, electrolyte and cathode were fed into the die, layer by layer,
with the aid of a sieve to ensure uniform powder distribution, and then uniaxially pressed at 121
MPa. The freshly made pellet was sintered in air at 700 °C for 2 h, at 2 °C min™! heating/cooling rate.
The active surface area of the cathode was 0.785 cm?. The silver paste was painted in a grid pattern
on the electrode surface as a current collector. Ag wires were used as output terminals.
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Ammonia synthesis

The fabricated cell was sealed into a self-designed double-chamber reactor using ceramic paste
(Aremco, Ceramabond 552). The electrolytic cell was constructed: air, SSCo-CGDC | CGDC-carbonate
| LBFCu-CGDC, 3 % H,0-N,. The cathode chamber was fed with 3 % H,0-N, (BOC). The water vapour
(3 % H20) was supplied to the cathode chamber by bubbling N, through liquid water at 25 °C. The
anode was exposed to air. The voltage was applied by a Solartron 1287A electrochemical interface
controlled by the software CorrWare/CorrView. A constant voltage was applied to the cell. Ammonia
synthesised at the cathode chamber was absorbed in 20 mL diluted HCl (0.01 mol L?). The
concentration of NH,+ in the absorbed solution was analysed using ion selective electrode, ISE
(Thermo Scientific Orion Star A214). The rate of ammonia formation and Faradaic efficiency were
calculated as follows [49,50]:
CNH4*V
M . tA

NH,

I, =

(5)

. _ 3FrNH3
Faradaic efficiency =———=100 (6)
J

where ryu; is the rate of ammonia formation (mol s cm™), cnug+ is the concentration of NH," (g mL°
1), Vis the volume of HCl solution (20 mL), Mu,+ is the molar mass NH," (18 g mol?), t / s is ammonia
collection time, A is the cathode geometric surface area (0.785 cm?), F is the Faradaic constant and
jisthe generated current density, mA cm, (taking into consideration the cathode geometric surface
area).

AC impedance spectroscopy (IS) measurements were performed using a Schlumberger Solartron
Sl 1250 analyser, coupled with a SI 1287 Electrochemical Interface controlled by Z-plot/Z-view
software. The in-situ AC impedance spectra of the electrolytic cell under open circuit conditions
were recorded with 100 mV AC excitation signal amplitude over the frequency range from 65 kHz
to 0.01 Hz.

Results and discussion

Thermal and XRD analysis

Thermal analysis (TGA-DSC) of the corresponding ash indicates that the reaction completes at
about 830 °C (Figure 1a), therefore 900 °C was chosen as a firing temperature for the preparation
of Lag.sBao.aFeo.sCuo.203.5 (LBFCu). When the ash was calcined in air at 900 °C for 2 h, single-phase
perovskite oxide Lao.sBao.aFeo.sCuo203.5 was obtained, and its X-ray diffraction pattern shows a
typical cubic perovskite oxide structure. Therefore, the space group Pm-3m (221) was used as the
starting model for Rietveld refinement [51]. Wyckoff sites assigned to La (and Ba), Fe (and Cu) and
O were 1a, 1b and 3d, respectively. Rietveld refinements were carried out using the General
Structure Analysis System (GSAS) [52]. The experimental data, calculated profile and the difference
between experimental and calculated profiles for Lag.sBao.aFeo.sCuo.203-5 are shown in Figure 2. The
final refined structural data and thermal factors are listed in Table 1. The lattice parameters are
given in Table 2. The crystallite size of LBFCu is 32.30 nm, as estimated from Sherrer's equation (4).

Figure 1b shows TGA-DSC curves of LBFCu in the N; atmosphere from room temperature up to
500 °C. From room temperature to 150 °C, weight losses of about 0.6 and 0.8 % were observed at
80 and 140 °C, corresponding to the likely losses of absorbed water and other gases. From 150 to
500 °C, a 1 % weight loss was observed, possibly due to the loss of lattice oxygen from the
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Lao.sBao.sFepsCup203.5 structure. Figure 1b shows no obvious thermal effects in the DSC curve,
indicating no phase transition or sample decomposition and no reaction between LBFCu and N3 in
the measured temperature range. Figure 2b is the XRD pattern of the LBFCu catalyst after thermal
analysis in the N atmosphere. LageBaosFeosCuo2035 retains the same perovskite structure,
indicating its thermal stability in N2. The refined lattice parameters are listed in Tables 1 and 2. After
thermal measurements, cell volume expanded from 0.06066 (1) to 0.06094 (1) nm3, indicating that

J. Electrochem. Sci. Eng. 00(0) (2022) 000-000

the transition elements located at B-sites might have been slightly reduced.
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Figure 1. (a) TGA-DSC curves up to 500 °C of (a) LBFCu ash; (b) LBFCu catalyst in nitrogen
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Figure 2. Rietveld refinement plot of the XRD data of A: LBFCu calcined in air at 900 °C for 2 h and
B: LBFCu after STA analysis in N> at 500 °C. Experimental (red), calculated (green) and the difference
between experimental and and calculated profiles (purple)

Table 1. Atomic positions and thermal factors after refinement for Lao.sBao.aFeo.sCuo.203.s.

Atom X y z Occupancy Uhso x 100
LBFCu ash? LBFCu catalyst®
La 0 0 0 0.6 1.50(1) 1.48 (1)
Ba 0 0 0 0.4 1.50 (1) 1.48 (1)
Fe 05 05 05 08 1.69 (1) 167 (1)
Cu 05 05 05 0.2 1.69 (1) 167 (1)
0 05 05 0 1 3.71 (1) 4.18(1)

9L BFCu ash calcined in air at 900 °C for 2 h and *LBFCu catalyst after STA measurment in N> at 500 °C

http://dx.doi.org/10.5599/jese.1535
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Table 2. Refinement parameters for Lap.6Bao.sFeo.sClo203-s.

Parameters LBFCu ash fired in air at 900 °C for 2 h  LBFCu catalyst after STA analysis in N, at 500 °C

Crystal system  Cubic Cubic
Space group Pm-3m (221) Pm-3m (221)
a=b=c/nm 0.39292 (2) 0.39351

V/nm?3 0.06066 (1) 0.06094 (1)

pw/gcm? 6.670 6.640

R/ % 3.80 5.95

WRy | % 4.96 7.76

Va 1.310 1.191

SEM analysis

Figure 3a shows the SEM image of LBFCu powder calcined in air at 900 °C for 2 h, showing a
microporous structure with fine agglomerated particles of different sizes and shapes. Figure 3b is
an SEM micrograph of the cross-sectional area of a single cell (before testing) sintered in air at 700
°C for 2 h. The cell consists of an SSCo-CGDC anode, CGDC-(Li/Na/K),COs electrolyte and LBFCu-
CGDC cathode. Figure 3b suggests a good adhesion between the dense electrolyte layer and both
porous electrodes, indicating good contacts between them, and that CGDC-carbonate composite is
compatible with both SSCo-CGDC and LBFCu-CGDC.

[ 4%

SUBB00 15.0kV 6.2mm x5.00k SE I 1 Ou m SUBB00 15.0kV 8 6mm x120 SE 400um
Figure 3. SEM images of (a) LBFCu calcined in air at 900 °C; (b) cross-sectional area of the single cell before
the ammonia synthesis

Synthesis of ammonia at different temperatures

Figure 4 is the electrolytic cell performance during ammonia synthesis at 1.4 V over a period of
30 min operated at different temperatures (375-450 °C). The performance is stable under all
operating temperatures. The current densities increase with the increase of operating temperature,
a maximum value of about 33 mA cm™ was achieved at 450 °C. The increase of current density at
higher temperatures could be attributed to the increase of the ionic conductivity of electrolyte and
the decrease of electrode polarisation resistance [20].

In-situ AC impedance spectra of the electrolytic cell under open circuit conditions at different
temperatures (375-450 °C) are shown in Figure 5. The impedance spectra consist of one rather small
and depressed semicircle at high frequencies and an almost straight line at low frequencies,
suggesting at least two electrode processes. Figure 5 also shows that the ohmic resistance (Rohm) of
electrolyte, seen as the high-frequency intersection of the depressed semicircle with the real
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impedance (Z’') axis, decreased significantly with increased temperature and reached the lowest
value of 5.86 Q at 450 °C (inset of Figure 5). Another words, the ionic conductivity of the electrolyte
increased at higher temperatures. When the cell operating temperature is increased, there was also
a significant decrease in the polarisation resistance (Rp), seen as a diameter of a depressed
semicircle, with the lowest value of 0.92 Q attained at 450 °C, due to the higher activity of both
composite electrodes (cathode and anode) at higher temperature [27].
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Figure 4. Electrolytic cell performance stability at 1.4 V and 375-450 °C. The electrolytic cell: air, SSCo-
CGDC|CGDC-carbonate [LBFCu-CGDC, 3% H,0-N;
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Figure 5. Impedance spectra of the electrolytic cell containing LBFCu-CGDC cathode in CGDC-carbonate
electrolyte, under open circuit conditions, at different temperatures (375-450 °C)

The rate of ammonia formation was investigated at different temperatures from 375 to 450 °C,
with a constant applied voltage of 1.4V, as shown in Figure 6. The maximum ammonia formation rate
of 4.0x10** mol s cm™ was obtained at 400 °C, with the generated current density of 19 mA cm™
(Figure 4) and a Faraday efficiency of 0.06 % (Figure 6). This ammonia formation rate is comparable
with that of A-site Sr-doped (LaoSro.4FeosCuo203-s5, LSFCu) perovskite cathode (5.0x1071 mol s cm™
at 400 °C) [43]. This increase in the ammonia production rate from 375 to 400 °C could be ascribed to
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the higher oxygen-ion conductivity of the composite electrolyte [20]. However, when the operating
temperature was further increased, the ammonia formation decreased significantly and reached the
lowest value at 450 °C. This could be attributed to ammonia decomposition at higher tempera-
tures [21,27].
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Figure 6. Dependence of the rate of ammonia formation on the operating temperature

Synthesis of ammonia at different applied voltages

To investigate the effect of the applied potential on the formation rate of ammonia, the cell
operating temperature at a constant value (400 °C) and different voltage from 1.2 to 1.8 V was
applied. Figure 7 shows the cell performance during 30 min of ammonia synthesis processes at
different applied voltages (1.2-1.8 V) at 400 °C. The electrolytic cell performances were stable. The
current density increased with increased applied voltage from 1.2 to 1.4 V, indicating that more
oxygen ions were transported through the electrolyte to the anode. However, when the applied
voltage was increased above 1.4V, the current decreased, with the lowest value obtained at 1.8 V,
which means the transportation of 02~ through the electrolyte to the anode becomes more and
more difficult at voltages above 1.4 V. This could be explained by the blocking effect of Li*, Na* and
K* ions. Under the electric field, these positively charged ions will move and accumulate at the
cathode/electrolyte interface to form a layer that will partially block the transfer of oxygen ions (0%)
and result in lower current densities [27,53].
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Figure 7. Electrolytic cell performance stability at 400 °C and 1.2-1.8 V. The electrolytic cell: air, SSCo-
CGDC|CGDC-carbonate [LBFCu-CGDC, 3% H,0-N;
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The formation rates of ammonia and Faradaic efficiency at different voltages are presented in
Figure 8. The same trend for current densities was observed for formation rates and Faradaic
efficiencies. From 1.2 to 1.4 V, the formation rate of ammonia increased with the increase of the
applied voltage and reached a maximum value of 4.0x10'* mol s* cm™ at 1.4 V, with a corresponding
current density of ~19 mA cm and a Faradaic efficiency of 0.06 %. When the applied voltage was
further increased above 1.4 V, the ammonia production rate decreased significantly and reached its
lowest value of 1.0x10'* mol st cm2 at 1.8 V, corresponding to a current density of 8.68 mA cm and
a Faradaic efficiency of 0.03 %. Low ammonia formation rates with corresponding low Faradaic
efficiencies at higher voltages indicate that more than one process occurs at the cathode, and
hydrogen evolution might be the predominant [26,49,54]. The formation rate of ammonia achieved
using LBFCu is still higher than that reported using a Ru-based catalyst and water and nitrogen as
precursors to synthesise ammonia (3.75 x103 mol s> cm™ at 650 °C) [25]. This could be due to the
higher ionic conductivity of the CGDC-carbonate composite electrolyte compared to YSZ and the low
operating temperature applied in that research (400 °C) that reduced associated ammonia
decomposition.
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Figure 8. Dependence of the rate of ammonia formation on the applied voltage at 400 °C

Conclusions

In summary, the electrocatalytic activity of A-site Ba-substituted perovskite cathode
(Lao.sBao.aFeo.sCup.203-5, LBFCu) for ammonia synthesis from water and nitrogen was successfully
explored. The XRD results demonstrated that a single-phase perovskite oxide (LBFCu) with a cubic
structure was obtained. Ammonia was successfully synthesised from water and nitrogen under
atmospheric pressure using LBFCu-Ceo.8Gdo.18Ca0.0202-5 (CGDC) composite as a cathode, and CGDC-
carbonate as composite solid electrolyte. The maximum rate of ammonia production was found to
be 4.0x101! mol s cm™ at 400 °C and 1.4 V. The results indicated that a lower operating tempe-
rature is favourable to reducing ammonia decomposition, which at the same time, requests higher
electrolyte conductivity and higher catalytic activity of the cathode. The results revealed that the
catalytic activity of the proposed cathode catalyst (LBFCu) towards ammonia synthesis formation is
comparable to that of A-site Sr-substituted perovskite cathode (Lao.6Sro.4Feo.sCuo.203-5). According to
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the findings, the prepared Ba-containing electrocatalyst (LBFCu) may be considered as a promising
candidate material for carbon-free ammonia synthesis.
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