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Electrochemical ammonia synthesis (EAS) has emerged as a promising alternative to the traditional Haber–

Bosch process. Indeed, N2 activation in room-temperature EAS systems remains a formidable challenge

due to the strong N^N bond. Solid oxide proton conductor EAS (PCEAS) electrolysis cells operating at

intermediate temperatures offer a promising solution by utilizing both temperature and potential. In this

process, the design of the cathode is crucial, requiring abundant proton and electron conduction channels,

along with highly active catalysts. Herein, we design a cathode composed of ruthenium–

La0.6Sr0.4Co0.2Fe0.8O3−d–BaZr0.1Ce0.7Y0.1Yb0.1O3−d (Ru–LSCF–BZCYYb) to meet the aforementioned

requirements for PCEAS. LSCF and BZCYYb form a porous skeleton at the cathode, with Ru nanoparticles

dispersed on the surface of this structure. This configuration features numerous triple-phase boundaries

(TPBs), facilitating the contact between activated N2, H+, and e−, thereby promoting electrochemical

ammonia synthesis. The impregnated Ru–LSCF–BZCYYbjBZCYYbjNi–BZCYYb PCEAS electrolysis cell

exhibited a maximum NH3 formation rate of 5.14 × 10−11 mol s−1 cm−2 and a maximum Faraday efficiency

(FE) of 0.128% at 400 °C and −0.2 V with H2 and N2 as feedstock gases. Its yield surpassed those of the

mixed Ru–LSCF–BZCYYbjBZCYYbjNi–BZCYYb and the impregnated Ru–BZCYYbjBZCYYbjNi–BZCYYb by

a factor of 3.9 and 11.5, respectively. The authenticity of ammonia synthesis is confirmed using the 15N2

isotope combined with NMR detection. This study also achieved EAS using water as the hydrogen source.

This approach would better meet the future demand for EAS by directly using N2 and H2O.
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1. Introduction

Ammonia is an essential feedstock for industry and agricul-
ture.1,2 Moreover, due to its high energy density and carbon-free
nature, ammonia has garnered signicant interest as a prom-
ising energy carrier.3–6 Currently, ammonia production relies
predominantly on the Haber–Bosch (H–B) process, character-
ized by its harsh reaction conditions of high temperature and
pressure. This process is not only energy-intensive, consuming
1–2% of the global energy production, but also responsible for
the emission of about 500 Mt of CO2 annually.7,8 Consequently,
there is a critical need to explore sustainable methods for
ammonia synthesis. Electrochemical ammonia synthesis (EAS)
offers a promising alternative, as it can be operated under
milder conditions and powered by renewable electricity.

Recently, signicant advancements have been made in the
eld of EAS based on various electrolytes. Substantial research
has been conducted in aqueous solutions, leading to the
development of a wide range of catalysts.9,10 However, aqueous-
electrolyte EAS has been questioned due to the presence of
contaminants and its low ammonia yield.11,12 In addition,
lithium-mediated EAS, which uses ionic liquids or organic
solvents with dissolved lithium salts as electrolytes and can
proceed at room temperature, has been proven to be reli-
able.13,14 However, this system oen struggles to form a stable
solid electrolyte interphase (SEI) layer, leading to poor long-
term stability.15,16 Only a few systems can be operated for
several hundred hours.17,18 Moreover, molten-salt-electrolyte
EAS operates at elevated temperatures, facilitating N2 activa-
tion. Nevertheless, it is similarly constrained by system stability
issues, primarily due to the strong corrosiveness of molten salt
at high temperatures.19–21 It should be noted that the low solu-
bility of N2 in solutions for the aforementioned liquid electro-
lyte systems represents an issue that needs to be addressed.
Employing all-solid-state electrolytes, such as solid oxide
oxygen-ion conductors or proton conductors, which operate at
elevated temperatures, can address the issues of N2 activation
and supply.22,23 Among these, solid-state proton conductors can
work at around 400–500 °C,24 which is close to the operating
temperature of thermal catalytic ammonia synthesis, thereby
presenting greater potential.

A solid oxide proton-conductor EAS (PCEAS) electrolysis cell
encompasses three principal components: the proton-
Fig. 1 Schematic diagram of a device for a PCEAS electrolysis cell.

26668 | J. Mater. Chem. A, 2024, 12, 26667–26677
conducting electrolyte, the anode layer, and the cathode layer.
As shown in Fig. 1, a PCEAS electrolysis cell can utilize H2 or
H2O as the hydrogen source.25 Protons are produced at the
anode, and are then conducted through the electrolyte to the
cathode. At the cathode, a nitrogen reduction reaction (NRR)
occurs, where electrons, protons, and N2 react to form NH3 with
the help of electrocatalysts. The reactions involved are illus-
trated in eqn (1)–(3).

Anode:

6H2 (6H2O) / 12H+ + 12e− (+ 3O2) (1)

Cathode:

2N2 + 12H+ + 12e− / 4NH3 (2)

Overall:

2N2 + 6H2 (6H2O) / 4NH3 (+ 3O2) (3)

A series of advances have been made in the electrolyte and
anode, laying the foundation for designing efficient PCEAS
electrolysis cells.26–30However, there is a lack of a suitable cathode
for efficiently reducing N2 and producing ammonia in the PCEAS
process, which is crucial for the selectivity and activity of EAS.
Since the pioneering work by Stoukides, a variety of cathodes
have been explored in the PCEAS process.25,31–33 Compared to the
earlier use of precious metals (Ag, Pd, etc.) as catalysts that
operated at temperatures of about 700 °C, Fe-based and Ru-based
catalysts, which are efficient in thermochemical ammonia
synthesis, could also effectively activate N2 under electrochemical
conditions, thereby lowering the temperature required for the
PCEAS process.34–38 Furthermore, the design of composite cath-
odes enhances the ammonia production activity of PCEAS elec-
trolysis cells.38,39 This may be attributed to the extension of the
three-phase boundary (TPB). The signicance of the TPB has also
been conrmed in other electrochemical processes.40–42 The TPB,
where the proton-conducting electrolyte, electron conductor, gas
reactant, and catalyst nanoparticles simultaneously come into
contact, offers the active site for electrochemical reactions and
ultimately determines the performance. Hence, optimizing the
design of the three-phase interface and incorporating efficient
NRR catalysts may create a highly efficient cathode, facilitating
an effective PCEAS process.
This journal is © The Royal Society of Chemistry 2024
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In this study, BaZr0.1Ce0.7Y0.1Yb0.1O3−d (BZCYYb) was
selected as the electrolyte due to its high ionic conductivity
(∼0.005 S cm−1 at 400 °C) and wide application in fuel cells and
water electrolysis.43,44 Ni is widely used as an anode material in
high-temperature solid oxide cells, due to its high hydrogen
electrocatalytic oxidation activity, excellent compatibility with
electrolytes, and its inherent high conductivity as a metal.45

Based on the BZCYYbjNi–BZCYYb half-cells, we investigated the
impact of cathode design on the performance of PCEAS elec-
trolysis cells. In the cathode, we employed Ru as the catalyst,
BZCYYb as the proton conductor, and La0.6Sr0.4Co0.2Fe0.8O3−d

(LSCF) as the electron conductor. This choice is based on the
compatibility between LSCF and BZCYYb.46,47 A cathode con-
sisting of an LSCF–BZCYYb composite skeleton loaded with
dispersed Ru nanoparticles via an impregnation method
exhibits enhanced activity attributable to its expanded TPB.
Furthermore, the feasibility of steam electrolysis at the anode to
provide protons for the PCEAS is also demonstrated. This
suggests potential for further application.
2. Experimental section
2.1 Materials synthesis and characterization

BZCYYb powders were synthesized by the solid-state reaction.
BaCO3 (SCR Co., Ltd, China), ZrO2 (Aladdin), CeO2 (Aladdin),
Y2O3 (Innochem Co., Ltd, China), and Yb2O3 (Aladdin) were
mixed in a stoichiometric ratio and ball-milled in ethanol for
24 h. The dried samples were calcined at 1100 °C for 12 h. The
process of ball-milling and sintering was repeated once to
obtain pure phase BZCYYb.

LSCF powders were synthesized by the sol–gel method.
La(NO3)3$6H2O (SCR Co., Ltd, China), Sr(NO3)2 (Kermel Co.,
Ltd, China), Co(NO3)2$6H2O (SCR Co., Ltd, China), and
Fe(NO3)3$9H2O (SCR Co., Ltd, China) were dissolved in a stoi-
chiometric ratio in deionized water, along with ammonium
citrate (SCR Co., Ltd, China) as a chelating reagent (molar ratio
of ammonium citrate : metal cations = 1.5 : 1). This solution
was continuously stirred at 80 °C to evaporate the water until
a transparent gel was obtained. The gel was then heated to 300 °
C, and then the resulting ashes were calcined at 800 °C for 2 h.
2.2 Cell fabrication

Anode-supported electrolysis cells with the congurations of
impregnated Ru–LSCF–BZCYYb (I-Ru–LSCF–BZCYYb)j
BZCYYbjNi–BZCYYb, impregnated Ru–BZCYYb (I-Ru–BZCYYb)j
BZCYYbjNi–BZCYYb, and mixed Ru–LSCF–BZCYYb (M-Ru–
LSCF–BZCYYb)jBZCYYbjNi–BZCYYb were used in the electro-
chemical experiment.

First, a mixture of BZCYYb, NiO (Macklin), starch (Macklin)
(weight ratio of 65 : 35 : 20), and binder was ball-milled in
ethanol. Aer drying, the powder was pressed into a 16 mm
diameter pellet. Then, the green pellet was sintered at 1200 °C
for 2 h to form an anode support. The suspension of BZCYYb
was dropped on one side of the pellets and the organic matter
was removed by heat treatment. Finally, the anode–electrolyte
assemblies were sintered at 1450 °C for 18 h to form the
This journal is © The Royal Society of Chemistry 2024
BZCYYbjNiO–BZCYYb half-cell. For more details refer to the
study by Zhu et al.48 LSCF, BZCYYb, and starch (mass ratio of 6 :
4 : 2) were then mixed thoroughly with a 6 wt% ethylcellulose–
terpineol (Aladdin) binder to prepare the cathode slurry which
was painted on the BZCYYb electrolyte. This pellet was calcined
at 1100 °C and it took 2 h to form a porous skeleton. The
skeleton was impregnated using 1 M Ru(NO)(NO3)3 (Alfa)
solution (a mixture of water and ethanol, volume ratio of 1 : 1),
and the amount of impregnated Ru accounts for 6.5 wt% of the
cathode layer which was conrmed by inductively coupled
plasma optical emission spectrometry (ICP-OES, Agilent 5110).
Subsequently, this cell was dried under vacuum and sintered
under an air atmosphere at 500 °C for 1 h to decompose all
organics and Ru(NO)(NO3)3. Before electrochemical experi-
ments and characterization, the prepared cathode consisting of
impregnated RuO2–LSCF–BZCYYb was reduced to I-Ru–LSCF–
BZCYYb by pure H2 for 2 h. The area of the cathode was about
0.28 cm2. As a comparison sample, the I-Ru–BZCYYbjBZ-
CYYbjNi–BZCYYb electrolysis cell was prepared in a similar way
to the above process, except that LSCF was not added. It should
be noted that due to the poor sintering properties of BZCYYb,
the sintering temperature was increased to 1300 °C.

Ru powder, another comparison sample, was directly mixed
with LSCF, BZCYYb, starch, and binder. This slurry was painted
on one BZCYYb electrolyte and then sintered at 1100 °C for 2 h.
The prepared cell was also reduced by pure H2 for 2 h to produce
the M-Ru–LSCF–BZCYYbjBZCYYbjNi–BZCYYb electrolysis cell.

2.3 Characterization

The crystalline phases of materials were veried through X-ray
diffraction (XRD, X'Pert, PANalytical B.V., Netherlands). The
microstructures of the Ru–LSCF–BZCYYb catalyst were detected
by transmission electron microscopy (TEM, JEM-2100X, JEOL,
Japan). The structures and morphologies of the different cath-
odes were observed by scanning electron microscopy (SEM,
JMS-7800F, JEOL, Japan).

2.4 Electrochemical measurements

The setup for the electrochemical measurements is shown in
Fig. 1. The cell was sealed on the end of the ZrO2 tube using
a dielectric ceramic adhesive (552-VFG, Aremco). A silver elec-
tric adhesive (DAD-87, Shanghai, China) was used as the current
collector, and Ag wires were used to maintain the electrical
connection. Before measurement, both the inner and outer
tubes were lled with H2 at 600 °C for 2 h, reducing the metal
oxide of Ni and Ru to the pure metallic state. Then, the gaseous
mixture of H2 and Ar (5% H2–95% Ar) was fed into the inner
tube to work as an anodic chamber (counter electrode), with
a ow rate of 30 mL min−1. The N2 gas was fed into the outer
tube to work as a cathodic chamber (working electrode), with
a ow rate of 60 mL min−1.49 Pure N2 gas should be fed at least
2 h before the experiment to remove residual H2. The AC
impedance was measured at open circuit voltage (OCV) with
a frequency range of 0.1 Hz to 1 MHz. The value at high
frequency was used for iR compensation (90%). The polariza-
tion curves were recorded in the potential range (OCV to−0.8 V)
J. Mater. Chem. A, 2024, 12, 26667–26677 | 26669
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Fig. 2 XRD patterns of the I-Ru–LSCF–BZCYYb, I-Ru–BZCYYb, and
M-Ru–LSCF–BZCYYb cathodes and the standard XRD pattern of Ru.
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with a sweep rate of 10 mV s−1. The effects of temperature (300–
500 °C) and potential (0 to −0.6 V) on the activity of ammonia
formation were measured through chronoamperometry. The
chronoamperometry lasted more than 10 minutes for each
potential, and the NH3 in the outlet gas was collected by 1 mM
H2SO4 solution (6 mL). To conrm the ammonia concentration,
2 mL of this solution was tested using the indophenol blue
colorimetry method with a UV-visible spectrometer.50–52 The
standard curve of absorbance at 655 nm and concentration is
shown in Fig. S1.† Aer each potentiostatic measurement, the
tail gas without electricity was also collected as blank. To avoid
the interference of potential trace leakage of hydrogen with the
electrocatalytic ammonia formation, the value of the blank was
subtracted from the results of UV-vis measurements, although
ammonia production was not observed without electricity
below 500 °C. During the coupled electrolysis of steam, the
anode gas was substituted with wet argon gas, and the potential
range of the experiment was adjusted (OCV to −1.6 V). The
remaining parameters remained consistent.

The yield rate of NH3 generation and its faradaic efficiency
(FE) during chronoamperometry are calculated using eqn (4)
and (5):

gNH3
¼ n

t� A
(4)

FE ¼ 3� F � n

Q
(5)

where n is the total amount of NH3 produced, F is the faradaic
constant, Q is the total charge, t is the time, and A is the
geometric area of the cathode.
2.5 15N2 isotopic labeling experiment

To identify the source of NH3, N2 isotope labeling experiments
were conducted using 15N2 (Linde Industrial Gases) as the feed
gas. Electrolysis was performed for 2 h under optimal condi-
tions. To conserve the expensive 15N2 gas, its ow rate was
adjusted to 6 mL min−1, which is lower than the usual test
conditions, while the ow rate of H2 was kept constant. 1 mL
H2SO4 solution was used to collect the NH3 in the outlet gas. For
the NMR studies, the pH of the solutions to be tested was
adjusted to 2 using concentrated hydrochloric acid aqueous
solution. A solution of 5 vol% dimethyl sulfoxide d6 (99.9
atom% D, 0.03% (v/v) tetramethylsilane) was added for deute-
rium locking and referencing. The solution was then taken out
for 1H NMR measurement (JEOL, JNM-ECZ400S, 400 MHz). The
quantication of 15NH3 or 14NH3 was performed using the
method established in our previous research.53
3. Results and discussion
3.1 XRD and microscopic analysis of cathodes

The as-synthesized materials of LSCF and BZCYYb and three
different cathodes of I-Ru–LSCF–BZCYYb, I-Ru–BZCYYb, and
M-Ru–LSCF–BZCYYb were characterized by XRD. The success-
ful synthesis of pure LSCF and BZCYYb is conrmed by the
peaks observed in the XRD patterns, consistent with those
26670 | J. Mater. Chem. A, 2024, 12, 26667–26677
reported in previous literature (Fig. S2†).43,54 The LSCF–BZCYYb
composite, as the support of the I-Ru–LSCF–BZCYYb cathode,
displays diffraction peaks that matched well with those of both
LSCF and BZCYYb (Fig. S2†), indicating that the interaction
between these two materials is negligible. Fig. 2 shows the XRD
patterns of the three cathodes. Aer loading the ruthenium
catalyst, the XRD pattern of I-Ru–LSCF–BZCYYb shows addi-
tional diffraction peaks at 38.3° and 44.0° compared to the
LSCF–BZCYYb composite, corresponding to the crystal planes
of Ru (100) and Ru (101). The original diffraction peaks of LSCF
and BZCYYb are unchanged, indicating the structure of the
LSCF–BZCYYb is preserved through the impregnation process.
The XRD pattern of the I-Ru–BZCYYb cathode reveals
a discernible diffraction peak attributable to Ru at 44.0°, while
the diffraction peaks of BZCYYb also remain essentially
unchanged. However, the M-Ru–LSCF–BZCYYb displays
diffraction peaks that are signicantly different from those of
Ru, LSCF, and BZCYYb. It should be noted that in the prepa-
ration of the impregnated cathode, the Ru precursor and LSCF–
BZCYYb were calcined at 500 °C and then reduced in H2 gas at
600 °C, while in the preparation of the mixed cathode, metallic
Ru, LSCF, and BZCYYb were co-calcined at 1100 °C and then
reduced in H2 gas at 600 °C. Hence, Ru, LSCF, and BZCYYb
might react to produce new substances upon calcination at
higher temperatures. However, the phase structure has not yet
been identied.

The morphology and microstructure of the cathodes were
then characterized using SEM and TEM. The SEM image of the
LSCF–BZCYYb composite reveals a porous structure, which
could potentially serve as a skeleton for loading the Ru catalyst
(Fig. S3†). Fig. 3a–c show the SEM images of the I-Ru–LSCF–
BZCYYb, M-Ru–LSCF–BZCYYb, and I-Ru–BZCYYb cathodes,
respectively. Both the I-Ru–LSCF–BZCYYb and M-Ru–LSCF–
BZCYYb cathodes maintain a porosity similar to that of LSCF–
BZCYYb (Fig. 3a and b). In contrast, the I-Ru–BZCYYb cathode
exhibits lower porosity, possibly due to the sintering of BZCYYb
in the cathode at high temperatures (Fig. 3c). Fig. 3d displays
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 SEM images of (a and d) the I-Ru–LSCF–BZCYYb cathode, (b and e) the M-Ru–LSCF–BZCYYb cathode, and (c and f) the I-Ru–BZCYYb
cathode. (g and h) HR-TEM images of the I-Ru–LSCF–BZCYYb cathode. (i) SEM image of the cross-section of the I-Ru–LSCF–BZCYYbjBZ-
CYYbjNi–BZCYYb electrolysis cell.
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a higher magnication SEM image of the I-Ru–LSCF–BZCYYb
cathode, showing that small particles ranging from a few to tens
of nanometers in size exist on the surface of the LSCF–BZCYYb
skeleton, which may be nano-sized Ru particles. However,
nearly no Ru particles are observed on the M-Ru–LSCF–BZCYYb
cathode, indicating that Ru is almost entirely integrated into
the LSCF–BZCYYb skeleton (Fig. 3e). This is consistent with the
XRD results, which show no diffraction peaks of Ru (Fig. 2). For
the I-Ru–BZCYYb cathode, there are numerous regions where
Ru aggregates (Fig. 3f). Among the three cathodes discussed,
the I-Ru–LSCF–BZCYYb cathode may be more suitable for use in
the PCEAS electrolysis cell due to its pore structure being
conducive to gas diffusion and providing a large number of
active sites. Additionally, the uniformly dispersed Ru particles
could be benecial for N2 activation. So further TEM studies
were conducted on the I-Ru–LSCF–BZCYYb cathode. Fig. 3g
shows that particles of around 10 nm are present on the surface
of the I-Ru–LSCF–BZCYYb cathode. The lattice spacing of these
nanoparticles is 0.209 nm, corresponding to the (101) lattice
plane of Ru, consistent with the XRD results. EDX analysis
further conrms that these particles located at the edge of the
material are metallic Ru (Fig. S4†). Additionally, lattice spacings
at around 0.281 nm and 0.316 nm could also be observed, which
likely correspond to the (110) lattice plane of LSCF and the (002)
lattice plane of BZCYYb, respectively (Fig. 3h).54–57 A SEM image
of the cross-section of the whole cell with the I-Ru–LSCF–
BZCYYb cathode is shown in Fig. 3i. This suggests good contact
This journal is © The Royal Society of Chemistry 2024
between the electrolyte and both electrodes, alongside the
presence of a porous structure in the cathode. In summary,
a porous cathode was successfully prepared with mixed proton
and electron conduction based on BZCYYb and LSCF, and
nano-sized Ru particles were uniformly dispersed into the
skeleton through impregnation.
3.2 Electrochemical analysis of the PCEAS electrolysis cells

We investigated the electrochemical properties of the I-Ru–
LSCF–BZCYYbjBZCYYbjNi–BZCYYb, M-Ru–LSCF–BZCYYbjBZ-
CYYbjNi–BZCYYb, and I-Ru–BZCYYbjBZCYYbjNi–BZCYYb elec-
trolysis cells. The investigation was carried out in the reactor
displayed in Fig. 1, using N2 and 5% H2–95% Ar as reaction
gases for the cathode and anode, respectively. Good electro-
chemical properties may be a prerequisite for high performance
in electrochemical ammonia synthesis, so we rst explored the
electrochemical properties of these cells. However, it should be
noted that this system involves both the NRR and hydrogen
evolution reaction (HER), and the performance of electro-
chemical ammonia synthesis is inuenced not only by the
electrochemical properties of the cell but also by the electro-
catalysts in the electrode. The electrochemical ammonia
synthesis performance will be discussed in the next section.

Fig. 4a–c display the voltammograms of these cells at 300,
400, and 500 °C. Among them, the I-Ru–LSCF–BZCYYb cathode
exhibits superior performance, achieving a remarkable current
J. Mater. Chem. A, 2024, 12, 26667–26677 | 26671
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Fig. 4 (a–c) j–E curves with a scan rate of 10 mV s−1, and (d–f) EIS at OCV of the I-Ru–LSCF–BZCYYbjBZCYYbjNi–BZCYYb, M-Ru–LSCF–
BZCYYbjBZCYYbjNi–BZCYYb, and I-Ru–BZCYYbjBZCYYbjNi–BZCYYb electrolysis cells at different temperatures. Reaction gas: pure N2 at the
working electrode; 5% H2–95% Ar at the counter electrode (reference electrode).
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density of 150 mA cm−2 at a potential of −0.8 V at 500 °C. This
current density is slightly higher than that of the M-Ru–LSCF–
BZCYYb cathode and nearly 4–5 times higher than that of the I-
Ru–BZCYYb cathode. Even at a lower temperature of 300 °C, the
cell with the I-Ru–LSCF–BZCYYb cathode exhibits a current
density of 10 mA cm−2. Furthermore, the voltammetric char-
acteristic of a PCEAS electrolysis cell with the LSCF–BZCYYb
skeleton as a cathode was tested (Fig. S5†). At 400 °C and−0.8 V,
the current density for the cell utilizing the I-Ru–LSCF–BZCYYb
cathode is nearly 5.5 times higher than that of the LSCF–
BZCYYb cathode. In summary, the cathode components of
LSCF, BZCYYb, and Ru, and the preparation method collectively
inuence the electrochemical performance of the PCEAS elec-
trolysis cell.

The AC impedance spectra of the three aforementioned
PCEAS electrolysis cells were measured under open circuit
voltage at 300, 400, and 500 °C, to further analyze the effect of
different electrode designs on electrochemical properties, and
the results are displayed in Fig. 4d–f. We tted the impedance
spectrum with the equivalent circuit as shown in Fig. S6.† The
tted values of ohmic resistance (RU) and polarization resis-
tance (RP, total of RP1 and RP2) are shown in Table 1. The RU is
Table 1 RU and RP values from the equivalent circuit model fitting (U
cm2)

Temperature

I-Ru–LSCF–
BZCYYb

M-Ru–LSCF–
BZCYYb I-Ru–BZCYYb

RU RP RU RP RU RP

300 °C 29.9 407.4 18.6 326.1 52.3 758.2
400 °C 8.1 185.9 8.3 77.6 12.5 322.4
500 °C 5.6 90.3 5.7 40.8 9.3 197.2

26672 | J. Mater. Chem. A, 2024, 12, 26667–26677
primarily associated with the ion and electron transport prop-
erties of the electrolyte material, electrode layer, and the inter-
face between the electrode and electrolyte. Given that the
electrolyte and anode layers are identical across all three cells,
variations in RU can be attributed to differences in the cathode
layer and its interface with the electrolyte. The RU of electrolysis
cells with I-Ru–LSCF–BZCYYb and M-Ru–LSCF–BZCYYb cath-
odes is signicantly lower than that of the I-Ru–BZCYYb
cathode at equivalent temperatures. Specically, the RU of the
electrolysis cell using the I-Ru–LSCF–BZCYYb cathode is only
29.9, 8.1, and 5.6 U cm2 at 300, 400, and 500 °C, respectively.
The decrease of RU may be attributed to the incorporation of
LSCF, which introduces more conductive pathways for electrons
within the porous skeletal structure of the cathode. Conversely,
for the I-Ru–BZCYYb cathode, ruthenium, serving as the sole
electron conductor, tends to aggregate into large and isolated
particles on the surface of the dense BZCYYb electrolyte
(Fig. 3c). These particles may impair physical contact with the
substrate, potentially hindering the formation of an effective
conductive network within the electrode.58

The RP is primarily related to the electrochemical activity of
the electrode materials and the mass transport properties of the
reactants. The RP values of electrolysis cells using I-Ru–LSCF–
BZCYYb and M-Ru–LSCF–BZCYYb cathodes are only 90.3 and
40.8 U cm2 at 500 °C, respectively, which are 1.2 and 3.8 times
lower than that of the I-Ru–BZCYYb cathode at the same
temperature. This suggests that the electrochemical processes
occur with greater ease on the cathodes composed of I-Ru–
LSCF–BZCYYb and M-Ru–LSCF–BZCYYb congurations. For
the I-Ru–LSCF–BZCYYb cathode, the highly dispersed Ru
nanoparticles and the porous skeleton structure of the cathode
(Fig. 3a and d) provide abundant active sites for nitrogen or
proton activation, resulting in low polarization resistance.
This journal is © The Royal Society of Chemistry 2024
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Additionally, the M-Ru–LSCF–BZCYYb cathode also presents
a similarly porous skeleton structure (Fig. 3b), and the inte-
gration of Ru into the LSCF–BZCYYb framework (Fig. 2 and 3e)
may form highly efficient active sites for these electrochemical
reactions, resulting in lower polarization resistance. Subse-
quent studies indicate that these active sites are more inclined
towards the hydrogen evolution reaction.

3.3 Ammonia synthesis performance of the PCEAS
electrolysis cells

Due to the ne electrochemical behavior and denite compo-
sition of the I-Ru–LSCF–BZCYYb cathode, we rst studied the
performance of the I-Ru–LSCF–BZCYYbjBZCYYbjNi–BZCYYb
electrolysis cell in EAS under various temperature and potential
conditions. The electrochemical reaction was carried out in the
reactor as shown in Fig. 1, where the exhaust gas passes through
a dilute sulfuric acid solution, and the ammonia content in the
solution is detected using the UV-visible colorimetric method.
Fig. 5a illustrates the ammonia synthesis rate and FE of this cell
under −0.2 V at 300, 400, and 500 °C. Both the ammonia
production rate and FE exhibit volcano-shaped curve charac-
teristics, reaching their maximum values at 400 °C with a rate of
5.14 × 10−11 mol s−1 cm−2 and FE of 0.128%. More data about
the j–t curves and colorimetric results can be found in Fig. S7
and S8 and Tables S1–S4.†

Electrochemical testing in the prior section shows that
signicant ohmic and polarization resistances are present at
a low temperature of 300 °C. Hence, the low rate can be
attributed to the low ion conductivity of the electrolyte and the
reduced efficiency of Ru in activating N2 at a low temperature. At
an elevated temperature of 500 °C, the decline in the rate of
ammonia synthesis could be attributed to ammonia decompo-
sition, a phenomenon that has been previously reported in the
literature.59 The volcano-shaped curve relationship of FEmay be
attributed to the differing temperature sensitivities of the HER
and the NRR, as well as the inuence of the ammonia decom-
position side reaction at a high temperature. Fig. 5b demon-
strates the relationship between the ammonia synthesis rate
and the applied potential at 400 °C. It can be seen that as the
applied potential becomes more negative, both the rate of
Fig. 5 NH3 formation rate and Faraday efficiency of the I-Ru–LSCF–BZC
and an applied potential of−0.2 V, and (b) at 400 °C and different potentia
counter electrode (reference electrode).

This journal is © The Royal Society of Chemistry 2024
ammonia synthesis and the FE initially increase and then
decrease, reaching their maximum values at −0.2 V. At higher
potentials, the decrease in the rate of ammonia synthesis and
FE can be attributed to the enhanced HER side reaction. Addi-
tionally, more hydrogen may occupy active sites on the surface
of the cathode at higher potentials, impeding the NRR.

The electrochemical ammonia synthesis activity of the M-
Ru–LSCF–BZCYYbjBZCYYbjNi–BZCYYb and I-Ru–BZCYYbjBZ-
CYYbjNi–BZCYYb electrolysis cells was also evaluated, with the
results shown in Fig. S9–S13 and Tables S1–S4.† Fig. 6a
compares the ammonia synthesis rate and FE of cells cong-
ured with different cathodes under conditions of 400 °C and
−0.2 V, while Fig. 6b presents the performance of these cells
under their optimal working conditions. Although the M-Ru–
LSCF–BZCYYb cathode exhibits excellent electrochemical
performance, its ammonia synthesis activity is notably poor,
with only weak activity observed at 400 °C and −0.1 V. In
contrast, the I-Ru–BZCYYb electrode, despite having lower
electrochemical performance across all potential and tempera-
ture ranges, demonstrates higher electrochemical ammonia
synthesis activity. Meanwhile, the I-Ru–LSCF–BZCYYb cathode
exhibits the highest activity, with its ammonia synthesis rate
being 3.9 times higher than that of the I-Ru–BZCYYb cathode.
As a reference, the LSCF–BZCYYb cathode was also tested,
showing almost no electrochemical ammonia synthesis activity,
which indicates that metallic Ru catalysts in the cathode could
play a signicant role. Combining the characterization results
from the prior section, the low ammonia synthesis activity of
the M-Ru–LSCF–BZCYYbmay be due to the reaction between Ru
and LSCF, BZCYYb in the cathode to generate new substances,
resulting in almost no presence of metallic Ru. In addition, the
new substances may possess excellent HER activity, leading to
low polarization resistance. This explains the excellent electro-
chemical performance but poor ammonia synthesis activity of
the M-Ru–LSCF–BZCYYb cathode. Considering the character-
ization results of the cathodes (Fig. 3), we speculate that there
may be three possible reasons for the best performance of the I-
Ru–LSCF–BZCYYb cathode: (1) the pore structure of the LSCF–
BZCYYb in both the I-Ru–LSCF–BZCYYb cathodes likely
enhances the transport of reactants, a feature not present in the
YYbjBZCYYbjNi–BZCYYb electrolysis cell (a) at different temperatures
ls. Reaction gas: pure N2 at the working electrode; 5%H2–95% Ar at the
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Fig. 6 Comparison of NH3 formation rate and Faraday efficiency of the I-Ru–LSCF–BZCYYbjBZCYYbjNi–BZCYYb, the M-Ru–LSCF–
BZCYYbjBZCYYbjNi–BZCYYb, and the I-Ru–BZCYYbjBZCYYbjNi–BZCYYb electrolysis cells (a) at 400 °C and −0.2 V, and (b) under the optimum
conditions. Reaction gas: pure N2 at the working electrode; 5% H2–95% Ar at the counter electrode (reference electrode).
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I-Ru–BZCYYb cathode. (2) The LSCF–BZCYYb composite
cathode provides ample conductive pathways for both protons
and electrons, while Ru nanoparticles offer active sites for N2

activation. These factors contribute to an increased three-phase
interface. (3) For the I-Ru–BZCYYb cathode, the aggregation of
Ru could result in fewer reduced active sites.

To conrm the source of ammonia from N2 activation rather
than N-containing contaminants, 15N2 isotope labeling experi-
ments were conducted. When 15N2 gas was used, the doublet
splitting peaks in the 1H NMR spectra revealed that15 NH3 was
produced (Fig. S14†). In contrast, when 14N2 gas was used, the
1H NMR spectra showed triplet splitting peaks, indicating the
formation of 14NH3 (Fig. S14†). Additionally, when argon was
introduced into the cathode instead of nitrogen, no ammonia
production was detected (Fig. S15†). These results conrm that
the ammonia was indeed produced from the electrochemical
reduction of nitrogen. To quantify the 15NH3 yield using 1H
NMR, the production rate was determined to be 2.06 ×

10−11 mol s−1 cm−2, which is lower than the results (5.14 ×

10−11 mol s−1 cm−2) from the previous 14N2 experiments. This
reduction canmainly be attributed to the lower ow rate used in
the 15N2 experiments, which limits gas mass transfer in the
cathode layer, affects gas distribution near the interface, and
shis the local chemical equilibrium. Additionally, prolonged
electrolysis time may result in a slight loss of activity.
3.4 Discussion

Ru is one of the best catalysts in thermochemical ammonia
synthesis and has also shown commendable performance in
certain electrochemical ammonia synthesis systems.53,60,61 In
thermo-catalysis, it is suggested that Ru catalysts show the size
effect, with 2.5 nm Ru particles presenting an increased number
of B5 active sites, leading to enhanced performance.62 Our work
found that the I-Ru–LSCF–BZCYYb cathode with the small,
uniformly dispersed Ru particles yields superior results.
Nevertheless, achieving precise control over the size of Ru
particles through the impregnation method remains chal-
lenging. Existing literature indicates that the in situ exsolution
method can generate nanoparticles of uniform size on the
26674 | J. Mater. Chem. A, 2024, 12, 26667–26677
electrode, showcasing effective performance SOFCs.63,64 This
technique holds potential for future application in our system.

Moreover, our ndings indicate that the cathode design is
pivotal in the performance of PCEAS electrolysis cells. By
combining LSCF and BZCYYb, we established a mixed proton
and electron conduction pathway, which could generate more
active sites. The porous structure of the cathode may enhance
gas transport. In the future, directly integrating mixed proton
and electron ionic conductors with a multi-level porous cathode
design could substantially enhance performance.24,65,66

Furthermore, our results indicate that improvements in
electrochemical performance do not necessarily lead to
increased electrochemical ammonia synthesis activity. For
instance, the M-Ru–LSCF–BZCYYb cathode demonstrates good
electrochemical performance but poor ammonia synthesis
activity. This discrepancy is primarily due to the presence of the
HER side reaction in this system. Nitrogen activation is difficult,
and Ru (most metal catalysts) is inherently more prone to
adsorbing H atoms than N2. Moreover, the NRR is complex,
involving 6 electrons and 6 protons, while the HER only
necessitates 2 electrons and 2 protons. Consequently, the HER
demonstrates a clear kinetic advantage. The existence of the
scaling relation restricts the improvement of FE in ammonia
synthesis.67 Earlier studies have shown that hydride-based
catalysts show signicant nitrogen activation in the medium
temperature range (>150 °C) andmay separate the active sites of
H and N, partially circumventing the scaling relation, thereby
enhancing the activity of ammonia synthesis.68 Additionally,
theoretical calculation predicts that early transitionmetals such
as Sc, Y, Ti, and Zrmay be in favor of the conversion of N instead
of H, possessing a stronger capability for the NRR compared to
the HER.69 Nitride catalysts such as VN, ZrN, and NbN are
generally believed to operate via the Mars–Van Krevelen (MVK)
mechanism, in which the nitrogen vacancies are considered to
be the active site of nitrogen activation, and prefer to bind N
rather than H. Single-atom catalysts may show a selectivity
advantage due to their unique structure, which allows only the
top site to adsorb hydrogen. This ensemble effect results in the
atomic surface displaying positive relative energies for
This journal is © The Royal Society of Chemistry 2024
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Fig. 7 NH3 formation rate and Faraday efficiency of the I-Ru–LSCF–BZCYYbjBZCYYbjNi–BZCYYb electrolysis cell at (a) 400 °C and (b) 500 °C.
Reaction gas: pure N2 at the working electrode; wet Ar at the counter electrode (reference electrode).
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hydrogen adsorption on the top site.70 This offers some choices
for future development of electrocatalytic materials.

Signicantly, PCEAS can employ both hydrogen gas and water
as hydrogen sources.71,72 Opting for water as the hydrogen source
brings about environmental sustainability, process simplica-
tion, and increased safety. The performance of an electrolysis cell
featuring an I-Ru–LSCF–BZCYYb cathode and using water as the
hydrogen source is shown in Fig. 7 (more details are shown in
Fig. S16 and S17 and Tables S5 and S6†). It is observed that the
reaction of N2 and H2O requires a higher potential due to the
more challenging thermodynamics compared to the reaction of
N2 andH2. A volcanic curve relationship is also apparent between
the ammonia synthesis rate and FE. At 400 °C, the ammonia
production rate and FE reach 2.7 × 10−11 mol s−1 cm−2 and
0.116%, respectively, at −1.4 V. Furthermore, at 500 °C, the
optimal potential for peak rate (4.6× 10−11 mol s−1 cm−2) and FE
(0.313%) drops to −1.0 V, likely due to diminished polarization
and ohmic resistances at higher temperatures.
4. Conclusion

We constructed a protonic ceramic electrolyte electrochemical
ammonia synthesis cell with a conguration of Ru–LSCF–
BZCYYbjBZCYYbjNi–BZCYYb. The cathode comprises an LSCF–
BZCYYb porous skeleton with uniformly dispersed Ru nano-
particles as catalysts. This cathode design enables effective
activation of N2 gas by the Ru particles, facilitates electron and
proton conduction via LSCF and BZCYYb, respectively, and
benets from a porous structure that enhances gas transport,
thereby improving the performance of electrochemical
ammonia synthesis. The Ru–LSCF–BZCYYb cathode prepared
by an impregnation method achieves a maximum NH3 forma-
tion rate of 5.14 × 10−11 mol s−1 cm−2 and a maximum FE of
0.128% at 400 °C and−0.2 V using H2 gas as a hydrogen source.
Additionally, we have successfully achieved ammonia synthesis
using water as the hydrogen source based on this cell.
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42 M. Papac, V. Stevanović, A. Zakutayev and R. O'Hayre, Nat.

Mater., 2021, 20, 301–313.
43 L. Yang, S. Wang, K. Blinn, M. Liu, Z. Liu, Z. Cheng and

M. Liu, Science, 2009, 326, 126–129.
44 C. Duan, J. Huang, N. Sullivan and R. O'Hayre, Appl. Phys.

Rev., 2020, 7, 011314.
45 J. Kim, S. Sengodan, S. Kim, O. Kwon, Y. Bu and G. Kim,

Renewable Sustainable Energy Rev., 2019, 109, 606–618.
46 H. Shimada, Y. Yamaguchi, H. Sumi and Y. Mizutani, J.

Electrochem. Soc., 2020, 167, 124506.
47 S. Sun and Z. Cheng, J. Electrochem. Soc., 2017, 164, F3104.
48 L. Zhu, C. Cadigan, C. Duan, J. Huang, L. Bian, L. Le,

C. H. Hernandez, V. Avance, R. O'Hayre and N. P. Sullivan,
Commun. Chem., 2021, 4, 121.

49 K. Wang, H. Chen, S.-D. Li and Z. Shao, J. Mater. Chem. A,
2022, 10, 24813–24823.

50 J. J. Giner-Sanz, G. Leverick, V. Pérez-Herranz and Y. Shao-
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