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Electrochemical synthesis of NH3 from N2 and H2O with electrical power is a promising technology to convert redundant
electricity to chemical fuel. NH3 synthesis from N2 and H2O using a combination of Cs‐promoted Ru catalysts, a Pd‐based
hydrogen‐membrane cathode, a CsH2PO4/SiP2O7 electrolyte, and a Pt anode was investigated in the temperature range of
200‐250°C and pressure range of 0.1‐0.7 MPa. A maximum NH3 formation rate of 12.4 nmol s‐1 cm‐2 (759 g h‐1 cm‐2) was
obtained at 250°C and 0.7 MPa using 5 wt%‐Ru/Cs+/MgO (Cs/Ru = 1 mol) for a current density of 30 mA cm‐2. The
corresponding current efficiency for NH3 formation was estimated to be 12%, and the remaining part of the current was
confirmed to be used for H2 production. The NH3 formation rate increased upon increasing the total pressure, following
thermodynamic equilibrium. 5 wt%‐Ru/Cs+/CeO2 (Cs/Ru = 1 atom) was found to yield the highest formation rate of NH3 at
200‐220°C and 0.1 MPa, while Ru/Cs+/MgO yielded a higher NH3 formation rate than Ru/Cs+/CeO2 under the elevated
pressure condition. Because the dissociation of linearly adsorbed molecular N2 on Ru is known to be the rate‐determining
step in NH3 synthesis, infrared spectroscopy was utilized to examine the linearly adsorbed N2 on the Ru sites at the
adsorption equilibrium at 30°C.

Introduction
The utilization of redundant electricity, which is obtained from
renewable sources such as solar, wind, and oceanic energies, is
a key technology for the establishment of a future energy
society.1-3 Fluctuation and non-uniformity on the earth are
essential attributes of such natural energies, which is not ideal
for human demands. For instance, some solar power plants on
Kyushu island of Japan (Kyushu Electric Power Co. Inc.) were
suspended for a few days in Oct 2018 to avoid blackouts due to
the redundancy of electricity when there was abundant
sunlight.4 The conversion of such electricity to chemical energy
is a key technology to store, transport, and utilize such energy.
Ammonia (NH3), one of the major artificially synthesized
chemicals, which is mainly consumed as fertilizers, is currently
produced from N2 and H2 obtained from air and fossil resources,
respectively.5-7 NH3 can be used as a chemical fuel if it is
synthesized by renewable energy.8-12 The largest advantage of
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NH3 as an energy carrier is that it can be directly applied to
combustion engines13-17 and high-temperature fuel cells18-21 as a
fuel. The exhaust from NH3 combustion essentially consists of
N2 and H2O, which can be safely released to the air. A second
advantage of NH3 is that it can be readily liquefied under slight
pressurization (20°C, 0.86 MPa). Thus, the ease of storage as a
liquefied fuel and handling as a gas fuel are clear advantages of
NH3. About 150-170 million tons of NH3 were artificially
synthesized and consumed worldwide in 2017.22,23 Therefore,
infrastructure such as storage tanks, carrier ships, carrier
vehicles, and pipelines has already been established. A third
advantage of NH3 over other hydrogen carriers such as
methylcyclohexane (MCH) and hydrogen absorbing alloys is its
high weight percentage of hydrogen (17.8 wt%). The
dehydrogenation heat of ΔrH° = 31 kJ mol-1-H2 is much smaller
than that for MCH (68 kJ mol-1-H2).24 Therefore, NH3 is an
appropriate source even for obtaining H2. NH3 is thus suitable
as a source of hydrogen. The synthesis of NH3 from N2 and
H2O by renewable electricity is referred to as “power-toammonia technology” and is a promising strategy for the
establishment of a renewable energy society.25
With conventional technologies, NH3 can be produced from
N2 and H2O using a combination of water electrolysis and the
Haber-Bosch process. In water electrolysis under standard
conditions, an enthalpy of ΔrH° = 286 kJ mol-1 is required to
split liquid H2O.26 The major part of the energy is the Gibbs
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energy, ΔrG° = 237 kJ mol-1, which is provided by applied
electricity with the theoretical voltage of 1.23 V and flow of 2electrons per molecule, but not from heat. The remaining part,
49 kJ mol-1, which is corresponding to entropy change, is
supplied as heat, so that water electrolysis is theoretically
endothermic reaction. On the other hand, the Haber-Bosch
process is an exothermic reaction with 31 kJ mol-1-H2.5-7,26,27 If
the two processes operate independently, the endothermic and
exothermic components should be treated separately. Direct
NH3 synthesis from N2 and H2O using electricity has a smaller
theoretical voltage of 1.17 V with a smaller endothermic heat of
29 kJ mol-1-H2. According to calculations for water vapour, this
reaction releases an exothermic heat of 7 kJ mol-1-H2. As a
simple concept, a combination of exothermic NH3 synthesis of
31 kJ mol-1-H2 and endothermic water electrolysis of
49 kJ mol-1 at a same temperature in a single reactor results in a
thermally balanced process. It should be noted that these
energies are values for standard conditions. The thermodynamic
parameters are shown in electronic supplementary information
(ESI). The theoretical voltage and heat are same whether either
N2 is electrochemically reduced or N2 is reduced by
electrolyzed H2, if the whole system is in thermal equilibrium.
Thus, the development of NH3 synthesis from N2 and H2O
using electricity has attracted much interest in the past few
years.25,28-34 Although these endothermic and exothermic
energies in the individual elemental parts are much smaller than
the main energy input as electricity to the electrochemical
reactor, which is derived from the theoretical electrolysis
voltage of 1.17 V, thermally balanced chemical reactors should
be essentially favorable. Electrochemical devices have the
advantage of easy start-and-stop operation, similar to fuel cells,
compared to industrial chemical plants such as Haber-Bosch
process. The electrochemical devices are generally suitable for
small-scale distributed energy systems. The advantages of NH3
synthesis from N2 and H2O by electricity using a single
electrochemical devise are that the exothermic and endothermic
heats are balanced out and this is a small scale devise suitable
to dispersed power systems.
For the reasons mentioned above, there have been many
efforts devoted toward the electrochemical synthesis of
NH3.8,25,28-34 The operating temperature of solid oxide
electrolyte systems is typically over 500°C, and the production
of NH3 is strongly limited by thermodynamic equilibrium.5-7,27
Under such conditions, most NH3 is spontaneously decomposed
to N2 and H2, even if it is synthesized electrochemically at an
amount
over
the
thermodynamic
limitation.
The
electrochemical synthesis of NH3 in aqueous or polymer
electrolytes below 100°C has been studied by many researchers.
Artificial nitrogen fixation under ambient conditions is an
dream chemical reaction, as well as artificial photosynthesis;
however, it is challenging to obtain a sufficient amount of NH3
by artificial catalysts in a continuous manner to meet industrial
demands. The N ≡ N bond of N2 is extremely stable and
difficult to activate by solid catalysts at ambient temperature
conditions. Therefore, considering both thermodynamic
limitations and the activation of N2 molecules, we examined
NH3 synthesis in the temperature range of 200-250°C.

In our previous work, we demonstrated a new type of
electrochemical system for NH3 synthesis from N2 and H2O
using electricity.35,36 The basic concept is illustrated in Fig. 1.
The cell consists of a Ru catalyst, a hydrogen-permeable Pd-Ag
membrane cathode, a phosphate-based electrolyte, and a Pt
anode operated in the temperature range of 200-250°C. Variety
of protonic ionomers such as oxides,37-40 oxyacid salts,41 and
ion-exchange polymers42 cover over ambient and intermediate
temperature range up to ~500°C with appropriate conductivities,
which have been examined for electrochemical NH3 synthesis.
Among them, CsH2PO4-based electrolytes has been used in the
present system. The use of the hydrogen-permeable Pd-Ag
membrane enables the isolation of the NH3 product from the
acidic and protonic phosphate-based electrolyte by preventing
the absorption of NH3 into the electrolyte and the
humidification of the Ru catalyst. The application of hydrogenpermeable membranes to electrochemical cells has been
previously reported for fuel cells.43-46 NH3 synthesis in the
temperature range of 200~250°C, which is much lower than
that for the Haber-Bosch process (400~500°C), is one of the
primary challenges in NH3 catalysis. We examined only Cs+promoted Ru/MgO catalysts as a rudimentary electrochemical
system in our previous work. The NH3 synthesis rate of
0.90 nmol s-1 cm-2 with a current efficiency of 2.6% was
obtained at 250°C and 10 mA cm-2, thus demonstrating the
newly designed electrochemical system. However, elevated
pressure conditions and a variety of catalysts were not
investigated.
Ru catalysts are known to have significant NH3 synthesis
activity, especially near atmospheric pressure conditions, when
Ru particles are influenced by electronegative promoters and
supports such as alkali metal compounds,5-7,47,48 rare-earth
materials,49,50 and electrides.51,52 In NH3 synthesis, the
dissociation of adsorbed N2 on Ru sites is known to be the ratedetermining step.5-7,47,48 The nature of the adsorbed N2 on Ru
sites provides important information on the activity of the
catalysts. The vibrational frequencies of the N ≡ N bond of
linearly-adsorbed N2 on metallic Ru sites has been reported to

Fig. 1 Concept of hydrogen‐membrane electrochemical reactor
for NH3 synthesis.
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be an indication of the weakening of the N≡N bond on Ru
catalysts.47-53 The infrared spectra of adsorbed N2 on Ru sites
were examined in this paper.
In this work, we examined NH3 synthesis from N2 and H2O
using electrical power with Ru/Cs+/MgO, Ru-Cs+/CeO2 and
Ru/Cs+/CeO2 catalysts at elevated pressure of 0.7 MPa. The
selectivity of NH3 production against H2 production was
investigated both thermodynamically and kinetically. The
properties of adsorbed N2 on Ru sites were examined using
infrared spectroscopy.

Experimental
Materials preparation
The experimental setup and procedures were similar to those in
our previous reports.35,36
Ru catalysts of 5 wt%-Ru/Cs+/MgO and 5 wt%Ru/Cs+/CeO2 (Cs/Ru = 1 mol) were synthesized as follows.
MgO (Reference catalyst of Catalysis Society of Japan, JRCMGO-4 500A provided by Ube Material Industries) with
Brunauer-Emmett-Teller (BET) specific surface area of 2838 m2 g-1 and CeO2 (Reference catalyst of Catalysis Society of
Japan, JRC-CEO-5 provided by Daiichi Kigenso Kagaku
Kogyo) with BET specific surface area of 92 m2 g-1 were
calcined at 500°C in air to remove adsorbed impurities. The
catalysts were immersed in a tetrahydrofuran solution of
Ru3(CO)12 (Tanaka Kikinzoku Kogyo) at room temperature for
several hours with stirring. The slurries were evaporated under
reduced pressure below 50°C to avoid decomposition of
Ru3(CO)12. The obtained powders were treated at 300°C in
vacuum to desorb the carbonyl groups. For addition of the Cs+
promoter, Ru/MgO and Ru/CeO2 were immersed in an aqueous
solution of CsNO3 (Fujifilm-Wako) for a few hours followed
by drying. Finally, the catalysts were treated under H2 flow at
300°C. The catalyst powder was formed into granules using a
hydraulic press, and 600–800 m granules were sorted by

Fig. 2 Cross‐sectional view of electrochemical hydrogen‐
membrane reactor on a realistic scale. The thicknesses of the
elements of the membrane assembly are shown in the figure.
The top and bottom vessels were tightened together by screws
with an insulating layer.

sieving. The specific chemical state of Cs+ was difficult to
establish, since it could be present as CsOH, Cs2O, Cs2CO3, etc.
under changing atmospheric conditions, and thus we express it
as Cs+.
A 100 m thick Pd–Ag foil (Nilaco Co.) containing 25%
Ag on a molar basis was cut to form a disk of 24 mm diameter.
CsH2PO4 was obtained by the mixing of appropriate
concentrations and amounts of aqueous solutions of Cs2CO3
(Fujifilm-Wako) and H3PO4 (Fujifilm-Wako). The mixed
aqueous solution was dried at 120°C to obtain CsH2PO4. SiP2O7
was obtained by the kneading of H3PO4 and SiO2 (SigmaAldrich). The viscous slurry was calcined at 200°C for 3 h and
500°C for 3 h. CsH2PO4 and SiP2O7 were mixed with a mortar
in a 1:2 molar ratio. The CsH2PO4/SiP2O7 powders were
pressed into a disk of 20 mm diameter and 2 mm thickness by a
hydraulic machine.
Pt paste (Tanaka Kikinzoku Kogyo K.K.) was spread on
carbon paper (Toray, TGP-H-120H) with a diameter of 20 mm
at a density of ca. 3 mg-Pt cm-2, and then dried at 300°C.
The Pd-Ag foil, CsH2PO4/SiP2O7 disk and Pt-coated carbon
paper were then placed on top of each other and hot-pressed at
3 MPa and 220°C by a hydraulic machine.
Materials characterization
Morphological observations were carried out using a JEOL
JEM-2100F transmission electron microscope (TEM) at
Kyushu University. The crystal structures of CsH2PO4 and
SiP2O7 were analysed by X-ray diffraction (XRD, Shimadzu,
XRD-6100).
For infrared spectroscopic measurements, the detailed
experimental setup is shown in ESI. Briefly, 100 mg of sample
catalysts were pressed into disks of 20 mm diameter by a
hydraulic press. The sample disk was placed in an infrared cell
made of quartz glass which was equipped with two CaF2
windows. The cell was connected to a closed circulation and
vacuum system made of glass which was evacuated by a
mechanical rotary pump with a liquid nitrogen-cooled trap.

Fig. 3 Illustration of gas system. The abbreviations are as
follows: mass flow controller (MFC), check valve (CV), plunger
pump (PP), evaporation chamber (EC), pressure gauge (PG),
back‐pressure regulating valve (BPR), 6‐way sampling valve (SV),
gas chromatograph with thermal conductivity detector (TCD‐
GC), and electroconductivity meter (ECM).
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Hydrogen‐membrane electrochemical reactor
The above materials were placed in a stainless-steel chamber.
An illustration of the reactor is shown in Fig. 2. The chamber
was made of stainless steel (SUS304) and could hold a
hydrogen-membrane/electrolyte/electrode assembly with an
effective diameter of 20 mm. The thickness of the catalyst layer
was ca. 1.5 mm and the amounts of 5 wt%-Ru/Cs+/MgO and
5 wt%-Ru/Cs+/CeO2 were ca. 130 and 260 mg cm-2,
respectively, due to the difference in densities of the support
materials.
There were two beneficial changes in the reactor from our
previous works.35,36 First, a sintered metal powder plate of
stainless steel with a thickness of 1 mm and a 100 μm pore size
was placed between the Pd–Ag foil and catalyst layer. Thus, the
Ru catalysts had little contact with the surface of the Pd–Ag foil.
The presence of this sintered metal powder plate could keep the
Pd–Ag foil flat without deformation after charging of hydrogen
in the Pd–Ag foil during operation. Second, the
CsH2PO4/SiP2O7 disk and Pt-coated carbon paper were
mechanically pressed into the Pd–Ag foil using a coil spring.
Previously, only carbon felt was packed in the excess space. It
was found that the mechanical strength was important for
maintaining the stacking structure without any gaps and
hollows at the interfaces. In our previous paper, the reactor was
stably operated at a current density lower than 3.2 mA cm-2, but
this could be increased three-fold in the present work.

in all cases as shown in our previous papers.35,36 Thus, the rate
of NH3 formation could be estimated from the slope against
time. It should be noted that no NH3 was detected without Ru
catalysts, indicating that NH3 was not formed from catalytic
reaction over the Pd-Ag membrane or decomposition of cell
materials such as sealing components or contaminations of
inner wall. Although there are many reports for electrochemical
synthesis of NH3 using Pd and Pd-Ag electrode around 500°C
as summarized in a liturture,29 the present Pd-Ag membrane
surface was found to be inactive for the NH3 formation at
~250°C. The rate of NH3 formation using the electrochemical
hydrogen-membrane reactor with a current density of
3.2 mA cm-2, a cathode gas of N2 of 1 cm3STP min-1, and an
anode gas of Ar of 10 cm3STP min-1 with H2O of 4 Lliquid min-1 at several temperatures over the range 200-250°C
was examined for 5 wt%-Ru/Cs+/CeO2 (Cs/Ru = 1 mol),
5 wt%-Ru/Cs+/MgO (Cs/Ru = 1 mol), and 5 wt%-Ru/CeO2, and
the results are shown in Arrhenius plots in Fig. 4. The
thermodynamic limitation of the chemical equilibrium between
N2+H2 and NH3, where partial pressures of N2 and H2 were
estimated from the flow rate of N2 and current density,
respectively, is shown as a dashed line. The physical
parameters for the estimation of equilibrium are reported in our
previous paper36, which are referred from a textbook in
chemical engineering.27 The parameters of ΔrG°, ΔrH°, and
specific heat, Cp are also shown in ESI.26,27 The partial pressure
of H2 corresponding to the formation of H2 by 3.2 mA cm-2 and
that of N2 corresponding to 1 cm3STP min-1 were used with the

Gas flow system
The gas system is displayed in Fig. 3. The gas flows on the
cathode and anode sides were controlled by mass flow
controllers. N2 and Ar gases were flowed in the cathode and
anode side, respectively. For pretreatment, a total N2+3H2 flow
of 28 cm3STP min-1 was introduced to the cathode side to reduce
the Ru catalysts. H2 was connected to the cathode side. The
STP value indicates the volume converted to the standardtemperature-pressure (STP) condition of 0°C and 101 kPa.
Liquid H2O was introduced into an evaporation chamber by a
plunger pump (Shimazu, LC-10AD). The NH3 electrochemical
reactor and evaporation chamber were placed in an oven to
avoid condensing H2O in the tubing. The exhaust lines from the
reactor were equipped with back-pressure regulating valves to
pressurize the reactor. The exhaust gas from the cathode side
was introduced in 25 mL of 1 mM H2SO4 using sintered glass
beads to obtain small bubbles. The electroconductivity of this
solution was continuously monitored to estimate the amount of
NH3. This exhaust gas could be sampled by a gas
chromatograph with a thermal conductivity detector (GL
Sciences, GC-3200) to estimate the concentration of H2.

Results and discussion
Rate of NH3 formation depending on temperature
The amount of synthesized NH3, as estimated from the change
in electroconductivity of 1 mM H2SO4 which absorbed the
exhaust of the cathode gas, increased linearly with elapsed time

Fig. 4 Arrhenius plots of rate of NH3 formation for the
electrochemical synthesis at a current density of 3.2 mA cm‐2
and ambient pressure using 5 wt%‐Ru/Cs+/CeO2 (Cs/Ru =
1 mol), 5 wt%‐Ru/Cs+/MgO (Cs/Ru = 1 mol), and
5 wt%‐Ru/CeO2. The electrochemical hydrogen‐membrane
reactor was operated with cathode gas of N2 of 1 cm3STP min‐1,
and anode gas of Ar of 10 cm3STP min‐1, with H2O of
4 μL‐liquid min‐1.
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total pressure of 0.1 MPa for the calculation.
Ru/Cs+/CeO2 showed the highest rate of NH3 formation
among these catalysts. It should be noted that the weight of
Ru/Cs+/CeO2 (260 mg cm-2) was almost twice that of
Ru/Cs+/MgO (130 mg cm-2) due to the difference in densities.
Thus, the specific catalytic activity of Ru/Cs+/CeO2 per weight
was considered to be comparable to that of Ru/Cs+/MgO. Nonpromoted Ru/CeO2 showed the lowest rate of NH3 formation.
In the case of Ru/Cs+/CeO2 and Ru/Cs+/MgO, the rate of NH3
formation was close to that estimated from the chemical
equilibrium in the range of 240-250°C, indicating that the rate
of NH3 formation was critically limited by the chemical
equilibrium. In other words, under thermodynamically
favourable conditions such as low temperatures and high
pressures, the present electrochemical hydrogen-membrane
reactor was expected to generate a greater amount of NH3. In
another aspect, the NH3 formation close to the chemical
equilibrium is due to the use of excess amount of Ru catalysts
against the production of electrolyzed H2. The H2 production
for 3.2 mA cm-2 can be converted to 0.071 cm3STP min-1, so that
the residence time of H2 was remarkably longer than that for
conventional NH3 synthesis from N2 and H2. Therefore, even at
remarkably lower temperature at 250°C than the Haber-Bosch
process, the NH3 formation was close to thermodynamic
limitation. In the case of Ru/CeO2, the rate of NH3 formation
was clearly lower than the thermodynamic limitation, since
there was less catalytic activity.
The apparent activation energies for Ru/Cs+/CeO2,
Ru/Cs+/MgO, and Ru/CeO2 were estimated from these plots as
36, 31, and 36 kJ mol-1, respectively. It is known that Ru
catalysts have apparent activation energies for NH3 synthesis in
the range of 80-150 kJ mol-1, and the apparent activation
energies for the present electrochemical hydrogen-membrane
reactor were clearly smaller than those. There was no
significant difference in the apparent activation energies among
these catalysts. We considered that the small apparent
activation energy in the present system was due to the low
partial pressure of H2 in the catalyst layer. The H2 production
for 3.2 mA cm-2 can be converted to 17 nmol s-1 cm-2, as

divided by the Faraday constant, while the N2 flow of
1 cm3STP min-1 corresponds to 240 nmol s-1 cm-2. The H2/N2
ratio was thus 0.071, which is 42 times smaller than the
stoichiometry of 3. Ru catalysts have been generally known to
be poisoned by the presence of H2, i.e., hydrogen poisoning,
whereby the presence of H2 strongly suppresses the activation
of N2 molecules on the Ru sites, which is the rate-determining
step in NH3 synthesis.5-7,47 The small H2 partial pressure in the
present electrochemical hydrogen-membrane reactor might be
due to the small partial pressure of H2.
Some typical values of rates of NH3 and H2 formation and
their current efficiencies are listed in Table 1. The current
efficiency can be expressed as follows.
3
2

96485
96485

100
100

where CENH3 and CEH2 are the current efficiencies for NH3 and
H2 formation in %, respectively, and rNH3 and rH2 are the rates
of NH3 and H2 formations in mol s-1 cm-2, respectively. The
variable j expresses the current density in A cm-2, and 96485 is
the Faraday constant in C mol-1. The attainment of equilibrium
was also estimated from the ratio of the rate of NH3 formation
against the theoretical thermodynamic equilibrium. The current
efficiency of NH3 is equivalent to the conversion of H2 to NH3
in the catalyst layer in the case of the present electrochemical
hydrogen-membrane reactor. The sum of CENH3 and CEH2 was
almost equal to 100%, indicating the current was used for either
NH3 or H2 formation. The small deviation from 100% was due

Table 1 Rates of NH3 and H2 formation, current efficiencies, and
attainment of equilibrium (AE) for NH3 synthesis using the
electrochemical hydrogen‐membrane reactor at 3.2 mA cm‐2
and ambient pressure.

Catalyst

Rate
NH3
H2
nmol s‐1 cm‐2

Efficiency
NH3
H2
%

250
200
250
200
250

0.55
0.43
0.40
0.20
0.50

15.7
15.1
16.4
15.2
14.1

5.0
3.9
3.6
1.8
4.5

95
91
99
92
85

77
22
56
10
70

200

0.33

11.6

3.0

70

17

Temp.
˚C

Ru/Cs+/CeO2
Ru/CeO2
Ru/Cs+/MgO

AE
%

Fig. 5 Arrhenius plots of rate of NH3 formation from mixture
gas of N2 + 3 H2 at ambient pressure for 5 wt%‐Ru/Cs+/CeO2
(Cs/Ru = 1 mol), 5 wt%‐Ru/Cs+/MgO (Cs/Ru = 1 mol),
5 wt%‐Ru/CeO2, and 5 wt%‐Ru/CeO2. The flows of N2 and H2
were supplied at 7 and 21 cm3STP min‐1, respectively.
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to experimental error in gas leakage from the reactor to outside,
and cross leakage of H2 or O2 through the electrolyte. This
deviation was remarkable at lower temperature. As shown in
the following section, this deviation became larger for elevated
pressure condition. From these facts, leakage through the
electrolyte (holes or cracks) or leakage through the sealing
materials was considered to be main origin of this deviation.
The electrolyte and sealing materials were speculated to soften
at higher temperature resulting in the suppression of leakage.
The accuracy of the gas chromatograph was speculated to be in
a few percent, which was considered to be smaller effect in this
deviation. At 250°C, the attainment of equilibrium was reached
at 77% for Ru/Cs+/CeO2 and the rate of NH3 formation was
found to be mostly limited by the equilibrium.
In the present electrochemical hydrogen-membrane reactor,
NH3 can be produced from the flow of the N2+3H2 mixture
without electrolysis. The rates of NH3 formation at the flows of
N2 and H2 of 7.0 and 21 cm3STP min-1 at 200-250°C were
confirmed as shown in Fig. 5. The reactor is completely same
to that for the electrochemical synthesis of NH3, but the voltage
was not supplied and the N2+3H2 mixture was flowed in
cathode side instead of pure N2. The flow of the N2+3H2
mixture was incomparably higher than that obtained by
electrolysis. Thus, the equilibrium limit was much higher than
the rates of NH3 formation, which was out of range in Fig. 5.
The NH3 synthesis rates from the N2+3H2 mixture were in the
order of Ru/Cs+/MgO, Ru/Cs+/CeO2, Ru/CeO2, and Ru/MgO.
Ru/MgO was significantly less active, and thus it is not shown
in Fig. 4. The apparent activation energies were estimated as
131, 129, and 125 kJ mol-1 for Ru/Cs+/MgO, Ru/Cs+/CeO2, and
Ru/CeO2, respectively, and these values were four times higher
than those for the electrolysis shown in Fig. 4. The apparent
activation energies for Ru/MgO could not be estimated due to
the small rate of NH3 formation below 240°C, but was similar
to the others. In this way, the electrochemical hydrogenmembrane reactor was found to have a characteristic
temperature dependence in the rate of NH3 formation.
The difference in the apparent activation energy between
electrochemical NH3 synthesis from N2 and H2O and catalytic
NH3 synthesis from N2 and H2 were not found to be dependent
on the catalysts or the kinds of supports or presence of
promoters of the alkali metal compounds. This means these
properties are essential for the electrochemical hydrogenmembrane reactor and independent from the nature of the
catalysts.

For all three Ru catalysts, the maximum rate of NH3
formation was obtained for a N2 flow rate around 0.51 cm3STP min-1. Because the rate of NH3 formation at 250°C is
limited by the thermodynamic equilibrium as shown in Fig. 4,
the increase in the rate of NH3 formation from 10 to
1 cm3STP min-1 of N2 flow was reasonably understood. The
decrease of the N2 flow led to a H2/N2 ratio close to the
stoichiometric value of 3, which increased the limit of the
thermodynamic equilibrium. The thermodynamic limitation
dependence on the H2/N2 ratio was shown in our previous paper
and a H2/N2 ratio of 3 gives, theoretically, the highest NH3
formation.
At 1 cm3STP min-1 of N2 flow, the H2/N2 ratio was 0.071, 42
times smaller than the stoichiometric value of 3. The
thermodynamic equilibrium limit of NH3 formation depending
on the H2/N2 ratio was shown in our previous paper.36 It was
expected theoretically that the decrease of the N2 flow would
still cause an increase in the rate of NH3 formation. However,
the rate of NH3 formation decreased with decreasing N2 flow
below 0.5-1 cm3STP min-1. In our previous paper, we proposed
that the decrease in the rate of NH3 formation with decreasing
N2 flow was due to increasing H2 content resulting in hydrogen
poisoning. For Ru catalysts, the reaction order of rates of NH3
synthesis for partial pressure of H2 is typically a negative
number even H2 is one of reactants, and this nature is called
hydrogen poisoning.5,47 The degree of hydrogen poisoning had
been expected to depend on the type of Ru catalysts. However,
there was no significant difference in the decrease in the rate of
NH3 formation with decreasing N2 flow for these three catalysts.
The fact that the decrease in the rate of NH3 formation with
decreasing N2 flow below 1 cm3STP min-1 did not follow the

Rate of NH3 formation depending on N2 flow
As described in our previous paper, the dependence of the rate
of NH3 formation on the flow rate of N2 in the cathode gas
provides essential information on the kinetics of NH3 formation
using the electrochemical hydrogen-membrane reactor. The
dependence of the rate of NH3 formation on the flow rate was
examined for 5 wt%-Ru/Cs+/CeO2 (Cs/Ru = 1 mol),
5 wt%-Ru/Cs+/MgO (Cs/Ru = 1 mol), and 5 wt%-Ru/CeO2 at
250°C and ambient pressure, as shown in Fig. 6.

Fig. 6 Dependence of rate of NH3 formation on the N2 flow rate
for the electrochemical synthesis at a current density of
3.2 mA cm‐2 and ambient pressure using 5 wt%‐Ru/Cs+/CeO2
(Cs/Ru = 1 mol), 5 wt%‐Ru/Cs+/MgO (Cs/Ru = 1 mol), and
5 wt%‐Ru/CeO2. The electrochemical hydrogen‐membrane
reactor was operated at 250 ˚C with cathode gas of N2 of stated
flow rates, and anode gas of Ar of 10 cm3STP min‐1, with H2O of
4 μL‐liquid min‐1.
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thermodynamic equilibrium limit indicated that these catalysts
had poor activity under H2-rich conditions.
Rate of NH3 formation at elevated pressure
As described above, the rate of NH3 formation was limited by
the thermodynamic equilibrium. To increase the rate of NH3
formation, the electrochemical hydrogen-membrane reactor was
operated at elevated pressure. Fig. 7 shows the rate of NH3
formation upon elevating pressure. Note that the pressures of
the cathode and anode sides were independently regulated by
the respective backpressure valves, but both pressures were
controlled such that they were balanced at the same pressure.
The pressure is expressed as an absolute pressure, e.g., 0.1 MPa
is ambient pressure.
With increasing pressure, the rate of NH3 formation for
Ru/Cs+/MgO increased, following the thermodynamic
equilibrium limit. However, the increase in the rate of NH3
formation with increasing pressure was not significant for
Ru/Cs+/CeO2 or Ru/CeO2. Under the present condition,
Ru/Cs+/MgO had the best activity. It has been known that
Ru/Cs+/MgO does not increase the rate of NH3 formation at
higher pressures due to hydrogen poisoning. In some cases, Ru
catalysts supported by rare earth oxides show higher activity in
the high-pressure region since they are less prone to hydrogen
poisoning. In the present case, the H2/N2 ratio was kept at 0.07
to obtain the highest rate of NH3 formation, and the small
hydrogen content was considered to result in the enhanced rate
of NH3 formation at high pressure for Ru/Cs+/MgO.
Ru/Cs+/CeO2 was found to have a higher rate of NH3 formation

Table 2 Rates of NH3 and H2 formation, current efficiencies, and
attainment of equilibrium (AE) for NH3 synthesis at 250 ˚C using
the electrochemical hydrogen‐membrane reactor at
3.2 mA cm‐2 and elevated pressure. These data were obtained
from Fig. 7.

Catalyst
Ru/Cs+/CeO2
Ru/CeO2
Ru/Cs+/MgO

Pressure
MPa
0.1
0.5
0.1
0.5
0.1
0.5

Rate
NH3
H2
nmol s‐1 cm‐2
0.50 15.2
1.2
10.1
0.48 16.2
0.74 14.6
0.54 16.6
1.7

11.9

Efficiency
NH3
H2
%
4.5
92
12
61
4.3
97
6.7
89
4.9
95
15

72

AE
%
71
46
61
28
77
65

than Ru/Cs+/MgO as shown in Fig. 4, but this catalyst was not
suitable for the elevated pressure conditions.
Some typical values of rates of NH3 and H2 formation and
their current efficiencies with elevated pressure are listed in
Table 2. For Ru/Cs+/MgO at 0.5 MPa, the current efficiency for
NH3 formation was 15%, and the attainment of equilibrium was
65%. The current efficiency increased with increasing pressure
as supported by the thermodynamic equilibrium. The
attainment of equilibrium was, however, slightly decreased
with increasing pressure, indicating that the catalytic activity
became insufficient in the higher-pressure region. However,
Fig. 7 and Table 2 clearly indicate the possibility of NH3
synthesis with higher efficiency when the reactor is operated at
higher pressure. It should be noted that the total of the current
efficiencies of NH3 and H2 was significantly smaller than 100%
at higher pressure. It was possible that gas leakage from the
reactor to outside, and cross leakage of H2 or O2 through the
electrolyte, were increased at high pressure.
Rate of NH3 formation at higher current density

Fig. 7 Rate of NH3 formation with elevated pressure at a current
density of 3.2 mA cm‐2 using 5 wt%‐Ru/Cs+/CeO2 (Cs/Ru =
1 mol),
5 wt%‐Ru/Cs+/MgO
(Cs/Ru
=
1 mol),
and
5 wt%‐Ru/CeO2. The current efficiency for NH3 formation is
shown in the vertical scale on the right‐hand side. The
electrochemical hydrogen‐membrane reactor was operated at
250 ˚C with cathode gas of N2 of 1 cm3STP min‐1, and anode gas
of Ar of 10 cm3STP min‐1, with H2O of 4 μL‐liquid min‐1.

Our previous paper showed that the cell voltage of the present
electrochemical
hydrogen-membrane
reactor
obviously
increased after 10 h under the constant-current operation at
10 mA cm-2. As mentioned in the experimental section, the
reactor in this work was modified to obtain a tightened
membrane-electrolyte-electrode assembly by pressurization.
The generation of clearance gaps at the interface between the
hydrogen-membrane and electrolyte was speculated to be the
reason for the degradation, and the appropriate pressurization
was found to improve the stability. The practical lifetime of the
reactor was remarkably prolonged in the present work. The
time profiles of the cell voltage for various current densities are
shown in Fig. 8. At 30 mA cm-2, the cell voltage increased after
several hours due to the degradation, while the cell voltage was
stable below 20 mA cm-2 for 20 h. Therefore, the NH3 synthesis
in the region from 3.2 to 30 mA cm-2 was examined next.
Fig. 9 shows the rates of NH3 formation and their current
efficiencies at 0.7 MPa with increasing current density. With
increasing current density, the rate of NH3 formation
monotonically increased, and a rate of NH3 formation of
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12.4 nmol s-1 cm-2 with a current efficiency of 12% was
obtained at 30 mA cm-2. The rate of 12.4 nmol s-1 cm-2 can be
converted to 44.6 mol h-1 cm-2 and 759 g h-1 cm-2 in other
units. At that time, the attainment of equilibrium was estimated
as 41%, which was smaller than that at 3.2 mA cm-2. The
current efficiency for NH3 formation decreased with increasing
current density. From these observations, it was concluded that
the catalysts in the present electrochemical hydrogenmembrane reactor had sufficient activity to almost achieve
thermodynamic equilibrium in the lower current density region,
especially at lower pressure. However, with increasing current
density and pressure, where the rate of NH3 formation increases,
the activity of the catalysts becomes insufficient.
It should be emphasized that in this work, it was considered
that the obtained rates of NH3 formation followed the behaviour
of thermodynamic equilibrium. Thus, the detection and analysis
of NH3 in this work should be accurate. Recently, many studies
have been performed on the electrochemical synthesis of NH3
especially at low temperature, and the difficulty of making
accurate measurements of synthesized NH3 is a point of
contention.33 For measurements of small amounts of NH3, the
suppression effect of ambient NH3 and verification using
isotopically labelled nitrogen (15N2) have been strongly
suggested for absolute measurements.33 However, in the present
work, the maximum rate of NH3 formation is 12.4 nmol s-1 cm-2
(44.6 mol h-1 cm-2), which is 140 mol h-1 for the total output
of the present reactor with the area of 3.14 cm2. For example,
the typical rates of NH3 formation for modern types of NH3
catalysts have been reported as 13.4 mmol h-1 g-1 (0.1 MPa,
350°C)49 for Ru/La0.5Ce0.5O1.75 and 2.12 mmol h-1 g-1 (0.1 MPa,
400°C)51 for Ru/C12A7:e-. Therefore, the amount of NH3
formation in this work is similar to that for typical catalytic

NH3 synthesis from N2+3H2 with 0.1 g of catalysts at 0.1 MPa,
confirming that there is no serious problem with the detection
and measurement of NH3.
Photographs of the present reactor and for the confirmation
of NH3 formation are shown in Fig. 10. The exhaust gas from
the cathode side of the electrochemical hydrogen-membrane
reactor (Fig. 10A) was bubbled into pure water with a drop of
phenolphthalein ethanol solution as a pH indicator (Fig. 10B).
The water with phenolphthalein initially had no colour, but
changed to fuchsia within a few minutes as shown in Fig. 10B.
This was evidence that the neutralization of 1 mM H2SO4 by
synthesized NH3 as monitored with an electroconductivity
meter was suitable for the estimation of the amount of NH3.

Fig. 8 Time courses of cell voltage for the operation with
constant current at various current densities. The
electrochemical hydrogen‐membrane reactor was operated with
5 wt%‐Ru/Cs+/MgO (Cs/Ru = 1 mol) at 250 ˚C and 0.1 MPa with
cathode gas of N2 of 1 cm3STP min‐1, and anode gas of Ar of
10 cm3STP min‐1, with H2O of 4 μL‐liquid min‐1.

Fig. 9 Rate of NH3 formation with increasing current density at
0.7 MPa using 5 wt%‐Ru/Cs+/MgO (Cs/Ru = 1 mol). The
electrochemical hydrogen‐membrane reactor was operated at
250 ˚C with a cathode gas of N2 while maintaining the H2/N2
ratio at 0.071, and an anode gas of Ar of 10 cm3STP min‐1, with
H2O of 4 μL‐liquid min‐1.

Further discussion on the NH3 synthesis in the present reactor
It should be noted that N2 molecules are catalytically
activated on Ru sites without any application of an electrode
potential in the present electrochemical hydrogen-membrane
reactor. This means that the N2 molecules are not
electrochemically reduced but reduced by H2 or H produced by
electrolysis
of
water.
Only
protons
are
reduced
electrochemically and these are supplied to the Ru sites through
the gas phase as H2 and/or migration on the catalytic surfaces.
In a precise sense, because N2 molecules are not
electrochemically reduced directly on the electrode, the
electrochemical hydrogen-membrane reactor does not perform
direct electrochemical synthesis of NH3. The overall reaction
scheme of this system is:
N2 + 3 H2O  2 NH3 + 3/2 O2
The overall endo/exothermic heat and change in Gibbs energy,
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which dictates the equilibrium electrode potentials of the
cathode and anode, are equivalent to the pure electrochemical
synthesis of NH3 with direct electrochemical reduction of N2.
The total heat and change in Gibbs energy for the chemical
reaction depend only on the difference in the initial and final
states of the reaction, not on the pathway. In the present
electrochemical hydrogen-membrane reactor, the partial
pressure of H2 for NH3 synthesis is kept lower than that for H2
production in water electrolysis. Thus, the theoretical cell
voltage and heat release in the present electrochemical
hydrogen-membrane reactor is theoretically as same as that for
electrochemical NH3 synthesis with direct electrochemical
reduction of N2. However, the difference in theoretical voltage
between electrochemical NH3 synthesis and water electrolysis
is considerably small, and this difference could not be detected
experimentally. This indicates that the most advantage of
present electrochemical hydrogen-membrane reactor is a simple
single devise for NH3 synthesis from N2 and H2O which is
thermally balanced.
The electrochemical hydrogen-membrane reactor provides a
unique reaction field for NH3 synthesis. Another feature of the
electrochemical hydrogen-membrane reactor is a countercurrent reactor in the catalyst layer. Furthermore, as discussed
following paragraphs, the target of present development is NH3
production higher than H2 production using one pass reactor
without recycling of unreacted gases. Thus, it seems that
catalyst design different from the conventional NH3 synthesis
such as Haber-Bosch process is required. In facts, as shown in
Fig. 7, the rate of NH3 formation draw away from the
equilibrium limit in the higher pressure region, indicating that
the present catalysts do not have enough activity for the reactor.

Fig. 10 Photographs of the exterior of the electrochemical
hydrogen‐membrane reactor (A) and bubbling of exhaust gas
from the cathode side into a phenolphthalein solution (B).

In addition, since the present system had the leakage especially
at high pressures, which resulted in the divergence of total
current efficiency from 100% as discussed in Table 2, the
sealing technique of the reactor and mechanical performance of
electrolytes need to be improved.
There are essentially two reaction pathways in the present
electrochemical hydrogen-membrane reactor as shown in
Fig. 11. The permeated H atoms in the Pd-Ag membrane are
located at the surface of the Pd-Ag membrane as adsorbed H
atoms. The adsorbed H atoms are desorbed from the surface of
the Pd-Ag as H2, and then adsorbed on the Ru particles with N2
to form NH3 as shown in (a) in Fig. 11. Another pathway is that
adsorbed H atoms spill over onto the support surfaces to reach
the Ru surfaces as shown in (b) in Fig. 11. Although both
pathways were possible in our previous reactor,35,36 the spillover pathway is less likely in the present reactor because the
sintered metal powder plate between the Ru catalysts and the
Pd-Ag foil prevented contact between them. If the spill-over
pathway is artificially fabricated with a catalyst layer design
with appropriate surface properties, the present electrochemical
hydrogen-membrane reactor represents a novel reaction system.
In this mechanism, selectivity for the desorption rates of NH3
against that of H2 can be controlled by the reaction rate kinetics
but are not limited by the thermodynamic equilibrium. This is
regarded as a fundamental challenge and aspiration in the future
development of the present electrochemical hydrogenmembrane reactor.
The theoretical thermodynamic equilibrium of N2, H2, and
NH3 was calculated as shown in Fig. 12, where the equilibria at
temperatures between 200 and 250°C and pressure up to 1 MPa
are plotted. The thermodynamic parameters used in this
calculation are shown in ESI. At 200°C and 1 MPa, the
formation of 60% of NH3 and 40% of H2 was theoretically
expected from the thermodynamics. This value was considered
to be the target for further development of the present
electrochemical hydrogen-membrane reactor on a laboratory

Fig. 11 Reaction mechanisms of NH3 synthesis in the present
electrochemical hydrogen‐membrane reactor. Pathway (a) is
the more likely mechanism, while the creation of pathway (b)
is the object of further investigations.
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scale. For practical utilization, 90% or higher formation of NH3
is required, and it is reasonably considered that a pressure
higher than 1 MPa is needed for practical synthesis of NH3.
Currently, electrolysis of water has reached a H2 pressure as
high as 35 MPa or more,54,55 and it is does not seem impossible
to achieve higher pressure operation for electrolysis. To
improve the present electrochemical hydrogen-membrane
reactor, development of active catalyst materials that operate
under conditions close to equilibrium, along with optimization
of the structure of the catalyst layer with counter-current flow
of N2 and H2, are key issues.
Another challenge is the development of electrolytes. Only
phosphate-based electrolytes such as CsH2PO4/SiP2O7 are
useful as solid electrolytes in the temperature range of 200250°C. However, the mechanical strength of these electrolytes
is clearly poorer than that for solid oxide and polymer
electrolytes. The stability of the electrochemical cell strongly
depended on the quality of CsH2PO4/SiP2O7 in our experiments
and the survey of stable and rigid electrolytes at 200-250°C is
an important issue.
In this work, we have achieved operation at 0.7 MPa, 250°C,
and 30 mA cm-2, and obtained a NH3 formation rate of
12 nmol s-1 cm-2 and a current efficiency of 12%. The
attainment of equilibrium was 41% at this condition. These
values were remarkably improved from our previous papers;36
however, more improvement might be required for the practical
operation of the present electrochemical hydrogen-membrane
reactor.
Characterization of catalysts

spectroscopy are presented briefly in this section.
TEM images of 5 wt%-Ru/Cs+/MgO (Cs/Ru = 1 mol),
5 wt%-Ru/MgO, 5 wt%-Ru/Cs+/CeO2 (Cs/Ru = 1 mol), and
5 wt%-Ru/CeO2 are shown in Fig. 13. For Ru/MgO, it is clearly
seen that Ru particles with sizes of a few or several nanometres
are uniformly dispersed on cubic-like MgO particles with sizes
of 30-50 nm. For Ru/Cs+/MgO, it was found that the cubicshaped MgO particles were somewhat changed in shape and
some Ru particles were aggregated to form large particles. The
Cs+ was loaded on Ru/MgO by immersing Ru/MgO into CsNO3
aqueous solution and drying. This process was considered to
change the shape of MgO and should be modified to produce
finely dispersed Ru particles. For CeO2-supported Ru catalysts,
CeO2 seemed to consist of about 10 nm particles. However, Ru
particles could not be observed because of their similar atomic
weight. It was speculated that Ru particles were supported on
CeO2 as reported in other literature.
Infrared spectra of adsorbed N2 molecules on Ru catalysts
were investigated as shown in Fig. 14. For Ru/MgO, the N≡N
stretching vibration of adsorbed N2 on the metallic Ru sites was
observed at 2139 cm-1 with a shoulder at 2030 cm-1. This
spectral shape was the same as that reported in our previous
work.47,53 It should be noted that our previous work included
15N isotope experiments and the assignment of this peak to the
2
N ≡ N stretching vibration was not in doubt.53,56 The
appearance of a shoulder was considered to be due to the
presence of Ru sites strongly interacting with MgO, which is an
electronegative material. For Ru/CeO2, the peak was observed
at 2164 cm-1, which was slightly higher than that for Ru/MgO.
With the addition of Cs+ promoters to Ru/MgO and Ru/CeO2,

As discussed above, the activity of the catalysts was the most
important key to obtaining a rate of NH3 formation close to the
thermodynamic equilibrium. A detailed study on the Ru
catalysts for the electrochemical hydrogen-membrane reactor at
200-250°C will appear in a forthcoming paper. The TEM
images and analysis of adsorbed N2 on Ru sites by infrared

Fig. 12 Thermodynamic equilibrium of N2 + 3 H2  2 NH3
based on conversion of H2 in the 200‐250 ˚C region.

Fig. 13 TEM images of 5 wt%‐Ru/Cs+/CeO2 (Cs/Ru = 1 mol),
5 wt%‐Ru/Cs+/MgO (Cs/Ru = 1 mol), 5 wt%‐Ru/CeO2, and
5 wt%‐Ru/CeO2.
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previous papers.47,48,53 However, the frequency of adsorbed N2
for Ru/CeO2 was 25 cm-1 higher than that for Ru/MgO,
although Ru/CeO2 had a much higher rate of NH3 formation
than Ru/MgO as shown in Fig. 5. This result contradicts our
previous papers.47,48,53 It was speculated that a small amount of
undetectable adsorbed N2 was present on Ru/CeO2, which
might play a key role in the NH3 synthesis. Ogura et al.
reported a weak and broad absorption peak due to adsorbed N2
molecules on Ru sites in Ru/La0.5Ce0.5O1.75 with a low
frequency of 1844 cm-1. In the case of Ru/CeO2, similar Ru
sites may be present, but the infrared absorption measurements
may have missed them in the present experiments because the
level might be below the detection limits.

Conclusions

Fig. 14 Absorbance infrared spectra of adsorbed N2 molecules
on Ru sites at 15 kPa of N2 and 30 ˚C for 5 wt%‐Ru/Cs+/MgO
(Cs/Ru = 1 mol), 5 wt%‐Ru/MgO, 5 wt%‐Ru/Cs+/CeO2 (Cs/Ru =
1 mol), and 5 wt%‐Ru/CeO2. The vertical axis of each spectrum
is magnified by the stated value; for example, the absorbance
for the peak of adsorbed N2 on Ru/MgO is about ten times
higher than that on Ru/CeO2. The catalysts were pretreated in
30 kPa of H2 at 500 ˚C followed by evacuation at the same
temperature in the infrared cell. N2 gas was introduced after
cooling the cell to 30 ˚C.

NH3 synthesis from N2 and H2O by electrical power using an
electrochemical hydrogen-membrane reactor at 200-250 ˚C was
investigated with 5 wt%-Ru/Cs+/MgO (Cs/Ru = 1 mol),
5 wt%-Ru/Cs+/CeO2 (Cs/Ru = 1 mol), and 5 wt%-Ru/CeO2
catalysts under various pressure conditions. The maximum rate
of NH3 formation was obtained with Ru/Cs+/MgO of
12.4 nmol s-1 cm-2 (759 g h-1 cm-2) at 0.7 MPa, 250°C, and
30 mA cm-2. From the dependence of the rate of NH3 formation
on the flow rate of N2, the rate of NH3 formation was found to
be limited by hydrogen poisoning. Thus, the optimum flow rate
of N2 was far from stoichiometry. Elevating the pressure
enhanced the rate of NH3 formation especially on Ru/Cs+/MgO.
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Ammonia synthesis from nitrogen and water at intermediate temperatures and
elevated pressures by using an electrochemical hydrogen‐membrane reactor with
supported Ru catalysts and phosphate electrolytes.

Kanako Imamura and Jun Kubota

A novel electrochemical hydrogen‐membrane reactor system was examined to
synthesize NH3 from N2 and H2O by electrical power, which enables the conversion of
redundant electricity to ammonia as a chemical fuel.
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