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Abstract A new type of oxide–salt composite electrolyte,
yttrium doped ceria YDC–Ca3(PO4)2–K3PO4, was
developed and demonstrated for its promising use for
ammonia synthesis. Using this composite electrolyte,
ammonia was synthesized from nitrogen and natural gas
at atmospheric pressure in the solid-state proton con-
ducting cell reactor, and the optimal condition for
ammonia production was determined . The evolved rate
of ammonia is up to 6.95·10�9 mol s�1 cm�2.
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Introduction

In recent years, various ceria–salt composites as the
electrolytes for intermediate temperature solid oxide fuel
cells (ITSOFCs, 400–800 �C) have been reported [1–5].
These ceria–salt composites, on one hand, could effec-
tively suppress electronic conduction and enhance the
material stability and on the other hand, could demon-
strate very high ionic conductivity. These materials are
of special interest because of their potential applications
as electrolytes in solid oxide fuel cells, hydrogen sensors
and synthesis of ammonia electrochemically at inter-
mediate temperature.

Ammonia synthesis from nitrogen and hydrogen, at
atmospheric pressure using solid-state proton conduc-
tors as the electrolytes, has been investigated in elec-
trochemistry [6–11]. However, there are many problems
associated with using H2 as the source: (1) Most H2 is

produced from fossil fuels and there is a significant
penalty in overall efficiency of the process due to the
reforming steps; (2) H2 is difficult to store; and (3) H2 is
potentially dangerous and requires special safety con-
siderations. Previously, direct use of natural gas in fuel
cells has been reported [12]. Although the chemical
composition of natural gas varies according to the
source, the principal component is methane. Recently,
the electrochemical conversion of methane has been gi-
ven more and more attention [13–15]. However, syn-
thesis of ammonia with the use of solid-state proton
conductors from natural gas and nitrogen has not been
reported. In this paper, we have developed a new doped
ceria–Ca3(PO4)2–K3PO4 composite electrolyte, using
this composite electrolyte, ammonia was synthesized
from natural gas and nitrogen at atmospheric pressure
in the solid-state proton conducting cell reactor. The
research breakthrough in ammonia synthesis from nat-
ural gas has important significance, because natural gas
can offer many advantages in comparison to hydrogen.
For example, it is relatively abundant and widely
available around the world. The optimal condition for
ammonia production was determined. The rate of evo-
lution of ammonia is up to 6.95·10�9 mol s�1 cm�2.

Preparation and characterization

YDC–Ca3(PO4)2–K3PO4 composite

Step 1. Nano-structured ion doped ceria, yttrium
doped ceria (YDC, Ce0.8Y0.2O1.9) was prepared through
sol–gel method. Rare earth oxide Y2O3 (analytical
reagent) in stoichiometric amount was first converted
into its nitrate by dissolving in concentrated nitric acid.
Calculated amount of (NH4)2Ce(NO3)6(A.R.)aqua-
solution was added to the nitrate solution. Subsequently,
solid citric acid was added to the solution, resulting in a
mole ratio of citric acid: metal = 2:1. The solution was
then slowly evaporated on a water bath until a
viscous liquid was obtained. This sol was placed in a
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constant-temperature drying oven till a solid mass was
obtained. Afterwards, the solid mass was calcined in an
electric oven for 5 h to form ultra-fine powders. The
calcined powders were ground completely for use.

Step 2. Yttrium doped ceria and Ca3(PO4)2, K3PO4

powders were prepared by mixing the YDC and phos-
phates according to the weight ratio of 80 wt% YDC:
20 wt% binary phosphates. A composition of binary
phosphates was used 60 wt% Ca3(PO4)2: 40 wt%
K3PO4. The mixtures of the YDC and binary phos-
phates were ground and pressed into pellets with about
30 MPa, then sintered in air at 1,400 �C for 10 h to
prepare ceramic samples.

Characterization

The morphology was observed by scanning electron
microscopy (SEM) and transmission electron micros-
copy (TEM). A single fluorite-type phase was confirmed
by X-ray diffraction (XRD).

Application of the ceramic as electrolyte in the
synthesis of ammonia at atmospheric pressure

The equipment used in this study (Fig. 1) and the
experimental conditions were described in Ref. [9].
Ammonia was synthesized in the outlet gas using the
cell:

natural gas;Ag� PdjsamplejAg� Pd;N2

NH3 was adsorbed by 10 ml of dilute sulfuric acid
with an initial pH of 3.48. In addition, the concentration
of NH4

+ in the absorption solution was analyzed by
using the Nessler’s reagent and spectrophotometry [16].

Results and discussion

The analysis of XRD pattern

Figure 2 shows the X-ray diffraction pattern of the
composite electrolyte YDC–Ca3(PO4)2–K3PO4. For

comparison, the XRD pattern of a single YDC sample
was also shown. It can be seen that no peak for crystalline
salt phase appears in this pattern, which means the
introduction of the phosphates does not change the YDC
phase structure. In this case, the Ca3(PO4)2–K3PO4 may
be assumed to exist as an amorphous phase co-existing
with the YDC and very likely to cover on the YDC par-
ticles because during the heat treatment the Ca3 (PO4)2–
K3PO4 can be melted and coated on the YDC particles.
On the other hand, there are no new XRD patterns ob-
served for the YDC–Ca3(PO4)2–K3PO4, which means
there is neither a chemical reaction nor any intermediate
compound between the YDC and the Ca3(PO4)2AK3PO4

materials/phases [2, 5].

SEM and TEM analyses

Figure 3 shows the TEM image of the YDC powders
calcined at 600 �C for 5 h. The average particle size was

Fig. 1 Diagram of the
equipment for ammonia
synthesis

Fig. 2 XRD Patterns of YDC and YDC–Ca3(PO4)2–K3PO4 at
1,400 �C
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about 50–60 nm and the particles were of spherical
shape with good homogeneity and good dispersion.

The composite electrolyte ceramic was examined
using SEM for microstructure. Figure 4 shows the SEM
morphology of ceramic sample. It is seen that the surface
layers of ceramic sample are made of a number of
lamellae. This may be due to the fact that the phosphates
in the YDC–Ca3(PO4)2–K3PO4 composite melts at
1,400 �C and spreads on the surface of the YDC
particles, then solidifies as the process of temperature
drops. In addition, some ball-shaped particles may be
identified as the YDC particles [3, 5].

Electrochemical studies

In this paper, we investigated the ionic conductivity of
the YDC and the YDC composite electrolytes in the
temperature range 500–800 �C. Figure. 5 shows tem-
perature dependence of the conductivity of the YDC and
the YDC composite electrolyte in natural gas/nitrogen.
It is seen that the YDC composite electrolyte has dem-
onstrated higher conductivity in comparison to the YDC
electrolyte. At present, the detailed mechanism of the
oxygen ion and proton conduction in this new composite
material is still not clear, such as how the conductivity is
enhanced once the two conducting solid phases are in-
volved in the material, especially, the YDC already has a
high defect concentration within its structure; what is the
nature of the interfaces, thus the conducting mechanism,
between the two conducting phases of the ceria and
salts. All these and other related questions are still
open [1].

Synthesis of ammonia at atmospheric pressure
with the new composite electrolyte

First, the effect of potential on the rate of ammonia
formation was tested at 650 �C. Figure. 6 shows the
results. It can be seen that the rate of ammonia
formation increased by increasing the potential im-
posed on the cell, which confirmed that in the solid
electrolyte cell reactors the ionic flux was not con-
trolled by the hydrogen concentration gradient but
rather by the imposed potential. We so can also see
that the increasing tendency was swift at a lower po-
tential and became gentle after 1.0 V. It was con-
cluded in this paper that 1.0 V was the optimum
potential for synthesizing ammonia.

Fig. 5 Arrhenius plots of conductivity in YDC and YDC–
Ca3(PO4)2–K3PO4

Fig. 3 TEM image of Ce0.8Y0.2O1.9(YDC) powders calcined at
600 �C

Fig. 4 SEM image of YDC–Ca3(PO4)2–K3PO4 sintered at 1,400 �C
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Then, upon imposing a constant potential (U=1.0 V)
through the cell for a transient period of 10 min, when
Nessler’s reagent was added to the adsorption solution,
a stable yellow color appeared immediately, which
confirmed that NH4

+ was present in the adsorption
solution and had a reaction with the Nessler’s reagent.

The concentration of NH4
+ in the adsorption solution

was measured at different operating temperatures by
spectrophotometry. The rate of ammonia formation was
calculated and was shown in Fig. 7. The rate of
ammonia formation of the sample reached the maxi-
mum at 650 �C. Therefore, 650 �C was used as the
optimum temperature in our experiments. This can be
explained by the theory that the rate of ammonia for-
mation depends not only on the capability of proton
conduction and flow rate of natural gas and N2, but also
on the rate of NH3 decomposition [11]. Increasing
temperature increases conductivity and at the same time,
the rate of NH3 decomposition also increases. This
explains the peak in the curve of the rate of NH3 for-
mation as a function of temperature.

Although the chemical composition of natural gas
varies according to the source, the principal component
is methane, and the remainder is small amounts of low
molecular weight hydrocarbons. Table 1 shows the
compositions of natural gas used in our experiment.

Firstly, a depigmentation test was conducted by
bubbling the tail gas. It was found that the tail gas can
depigment Br2 and KMnO4 solution, which confirmed
that alkene was present in the tail gas. At the same time,
the hydrocarbon reaction products of the tail gas were
analyzed using gas chromatography. Table 2 shows the
results. According to the results, the possible mechanism
of ammonia synthesis with the use of solid-state proton
conductors from natural gas and nitrogen was explored.
A model process that uses solid- state proton conductor
from natural gas to generate hydrogen has previously
been proposed [13–15]. According to the model process,
the possible mechanism of ammonia synthesis is as
follows:

2CH4 ! C2H6 þH2 ð1Þ

2CH4 ! C2H4 þ 2H2 ð2Þ

C2H6 ! C2H4 þH2 ð3Þ

Fig. 6 Effect of the potential to the rate of NH3 at 650 �C

Fig. 7 Dependence of the ammonia production rate on the
temperature

Table 1 Gas chromatography analysis of natural gas

Component Natural gas/%

CH4 96.45672
C2H6 3.41842
C3H8 0.12504

Table 2 Gas chromatography analysis of the tail gas

Component Tail gas/%

CH4 95.59143
C2H6 3.71469
C2H4 0.18019
C3H8 0.51369
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Gaseous H2 passing over the anode of the proton-
conducting cell reactor will be converted to H+:

3H2 ! 6Hþ þ 6e� ð4Þ

The protons (H+) are transported through the solid
electrolyte to the cathode where the half-cell reaction

N2 þ 6Hþ þ 6e� ! 2NH3 ð5Þ

takes place.
The principal schematic diagram of ammonia syn-

thesis with the use of solid-state proton conductors from
natural gas and nitrogen is as follows:

From Fig. 8, it can be seen that methane or ethane
can be converted to hydrogen with the use of the
YDC–Ca3(PO4)2–K3PO4 proton-conducting ceramic,
and then ammonia was synthesized from nitrogen and
hydrogen.

Conclusion

A new type of oxide–salt composite electrolyte, YDC–
Ca3(PO4)2–K3PO4, was developed and used as the elec-
trolyte for the electrochemical synthesis of ammonia at
intermediate temperature. This composite electrolyte
exhibited much higher electrical conductivity than pure

YDC electrolyte, such that the composition of YDC and
phosphates salts successfully improved the electrical
conductivity at intermediate temperature range. Using
this composite electrolyte, ammonia was synthesized
from nitrogen and natural gas at atmospheric pressure.
The rate of evolution of ammonia is up to
6.95·10�9 mol s�1 cm�2.
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Fig. 8 Principle of the solid-state proton conducting cell reactor
using YDC–Ca3(PO4)2AK3PO4 proton-conducting ceramic
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