
Faraday Discussions
Cite this: Faraday Discuss., 2023, 243, 296

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
fe

br
ua

r 
20

23
. D

ow
nl

oa
de

d 
on

 0
5.

12
.2

02
5 

03
.4

7.
59

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Hydrogen ionic conductors and ammonia
conversions

John T. S. Irvine, *a Stephy Wilson,a Sujitra Amnuaypanich,ab

Gavin J. Irvine, a Maarten C. Verbraeken,a Kamil Nowicki a

and George M. Carinsa
Received 19th January 2023, Accepted 7th February 2023

DOI: 10.1039/d3fd00012e

Electrochemical and catalytic conversion to and from ammonia is strongly enhanced by

appropriate choice of hydrogen conducting electrolyte or substrate. Here we explore

both protonic and hydride ionic conductors in relation to ammonia conversions.

Protonic conductors tend to require too high a temperature to achieve sufficient

hydrogen flux for ammonia synthesis as thermal decomposition competes strongly.

Conversely protonic conductors are well suited to direct ammonia fuel cell use. Hydride

ions can be very mobile and are strongly reducing. Alkaline hydride lattices can exhibit

facile H and N mobility and exchange and offer a very promising basis for ammonia

conversion and synthesis.
Introduction

Ammonia has a critical role in present day society that is only likely to increase in
future years. Ammonia is a bulk chemical, with global ammonia production
capacity scheduled to increase from 240 to 300 MTonne pa between 2022 and
2027,1 it is used for fertiliser production – nitric acid, urea, ammonium sulphate
and phosphate, chemicals, manufacture for the plastics industry and refrigera-
tion. The fertilizer industry is by far the most important consumer of ammonia at
about 80% of global production. Recently, ammonia has been widely proposed as
a potential clean energy carrier.2 It is a highly effective hydrogen storage material,
containing 17.6% hydrogen by weight.

Ammonia is presently made by the Haber–Bosch process, which involves
multiple stages of reacting N2 and H2 at moderate temperature (300–550 °C) and
high pressure (100–300 bar) in the presence of a modied Fe based catalyst. The
traditional catalytic reactor has been intensively modied over the last 100 years.
Although thousands of tonnes per day of ammonia can be produced from this
traditional method with low production cost, there are still several drawbacks that
need to be resolved. The conventional Haber–Bosch process relies on fossil fuels
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such as natural gas and coal, with growing concerns over cost and security of
supply and especially the impact on climate due to the release of a large amount
of CO2. Globally the ammonia industry releases ∼0.7% of total CO2 emissions.
Synthesis of ammonia from renewable or low carbon electricity will signicantly
reduce CO2 emissions and offers a future low carbon energy vector.

Ammonia offers many advantages over hydrogen as storage for intermittent
renewable electricity. Ammonia which contains hydrogen at a density of 17.6% by
weight can be easily liqueed under 1 atm at −33 °C or 10 atm at 20 °C. The only
disadvantage is its toxicity compared to hydrogen; however, the leakage of
ammonia can be easily sensed by the human nose at concentrations as low as
5 ppm.2 Ammonia is also a particularly good fuel for high temperature solid oxide
fuel cells where it can be used directly with little or no pre-processing. Hydrogen
produced from ammonia cracking can also be used in transport applications,
offering much greater range without many of the issues associated with high
pressure gaseous hydrogen storage.
Ammonia synthesis

Ammonia is presently made by the Haber–Bosch process from fossil fuels. When
using natural gas as the hydrogen source using the steam reforming process,
several gas purication processes are required in order to avoid poisoning effects
caused by impurities such as CO, CO2 and H2S. Then the puried synthesis gas is
fed through the catalyst beds inside the ammonia converter. Several designs of
converter with different numbers of catalyst bed and gas ow patterns have been
employed. The produced ammonia is separated from the unconverted synthesis
gas by cooling and condensation. As the conversion achieved is less than 30% per
pass, a signicant amount of the unreacted gas is recycled by mixing with fresh
synthesis gas before returning to the reactor.3 All the aforementioned processes
result in high energy consumption of 9500 kW h ton−1 of ammonia produced.4

Thus, the conventional ammonia production plant requires several gas sepa-
ration units. Attempts to minimise the number of units contributes to the idea of
a catalytic membrane reactor. The catalytic membrane is a combination of cata-
lyst bed and gas separation membrane. A membrane reactor improves the
ammonia formation rate by product removal or the control of reactants concen-
tration. However, only a few catalytic membrane reactors for ammonia produc-
tion have been reported: Itoh et al.5,6 reported ammonia production in a catalytic
membrane reactor consisting of Ru catalysts loaded on a Ag–Pd hydrogen
permeable membrane.

Various types of electrochemical reactors have been applied to ammonia
synthesis, as classied by types of electrolyte – liquid electrolyte, molten salt,
composite membrane and solid electrolyte. Liquid electrolytes consist of ionic
salts dissolved in aqueous solutions, ionic liquids or organic solvents. The
advantage of a liquid electrolyte is that the reaction can be carried out at room
temperature. However, the presence of water in the electrolyte affects the
ammonia formation rate. The molten ionic salt is usually sensitive to the atmo-
sphere. This makes the molten salt electrolyte less practical for industrial use;
however, progress is being made. Licht et al. found a new high-surface-area nano
Fe2O3 electrode material that was capable of providing high NH3 generation rate
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 243, 296–306 | 297

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fd00012e


Faraday Discussions Paper
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 1
0 

fe
br

ua
r 

20
23

. D
ow

nl
oa

de
d 

on
 0

5.
12

.2
02

5 
03

.4
7.

59
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
from water or steam at 200 °C using the molten hydroxide (NaOH/KOH)
electrolyte.7

The solid electrolyte approach seems to have advantages over other types of
electrolytes. The membrane of the solid electrolyte is easy to handle and scalable.
The need to contain reactive liquids and control operating atmosphere is avoided.
Moreover, the solubility and the reaction of the produced ammonia in the liquid
phase electrolyte are eliminated. On the same basis as a membrane reactor,
a solid membrane electrolyte also works as a gas separator. Only reactive ions that
are involved in the reaction such as H+ or H− can transport through the solid
electrolyte. Whilst proton conducting electrolytes are well understood and have
been widely explored in ammonia electro-synthesis, hydride ions show consid-
erable potential for ammonia production, being highly reducing and much larger
than protons, hence more polarizable and mobile, Fig. 1. Further system devel-
opment is still required to deliver devices based upon hydride electrolytes that
might be applied to ammonia electrosynthesis; however, this family of materials
has already been applied successfully as catalysts in ammonia synthesis.8
Solid state electrochemical ammonia production

A solid-state electrocatalytic membrane reactor consists of a dense membrane
electrolyte, porous anode and porous cathode. An oxide ion conducting
membrane was rst utilised for ammonia synthesis by Skodra and Stoukides.9 A
ceramic membrane oxide ion conductor, YSZ, with Ru-based electrodes was
investigated. Unfortunately, the ammonia formation rate was quite low either
due to the poor electrical conductivity of the Ru-based electrode or due to the
presence of water vapour, causing a poisoning effect on the catalyst. The main
disadvantage of this oxide ion membrane reactor is the inconvenient stepwise
process for separating the ammonia produced out of the non-utilised steam.
This issue cannot be solved in the oxide ion membrane reactor, as water is
needed at the cathode in order to produce hydrogen with oxide ions being
transported to the anode. For proton conducting oxides, protons are transported
through the electrolyte without humidifying the produced ammonia, see sche-
matic in Fig. 2.

High temperature proton conducting materials have wide application in solid
oxide fuel cells, steam electrolysis and hydrogen separation.10–12 A good proton-
conducting material with high protonic transport number at high temperatures
is in high demand for practical application. Many perovskite oxides exhibit high
proton conductivity aer aliovalent doping and exposure to moisture.13 BaZrO3-
Fig. 1 Schematic of ionic and atomic radii. Showcasing the highly polarizable hydride ion
and its suitability for fast ion transport compared to the proton which is closely bound to
the lattice.
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Fig. 2 Schematic of ammonia synthesis at (a) H+ and (b) O2− ion conducting electrolytes.
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based proton conductors are stable with high bulk conductivity but their total
conductivity is usually low under normal sintering conditions.14 This could be
attributed to the refractory nature of zirconates with low grain-growth rates that
leads to a high grain boundary resistance.15 Although the sinterability of
BaZr0.8Y0.2O3−d can be improved signicantly by introducing ZnO as a sintering
aid at a temperature of 1325 °C, the total conductivity is oen still not satisfactory
even if the apparent grain boundary resistance is now negligible compared to the
bulk.16 On the other hand, BaCeO3-based perovskite oxides typically exhibit much
higher proton conductivity, yet have poor stability in the presence of CO2 and
H2O, an unavoidable atmosphere in the applications such as fuel cells and steam
electrolysers. Partially replacing cerium with zirconium in the perovskite struc-
ture has proved to improve stability and can avoid degradation. Therefore,
a balance between high proton conductivity, good sinterability and stability can
be realised by carefully manipulating the chemical compositions in the perovskite
structure. In a previous communication, we optimised a BaCeO3-based proton
conductor, BaCe0.5Zr0.3Y0.16Zn0.04O3−d (BCZYZ), that can be easily sintered at
1300 °C with high proton conductivity and good stability.16

Protons generated at the anode from any hydrogen source can pass through
the electrolyte and react with nitrogen at the cathode. The produced ammonia is
easily separated from gaseous nitrogen by a condensation unit. Hence, proton
conducting membrane reactors seem to be promising reactors for industrial
ammonia synthesis.

For ammonia synthesis, the gaseous hydrogen or water is fed into the anode
chamber where the gaseous nitrogen is owed into the cathode chamber. When
a current is imposed through the cell by the external power source, the protons
from the anode start pumping through the membrane to the cathode. Murakami
et al.17 suggested that the ammonia synthesis rate may not depend on only
electrolysis potential. Other factors such as catalytic activity of electrode material,
partial pressure of gaseous reactants, and temperature, are crucial parameters for
the kinetics of ammonia synthesis.18,19 At atmospheric pressure, the decomposi-
tion of ammonia begins at about 450–500 °C. With the presence of catalyst, the
decomposition starts at 300 °C and is nearly complete at 500–600 °C.20 The fact
that the proton conductivity of the electrolyte increases with temperature leads to
competition between the increase of H+

ux and the decrease in net NH3

formation rate due to thermal decomposition.
Typical operating temperatures of electrocatalytic ammonia synthesis via a cell

with proton conducting solid oxide electrolyte is around 400–700 °C governed by
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 243, 296–306 | 299
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the working temperature of the proton conductor electrolyte. A volcano-shape
dependence of ammonia formation rates on temperature is observed in most
cases. The formation rate of ammonia increases with temperature due to the
increase of the H+

ux, then the formation rate reaches the maximum value at
a certain temperature which varies between 450 and 650 °C depending on the
experimental setup, proton conductivity of electrolyte, type of catalyst and partial
pressure of the reactants. When the temperature is further increased, the
ammonia formation rate then turns downhill due to the decomposition of
ammonia becoming prominent. One of the highest formation rates of ammonia
of 8 × 10−9 mol−1 cm−2 was reported by Liu et al.21

Fig. 3 shows a proton conducting electrolysis cell for ammonia production,
based on barium cerium zirconate doped with yttrium and zinc, prepared by tape
casting and impregnation. Ni is impregnated at the anode side and Fe at the
cathode side, as in industrial ammonia synthesis. Ammonia production rate
follows current ow. A maximum ammonia production rate of 4 × 10−9 mol−1

cm−2 at 450 °C was observed with a faradaic efficiency for ammonia production of
2.5%,22 with balanced hydrogen. Clearly there is a compromise between proton
ux and ammonia decomposition, so the challenge is to reduce electrolyte
thickness and improve low temperature electrocatalysis to allow facile ammonia
production at lower temperatures.
Fig. 3 Electrochemical cell based upon protonic conducting electrolyte and electrode
skeletons with impregnated electrocatalysts (top), production of ammonia during V–I test
from this cell at 400 °C, 20 mV s−1 (bottom).
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Solid state electrochemical ammonia conversion

Whilst the above results highlight great challenges for electrochemical ammonia
production, they also suggest effective performance in direct ammonia fuel cell
mode. Recent results on proton conducting electrodes/electrolyte supports
applied to direct ammonia fuel cells23 have shown this with complete conversion
of ammonia. The performance of a tubular cell bundle with proton conductive
BaCe0.7Zr0.1Y0.16Zn0.04O3−d (BCZYZ) electrolyte, composite Ni/BaCe0.7Zr0.1Y0.16-

Zn0.04O3−d (Ni/BCZYZ) fuel electrode and La0.8Sr0.2Co0.5Fe0.5O3−d/BaCe0.7Zr0.1-
Y0.16Zn0.04O3−d LSCF/BCZYZ oxygen electrode has been investigated under pure
ammonia fuel. Single-cell testing with ∼36 cm2 electrode surface area was per-
formed in both NH3 and the corresponding H2/N2 mix at 650–750 °C in pure NH3

using I–V and EIS techniques. The single-cell generated up to 7.7 W power density
equal to 0.277 A cm−2 at 750 °C. Exhaust gases were analysed for conversion and
cracking of NH3 via gas chromatography both for OCV and under 10 A load
between 650 and 750 °C, showing almost no ammonia emission in this temper-
ature range, meaning that ammonia was almost entirely cracked to H2 and N2,
Fig. 4.
Fig. 4 The electrochemical performance of a tubular ammonia fuel cell produced by
extrusion of a NiO/BCZYZ support andmultistep co-firing process with dip-coated BCZYZ
electrolyte and LSCF/BCZYZ oxygen electrode. Upper plots compare ammonia and
equivalent hydrogen flows at 650 °C, and the lower plots show the influence of ammonia
flow. Plots show IV and EIS measurements with corresponding DRT analysis.
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Hydride ion conductors

The alkaline earth hydrides (AeH2, with Ae = Ca, Sr and Ba) are a family of
materials with potential in electrochemical and catalytic applications, including
ammonia production and utilisation, not least due to the highly reducing nature
of the hydride, H− ion. Their chemical simplicity may prove useful in under-
standing hydrogen mobility and exchange in a wider range of hydrogen storage
materials also. Whilst they show good thermal stability (decomposition at
temperatures >600 °C), they also show excellent reversibility, much better than
most candidate hydrogen storage materials.

In these studies, BaH2 (and similarly for Ca and Sr analogues) was prepared by
the reaction of barium metal (99%, Sigma-Aldrich) with hydrogen gas. All
manipulations were carried out in an argon lled glove box. The metal was cut
and loaded in a molybdenum crucible, then loaded into the home-made reactor.
The home-made reactor was made of stainless steel and has an inlet, outlet and
bypass to allow the passage of different gases. The sealed reactor was taken out of
the glove box and then transferred to a horizontal tube furnace. The reaction was
performed under a continuous ow of hydrogen gas (95% H2 in 5% Ar) at 700 °C
for 12 hours. As the barium metal is highly sensitive to moisture and air, the
hydrogen gas was passed through an oxygen trap before entering the reactor. The
resulting product was a crystalline sample of BaH2. A very small proportion of
a BaO impurity was observed in the powder X-ray diffraction (PXRD) pattern. The
orthorhombic Pnma structure of CaH2, BaH2 and SrH2 was rst studied and re-
ported by Zintl and Harder24 who described the metal ion arrangements as
slightly distorted hexagonal close packing. The structure of CaH2 was later
updated by Bergsma and Loopstra25 who determined the hydride/deuteride ion
positions through neutron diffraction on hydride and deuteride samples.
Andresen later modied the structure further still,26 with some modications to
the deuteride positions also using neutron diffraction. Peterson originally found
a body centred cubic structure for BaH2,27 and reported a phase change at 580 °C.
Bronger et al. later showed the structure to be the PbCl2 Pnma using neutron
diffraction, Fig. 5.28

The bulk conductivity of the CaH2 structure was found to reach 0.01 S cm−1 at
727 °C. SrH2 was also found to be in the same space group, with a conductivity of
0.01 S cm−1 attained at 557 °C.29 In a separate study, BaH2 was shown to have
Fig. 5 CaH2 Pnma orthorhombic structure.
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a high conductivity of 0.2 S cm−1 at 630 °C, with the BaH2 having undergone
a phase transition from orthorhombic Pnma to hexagonal P63/mmc between 500
and 610 °C. It was shown that the primary conducting species was ionic in nature
and likely to be the hydride ion from the sign and value of Nernst cell tests.30

Detailed studies have been performed utilising QENS to further conrm hydride
mobility.31 It is unusual for a fast ion conductor to have a structure based upon
a close-packed hexagonal lattice, important crystal chemical analogues such as
Li2S are also of interest.

There seems to be facile incorporation of nitrogen into these lattices with
hydrides, nitride hydrides imides and amides all having closely related lattices
especially in terms of the metal ion locations. Thermogravimetric analysis
conrms fast diffusion of different hydrogen isotopes and also nitrogen diffusion.
The uptake and exchange of molecular nitrogen seems fairly facile suggesting
clear opportunities for nitrogen activation. This is exemplied in thermal analysis
studies in different atmospheres.

Fig. 6 shows loss of hydrogen and nitrogen followed by hydrogen uptake
during thermal analysis cycling studies on a sample of mixed SrND/Sr2ND. In
these hydride type lattices the hydrogen and nitrogen exchanges tend to follow
certain patterns. When calcium or strontium hydrides are heated in nitrogen one
sees nitrogen uptake at around 450 °C associated with hydrogen loss, at 600 °C
further hydrogen is lost, with nitrogen and hydrogen loss at 730 °C. The
temperatures where nitrogen uptake is observed (400–600 °C), correlate closely
with those where facile hydrogen exchange is observed in isotopic studies.
Hydrides lose hydrogen upon heating at temperatures increasing from 600 to
780 °C as the hydrogen content of the atmosphere is increased. Nitrogen–
hydrogen compounds usually start to lose hydrogen at over 750 °C, without strong
atmosphere dependence.

Fig. 7a and b show the changes in conductivity in BaH2 at 400 and 600 °C aer
exposure to 3% nitrogen/10% hydrogen in balance with argon gas for 3 minutes,
conductivity was measured for approximately 30 minutes aer every nitrogen
dose. At 400 °C, the conductivity increases when the nitrogen gas is introduced.
This may be due to an exothermic reaction, which increases the temperature
Fig. 6 TGA/MS analysis of a SrND/Sr2ND sample performed in 5%H2/Ar showing mass 4,
14 and 28.
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Fig. 7 Change in BaH2 hydride ion conductivity after exposing to small doses of nitrogen
gas at (a) 400 °C and (b) 600 °C. Red dots show the point of nitrogen gas introduction.
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when reacting with nitrogen gas, and so causes the conductivity to increase. Aer
the nitrogen gas exposure, the conductivity then decreases. Fig. 7b shows that the
conductivity at 600 °C decreases by 0.04 S cm−1 when nitrogen gas is introduced,
unlike the reaction at 400 °C, it is endothermic.

Preliminary neutron diffraction studies on nitrogen uptake were also per-
formed on starting compositions of BaD2 and CaD2. The starting CaD2 Pnma
phase accepted low level nitrogen doping onto deuterium sites, with a secondary
phase, calcium nitride deuteride (Ca2ND, R�3m), following. A drop in sample
resistance in excess of one order of magnitude was observed during this experi-
ment. The barium sample, on the other hand, demonstrated a 1 order of
magnitude increase in resistance with some evidence for a change in carrier type
from hydride.

Conclusions

Hydrogen ion conductors have considerable potential for the conversion of
ammonia. Utilisation of ammonia in protonic solid oxide fuel cells has proven to
304 | Faraday Discuss., 2023, 243, 296–306 This journal is © The Royal Society of Chemistry 2023
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be highly successful; however, protonic oxides need to be developed as much
thinner membranes to be usable in ammonia production without excessive los-
ses. Hydride ion conductors are still difficult to apply due to fabrication and
reactivity problems; however they exhibit facile nitrogen and hydrogen ux which
is strongly enabling for ammonia production. Whilst nitride (N3−) and hydride
(H−) are important species, they can intermingle, resulting in imide (NH2−) or
even amide (NH2

−) with these oen existing as clusters within the lattice.32,33

There is a rather uid interchange of apparent formal oxidation states in these
nitrogen–hydrogen species during these changes that challenge conventional
assumptions and lead the way to new chemistry that can drive reactions such as
ammonia synthesis.
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