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Energy Materials Group at St Andrews 
•  Prof.	John	Irvine	–Well	known	in	SOFC	research	

•  Leads	established	group	with	long		track	record	of	new	material	
synthesis	and	characterisaDon	

•  Strengthening	capabiliDes	in	process	development	–	beEer	transfer	
and	integraDon	of	new	materials	into	real	world	

•  Current	group	size	~45	people	

•  Main	area	of	research	oxide	materials	for	fuel	electrodes	
•  Robust	SOFC	
•  SOEC	
•  Reversible	SOFC	
•  also	Li	baEery,	catalysis,	solar	collecDon	
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Solid Oxide Device Operation 
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Images courtesy of Versa Power Systems  

•  Operate	at	high	
temperatures	

•  high	ef/iciency	
•  no	combustion	
•  no	gas	mixing	

•  fuel	tolerant	
•  can	be	
hydrocarbon	
fuelled	

•  can	be	used	as	
input	or	output	of	
CO2	stream	
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SOFC	–	pure	gas	stream	
•  Produces	pure	CO2	stream	from	HC	fuels	
– as	the	air	and	fuel	kept	separate	
•  all	N2	on	air	side	

– only	CO2	and	unused	fuel	
•  and	H2O	
•  pure,	undiluted	CO2	stream	

– Good	feed	stock	to	CCS	
– higher	efficiency	
•  less	CO2/kWh	

– Scale?	
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Direct	Carbon	Fuel	Cell	(DCFC)	
•  Hybrid	MCFC	and	
SOFC	

•  Solid	carbon	fuel	
– produces	electricity	
– and	CO2	

– carbon	from	biomass	
•  or	coal	

– High	energy	density	
– High	efficiency	
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DCFC	
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DCFC	-	CO2	out	
•  Produces	pure	CO2	stream	
– as	the	air	and	fuel	kept	separate	
•  waste	N2	on	air	side	

– only	CO2	and	CO	
•  pure,	undiluted	CO2	stream	

– Good	feed	stock	to	CCS	
–  large	CO2/kWh	
•  biomass?	

– Scale?	
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Electrolysis	-	CO2	in	
•  Fuel	cells	reversible	
•  feed	in	electricity	
– get	out	fuel	

•  High	temperature	
advantage	
– heat	supply	can	replace	
electrical	energy	

– convert	heat	to	fuel	
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a significant interest during the past years.5–7 Hydrogen is a
clean fuel, generating only H2O during combustion, provided
that it is produced from water using renewable energy. In fact,
hydrogen is not a primary energy source and H2 is very rare in
nature. As a result, H2 production usually requires splitting
H-containing compounds with energy. Currently, most of the
H2 is produced by steam reforming of fossil fuels at temper-
atures usually higher than 500 1C. Due to the presence of sulfur
in hydrocarbons a pre-desulfurization process is required to
avoid the poisoning of the catalysts.3,8 Considering the influ-
ence on the environment, this conventional way of producing
H2 is neither sustainable nor eco-friendly, since fossil fuels are
not renewable sources and CO2 is emitted during this process
contributing to global warming. Photoelectrolysis is being
considered as a cheap and sustainable method for H2 produc-
tion. In addition to the needed post separation of H2 and O2,
the main drawback of this technique is now limited by its low
efficiency8 that requires very large surfaces for any economically
viable generation plant.

Nowadays, it is important to develop a technology for
producing H2 with high efficiency and low impact on the
environment. Electrolysis cells based on fuel cell technology9,10

provides a solution in which H2 is produced from water and O2

is the only by-product, according to the following equation:

H2O - H2 + 1
2O2 (1.1)

Although proton-exchange membrane (PEM) electrolysis
cells, which split water molecules to produce H2 and O2 with
electricity at low temperatures (70 to 80 1C), are already com-
mercially available, the solid oxide electrolysis cells (SOECs)

working at high temperatures could be more favorable for
H2-production due to the following reasons. First, it is thermo-
dynamically advantageous for electrolysis cells operating at
high temperatures.11 The total energy demand (DH) of eqn (1.1)
can be expressed as: DH = DG + TDS, where DG is the electrical
energy demand and TDS is the heat energy demand. Fig. 1 shows
thermodynamic data of steam electrolysis at a steam pressure
of 1 atm. The total energy demand (DH) of the reaction drops
considerably above 100 1C, when water shifts from the liquid to
gas phase, then it remains almost constant. The electrical
energy demand (DG) drops significantly with the compensation
of thermal energy (TDS). Therefore, SOECs working at high
temperatures can lead to reduced cost for hydrogen production
with less consumption of electricity, also considering that the
required heat energy can be provided from external sources,
such as from waste heat from high-temperature industries. In
contrast, since PEM electrolysis cells usually operate below
100 1C, a large amount of electricity is demanded for electro-
lysis.12 Second, PEM electrolysis cells use PEM fuel cell tech-
nology, inheriting both its advantages and disadvantages such
as high capital costs. Noble metals are used in PEM cells as
catalysts, resulting in electrode poison problems in the fuel cell
mode and also leading to high costs. The cost could be even
larger in PEM electrolysis cells as the carbon catalyst carrier
tends to be oxidized at the oxygen electrode in the electrolysis
operating mode. Therefore, PEM electrolysis cells could be
more appropriate for small-scale hydrogen production and
specific purpose applications.13

SOECs which are solid oxide fuel cells (SOFCs) running
in a reversible mode10 allow high temperature electrolysis
for producing hydrogen, benefiting from the reduced electri-
city demand and avoiding the use of noble metals as electrode
catalysts. SOECs can serve as tools for storing electrical energy
and heat energy as chemical energy (H2) from various renew-
able sources for trying to solve the intermittent nature of,

Fig. 1 Electric, thermal and total energy demand for H2O electrolysis as a
function of temperature, showing the electric energy demand decreasing
considerably which is compensated by the thermal energy with increasing
working temperatures.
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CO2 → CO + ½ O2 
also H2O → H2 + ½ O2 

plus many other side reactions 

8% Yttria stabilized 
Zirconia (YSZ) 

O2- 

O2- 

Air 

Air 

CO2 

CO2+ CO 

Anode current 
collector 

Cathode current 
collector 

CO2	Electrolysis	

Endothermic	

Needs	
•  pure	concentrated	CO2	stream	
•  different	catalysts	to	H2	producDon	
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CO2 electrolysis catalysts	
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•  Requirements	for	
cathode	material:	
– High	electronic	and	
ionic	conducDvity	

– Good	catalyDc	acDvity	
–  Resistance		to	carbon		
deposiDon	

– work	in	both	reducing	
and	oxidising	
atmospheres	
•  no	need	to	add	H2	or	CO	
•  good	performance	in	
either	

GDC impregnated LSCM/YSZ 
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Other	SOEC	configuraDons	
•  Proton	conducDng	electrolytes	
•  direct	CH4	producDon	
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cathode materials, (La,Sr)(Fe,Co)O3–Gd doped ceria (GDC) cathode in
proton conducting electrolyser, CMF–LSFM has an improved catalytic
activity for CO2 electro-conversion with a smaller overpotential loss.

2. Experimental

Ce0.6Mn0.3Fe0.1O2 and La0.6Sr0.4Fe0.9Mn0.1O3 mixed oxides were
prepared using the conventional solid-state reaction method
described in detail previously [18]. The powders were mixed
under acetone in an agate mortar to form a composite oxide anode
consisting of 12.5 wt.% Ce(Mn, Fe)O2 and 87.5 wt.% La(Sr)Fe(Mn)O3.
BaCe0.7Zr0.1Y0.1Yb0.06Zn0.04O3 − δ (BCZYYZ) powder was synthesized
by a modified glycine-nitrate combustion method. Ba(NO3)2 (98.0%,
Sigma-Aldrich Co. LLC, UK), Ce(NO3)3·6H2O(99.0%, Sigma-Aldrich Co.
LLC, UK), ZrO(NO3)2·χH2O, Y(NO3)3·6H2O (99.0%, Sigma-Aldrich Co.
LLC, UK), and Zn(NO3)2·6H2O(98.0%, Sigma-Aldrich Co. LLC, UK) were
added in the corresponding ratios into distilled water containing an
appropriate amount of citric acid (4:1 to metal ions) in a beaker under
stirring until a transparent and homogeneous solution was obtained.
The solution was evaporated on the hotplate and resulting powder
was calcined at 1000 °C for crystallisation. The BCZYYZ electrolyte sup-
port was prepared by dry-pressing powder into a circular green body
followed by a high-temperature sintering in air at 1450 °C for 6 h and
mechanical polishing until 2 cmdiameter and 400 μmthickness electro-
lyte supports were obtained. The faces of the BCZYYZ electrolyte disk
were coated with the corresponding electrode powder by screen-
printing, and then electrodes were sintered at 1100 °C for 30 min. To
compare with conventional La0.6Sr0.4Fe0.8Co0.2O3 (LSCF)–Gd doped
ceria (GDC) commercial cathode, the CMF–LSFM coating layer (b5 μm
thickness) was just added on top of the same LSCF–GDC cathode in an-
other single cell, Ni–Fe|BCZYYZ|LSCF–GDC|CMF-LSF. Ni–Fe (9:1) alloy
powder was used for anode, coated using screen printing. To minimize
changing the geometric factor from adding CMF–LSFM layer by screen
printing, coating layer was prepared as thin (b5 μm) as possible. A
gold spot electrode prepared using commercial Au paste was used
as the reference electrode and was placed on the cathode side. We
connected gold lead wire to the reference electrode.

To evaluate electrochemical properties, I–V curves and impedance
were measured with four silver leads with silver mesh as the electrode
current collector. In order to perform electrochemical testing in fuel cell
mode, humidified H2 was supplied into the Ni–Fe electrode while the
cathode side was exposed to air as an oxidant gas. After fuel cell mode
test, 3 vol.% H2O/H2 and 100% CO2 were supplied into the anode
and cathode while external loading was also applied to perform the
electrochemical test for CO2 reduction. AC impedance spectroscopy
was recorded using an IM6 Electrochemical Workstation (Zahner,

Germany) with frequency ranged from 0.1 Hz to 100 kHz with ampli-
tude of 10 mV.

3. Results and discussion

Fig. 2 shows the microstructure of the CMF–LSFM catalyst layer on
top of the LSCF–GDC cathode layer togetherwith the BCZYYZ electrolyte
support after electrochemical measurement. The adherence of the
electrolyte, cathode and functional catalyst layers is very good and no
delamination is observed even after the cell test. In addition, there
was no evidence for carbon deposition in cathode side during CO2 re-
duction. It is well known that a coke deposited resulted from CO2/CO
gas utilisation would appear as filament-like structures, leading to
catalyst deactivation. The absence of these structures suggests carbon
tolerance of the CMF–LSFM in CO2 atmosphere, expected from previous
reports on the CMF–LSFM composite SOFC anode [17].

To verify the influence of CMF–LSFM upon the catalytic activity of
the LSCF–GDC cathode layer, electrochemical tests were performed on
cells comprising Ni:Fe anode, BCZYYZ electrolyte (400 μm thick) and
LSCF–GDC cathode with and without the added CMF–LSFM functional
layer. Fig. 3 shows the current–power density (I–P) and current–voltage
(I–V) curves of the cell using the LSCF–GDC cathode and CMF–LSFM/
LSCF–GDC dual cathode cell configurations. The open circuit voltage
(OCV) in humidified H2 fuel were close to the value predicted by the
Nernst equation, 1.061, 1.088, and 1.112 V at 800, 700, and 600 °C,
respectively, for the cells having LSCF–GDC cathode. On the other
hand, the OCV of the cell with added CMF-LSFM catalyst layer on the
LSCF–GDC cathode was slightly lower than that of the cell using
only LSCF–GDC cathode, 1.02, 1.066 and 1.102 V at 800, 700, and
600 °C, respectively. According to previous literature for BaCeO3 proton
conductor, partial oxygen conduction would clearly occur at high tem-
perature (N700 °C) and high oxygen partial pressure [19]. However,
the BCZYYZ electrolyte supporting cells were exposed to both high
oxygen condition (oxidant electrode) and lower oxygen condition
(fuel electrode) in real fuel cell operation mode. Thus, OCV value
would bemore realistic information to check partial oxygen conduction
in proton electrolyte during operation rather than theoretical proton
transport number. Obviously, all of OCV values are over 1 V, which
is closed to theoretical value within whole temperature range
(600–800 °C) and OCV of ca. 1.1 V was particularly recorded at
600 °C as shown in Fig. 3. It was observed that the introduction of
the CMF–LSFM functional layer on the cathode side almost doubled
the maximum power density value (MPD) as can be seen from
Fig. 3(a) and (b), suggesting that not only catalytic surface activity
would be improved by CMF–LSFM, but also the charge transfer is facil-
itated in the CMF–LSFM catalytic functional layer because of its mixed
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Fig. 1. a) Schematic diagram of CO2 reduction in proton conductor. b) Cell configuration using single cathode layer, LSCF + GDC and c) double cathode layers, LSCF + GDC|CMF + LSFM.
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As a matter of fact, Ni-based composite materials have been
recently investigated the most as hydrogen electrode materials
for proton-conducting SOECs, especially for cells based on electro-
lyte films. Ni–SrZr0.5Ce0.4Y0.1O3!d,

117 Ni–BaCe0.5Zr0.3Y0.2O3!d,
69 Ni–

BaCe0.5Zr0.3Y0.16Zn0.04O3!d,
90 and Ni–BaCe0.48Zr0.4Yb0.1Co0.02O3!d

(ref. 93) composite materials have been successfully used as
hydrogen electrodes for proton-conducting SOECs. Since the
hydrogen electrodes are used as the cell supports, relatively thick
electrode layers have to be fabricated. Therefore, the microstruc-
tures for the composite Ni-based hydrogen electrodes have to
be designed for allowing smooth diffusion of the produced H2.
As proposed for tailoring SOFC electrodes, graded electrode design
could be beneficial for both the H2 diffusion and electrochemical
reactions.103 A relatively dense but thin functional layer close to the
electrolyte, made of fine powders, can provide more pathways for
electrons and protons, while a thicker and more porous external
layer provides pathways for produced H2 diffusion. The application
of a functional hydrogen electrode layer has been reported for
oxygen-ion conducting SOECs, showing long-term stability,132 but
the research is still lacking for proton-conducting SOECs deserving
further studies to identify the optimal hydrogen electrode micro-
structures. Overall, it can be stated that the unique features of
proton-conducting electrolytes for SOECs make the optimization
of the hydrogen electrode microstructure already a very promising
approach to improve the performance, without the need for
finding novel electrode materials.

4. More than steam electrolysis
There are several applications other than H2 production that
can be deployed using proton-conducting electrolyzer cells.
Iwahara et al.133 have used a proton-conducting ceramic as a
solid electrolyte for electrochemical dehumidification, based
on steam electrolysis. Fig. 9 describes the operating principle of
electrochemical desiccation. Water vapor contained in the
humidified target gas is electrolyzed at the air electrode side
to form protons, which pass through the electrolyte layer reach-
ing the hydrogen electrode side and forming H2 gas. This device

is actually a kind of steam electrolysis cell, in which the water
content in the target gas is decreased during the electrolysis
process, thereby resulting in gas desiccation. In their study, a cell
made of a SrCe0.95Yb0.05O3!d proton-conducting electrolyte and
porous Pt as electrodes can dehumidify Ar gas with a small water
content (PH2O = 45 Pa) down to PH2O E 20 Pa, at 700 1C at an
applied current of 30 mA cm!2. An even drier gas can be
obtained at PH2O = 6.7 Pa with a larger applied current of
150 mA cm!2, indicating that even a small amount of water
content in the gas could be effectively removed by electrolysis
cells using a proton-conducting electrolyte.

Proton-conducting SOECs have also been tested for electroche-
mical reduction of CO2. In the report of Xie et al.,134 H2O and CO2

were fed separately to the air electrode and hydrogen electrode
chambers. In the electrolysis mode, protons were formed, passed
through a 60 mm thick BaCe0.5Zr0.3Y0.16Zn0.04O3!d electrolyte film,
and reacted with CO2. The reactions happening at the air electrode
and hydrogen electrode can be written as:

Air electrode: 2H2O - 4H+ + O2 + 4e! (4.1)

H2 - 2H+ + 2e! (4.2)

Hydrogen electrode: 2H+ + 2e! + CO2 - CO + H2O (4.3)

8H+ + 8e! + CO2 - CH4 + 2H2O (4.4)

In their study, CO2 was successfully reduced with a conversion
rate of 65%. The main product was CO (61%), with smaller
amounts of H2 (8%) and CH4 (1.2%), as well as unreacted CO2

(29%). The CO2 conversion rate was much higher than that in
the reverse gas water shift reaction, 37%, and also signifi-
cantly improved comparing with that for oxygen-ion SOECs,135

only 11.5%, suggesting that electrochemical reduction with
proton-conducting SOECs would be an effective method
for CO2 reduction. It is worth noting that CH4 was also
synthesized using the electrolysis process, with a better effi-
ciency than in the conventional Fischer–Tropsch synthesis for
CH4.134 The authors also suggested that lowering the opera-
tion temperature and utilizing higher current would improve
the CH4 yield. In addition, a very recent study showed that
a proper selection of electrode materials can further improve
the performance of CO2 and H2O co-electrolysis with proton-
conducting membranes.136 In fact, iron-based electrodes
showed a much improved performance than the copper
and nickel-based electrodes. Furthermore, addition of Pt into
the electrode can considerably improve the performance,
indicating the importance of searching proper electrode
materials for the application of CO2 reduction by proton-
conducting SOECs.

Proton-conducting SOECs also show a good performance in
NO reduction. NO is one of the most harmful compounds
emitted from internal combustion engines and its reduction
is becoming paramount for keeping the environment safe and
clean. Kobayashi et al.137 have found that a steam electrolysis
cell using a proton-conducting electrolyte can effectively reduce
NO. A stable SrZr0.9Yb0.1O3!d electrolyte was used because of

Fig. 9 Working principle of electrochemical dehumidification: the H2O
content in the gas can be electrolyzed with proton-conducting SOECs to
produce a dried gas.
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Other	SOEC	configuraDons	
•  Proton	conducDng	electrolytes	
•  electrochemical	de-humidificaDon	of	gas	
– waste	is	pure	H2	
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As a matter of fact, Ni-based composite materials have been
recently investigated the most as hydrogen electrode materials
for proton-conducting SOECs, especially for cells based on electro-
lyte films. Ni–SrZr0.5Ce0.4Y0.1O3!d,

117 Ni–BaCe0.5Zr0.3Y0.2O3!d,
69 Ni–

BaCe0.5Zr0.3Y0.16Zn0.04O3!d,
90 and Ni–BaCe0.48Zr0.4Yb0.1Co0.02O3!d

(ref. 93) composite materials have been successfully used as
hydrogen electrodes for proton-conducting SOECs. Since the
hydrogen electrodes are used as the cell supports, relatively thick
electrode layers have to be fabricated. Therefore, the microstruc-
tures for the composite Ni-based hydrogen electrodes have to
be designed for allowing smooth diffusion of the produced H2.
As proposed for tailoring SOFC electrodes, graded electrode design
could be beneficial for both the H2 diffusion and electrochemical
reactions.103 A relatively dense but thin functional layer close to the
electrolyte, made of fine powders, can provide more pathways for
electrons and protons, while a thicker and more porous external
layer provides pathways for produced H2 diffusion. The application
of a functional hydrogen electrode layer has been reported for
oxygen-ion conducting SOECs, showing long-term stability,132 but
the research is still lacking for proton-conducting SOECs deserving
further studies to identify the optimal hydrogen electrode micro-
structures. Overall, it can be stated that the unique features of
proton-conducting electrolytes for SOECs make the optimization
of the hydrogen electrode microstructure already a very promising
approach to improve the performance, without the need for
finding novel electrode materials.

4. More than steam electrolysis
There are several applications other than H2 production that
can be deployed using proton-conducting electrolyzer cells.
Iwahara et al.133 have used a proton-conducting ceramic as a
solid electrolyte for electrochemical dehumidification, based
on steam electrolysis. Fig. 9 describes the operating principle of
electrochemical desiccation. Water vapor contained in the
humidified target gas is electrolyzed at the air electrode side
to form protons, which pass through the electrolyte layer reach-
ing the hydrogen electrode side and forming H2 gas. This device

is actually a kind of steam electrolysis cell, in which the water
content in the target gas is decreased during the electrolysis
process, thereby resulting in gas desiccation. In their study, a cell
made of a SrCe0.95Yb0.05O3!d proton-conducting electrolyte and
porous Pt as electrodes can dehumidify Ar gas with a small water
content (PH2O = 45 Pa) down to PH2O E 20 Pa, at 700 1C at an
applied current of 30 mA cm!2. An even drier gas can be
obtained at PH2O = 6.7 Pa with a larger applied current of
150 mA cm!2, indicating that even a small amount of water
content in the gas could be effectively removed by electrolysis
cells using a proton-conducting electrolyte.

Proton-conducting SOECs have also been tested for electroche-
mical reduction of CO2. In the report of Xie et al.,134 H2O and CO2

were fed separately to the air electrode and hydrogen electrode
chambers. In the electrolysis mode, protons were formed, passed
through a 60 mm thick BaCe0.5Zr0.3Y0.16Zn0.04O3!d electrolyte film,
and reacted with CO2. The reactions happening at the air electrode
and hydrogen electrode can be written as:

Air electrode: 2H2O - 4H+ + O2 + 4e! (4.1)

H2 - 2H+ + 2e! (4.2)

Hydrogen electrode: 2H+ + 2e! + CO2 - CO + H2O (4.3)

8H+ + 8e! + CO2 - CH4 + 2H2O (4.4)

In their study, CO2 was successfully reduced with a conversion
rate of 65%. The main product was CO (61%), with smaller
amounts of H2 (8%) and CH4 (1.2%), as well as unreacted CO2

(29%). The CO2 conversion rate was much higher than that in
the reverse gas water shift reaction, 37%, and also signifi-
cantly improved comparing with that for oxygen-ion SOECs,135

only 11.5%, suggesting that electrochemical reduction with
proton-conducting SOECs would be an effective method
for CO2 reduction. It is worth noting that CH4 was also
synthesized using the electrolysis process, with a better effi-
ciency than in the conventional Fischer–Tropsch synthesis for
CH4.134 The authors also suggested that lowering the opera-
tion temperature and utilizing higher current would improve
the CH4 yield. In addition, a very recent study showed that
a proper selection of electrode materials can further improve
the performance of CO2 and H2O co-electrolysis with proton-
conducting membranes.136 In fact, iron-based electrodes
showed a much improved performance than the copper
and nickel-based electrodes. Furthermore, addition of Pt into
the electrode can considerably improve the performance,
indicating the importance of searching proper electrode
materials for the application of CO2 reduction by proton-
conducting SOECs.

Proton-conducting SOECs also show a good performance in
NO reduction. NO is one of the most harmful compounds
emitted from internal combustion engines and its reduction
is becoming paramount for keeping the environment safe and
clean. Kobayashi et al.137 have found that a steam electrolysis
cell using a proton-conducting electrolyte can effectively reduce
NO. A stable SrZr0.9Yb0.1O3!d electrolyte was used because of

Fig. 9 Working principle of electrochemical dehumidification: the H2O
content in the gas can be electrolyzed with proton-conducting SOECs to
produce a dried gas.
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CO2	SOEC	
•  Works	well	
– can	form	syn	gas	or	even	CH4	

– proven	in	the	lab,	good	perfomance	

•  Ideally	on	non-electrical	CO2	
– e.g.	Cement	or	steel	manufacture,	pure	heat	
system	

– no	point	energeDcally	to	do	for	power	staDon	
•  beEer	generate	from	renewable	source	
•  displace	generaDon	and	store	the	unused	methane	

Carbon	Capture	and	U.lisa.on			22/2/2017	 13	



H21	Leeds	City	Gate	
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InteresDng	
use	of	CCS	
	
Make	Leeds	a	
hydrogen	
powered	
town	
	
Fuel	cell	
based	CHP	
	
Clean	enough	
H2	for	PEM?	



Conclusion	
•  SOFC	
– high	efficiency	and	fuel	flexibility	
– can	be	used	as	a	high	purity	source	of	CO2	
•  no	N2	diluDon	

– Direct	Carbon	Fuel	Cell	
•  good	use	of	carbon	
•  even	more	CO2	produced	

– problems	with	scale	for	CCS	
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Conclusion	
•  SOEC	of	CO2	

•  works	for	both	proton	and	oxide	fuel	cells	
•  high	temperature	lowers	electrical	demand	

–  use	of	external	heat	source	
•  converts	to	syn	gas	or	CH4	
•  needs	development	of	catalysts	

•  not	sensible	for	use	with	power	staDons	
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