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Steam electrolysis is one of the most efficient approaches for producing green hydrogen. This method is based
on the application of solid oxide electrolysis cells (SOECs) fabricated from functional ceramic composites for
water splitting at high temperatures. Gadolinium doped ceria (GDC) is a promising electrolyte material for the
fabrication of SOECs. However, the effective sintering temperature for GDC composites is usually above 1250
°C, which makes it impossible to use conventional supporting materials like ferritic steel for stack fabrication.
In this work, for the first time, we have developed a lithium-bismuth-copper co-doped GDC composite
capable of sintering at ~750 °C. The physicochemical and electrochemical characteristics of the co-doped
GDC electrolyte were systematically analysed using thermogravimetric analysis (TG/DTA), Raman
spectroscopy, SEM/EDX, XRD, EIS, XPS and dilatometry analysis. The fabricated electrolyte pellets sintered at

Received 18th January 2023, 750 °C for 6 hours in an inert atmosphere (argon) showed high densification, obtaining 96.70% relative density.

Accepted 27th April 2023 Also, the electrical conductivity obtained for the synthesised composite Ceg712Gdo 178Li0.05Bin.05CU0.0101.801
(sintered at 950 °C for 6 h) was 29.6 mS cm ™ at 750 °C with activation energy as low as 0.13 eV. The result of

this study helps to understand better the properties of co-doped electrolyte materials for the fabrication of

DOI: 10.1039/d3me00011g

rsc.li/molecular-engineering more efficient steam electrolysers for environmentally-friendly hydrogen generation.

Design, System, Application

Gadolinium-doped ceria (GDC) is one of the most common types of polycrystalline solid-state electrolytes for the fabrication of solid-oxide electrolysers and
fuel cells operating at intermediate temperatures (500-700 °C). In this work, for the first time, we have developed a lithium-bismuth-copper co-doped GDC
composite (Ceg 12Gdo.178Lio.05Bio.05CU0.0101.801) capable of sintering at ~750 °C. Such a super-low sintering temperature with high ionic conductivity (29.6
mS em ™' measured at 750 °C) makes it possible to apply conventional ferritic stainless steel supporting materials for the fabrication of metal-supported
steam electrolysers. The physicochemical and electrochemical characteristics of the co-doped GDC electrolyte were systematically analysed using
thermogravimetric analysis (TG/DTA), Raman spectroscopy, SEM/EDX, XRD, EIS, XPS and dilatometry analysis. The fabricated electrolyte pellets sintered at
750 °C for 6 hours in an inert atmosphere (argon) showed high densification properties (96.70% relative density) and low activation energy (0.13 eV). The
result of this study helps to understand better the properties of co-doped electrolyte materials for the fabrication of more efficient steam electrolysers for
environmentally friendly hydrogen generation. Steam electrolysis is one of the most efficient approaches for producing green hydrogen.

Introduction (AEM), the SOEC system shows the highest hydrogen

production rate and system exergy efficiency.>® Due to

Solid oxide electrolysis cells (SOECs) are eco-friendly hydrogen
energy generation equipment that directly utilises electrical
energy to produce hydrogen and other chemical products with
high energy efficiency." Compared with proton-exchange
membrane electrolysers (PEM) and alkaline electrolysers

environmental concerns and supply limits associated with
fossil fuels, SOECs have recently gained considerable
attention on a global scale.* Over the past 10 to 15 years, the
SOEC technology has generated significant research and
advancement.” According to steam electrolysis current-
voltage curves, the initial performance of SOECs has improved
by more than a factor of 2.5 during the last 15 years.>” The
durability and degradation of SOECs also showed obvious
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progress.®? According to the estimation of Hauch's group, the
SOEC technology is now mature enough for industrial scale-
up, and this scale-up is currently proceeding quickly."

This journal is © The Royal Society of Chemistry and IChemE 2023
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SOECs are fabricated in various structural designs
(electrolyte-supported, ceramic electrode-supported and
metal-supported). Ceramic supports are applied in
electrolyte-supported cells and ceramic electrode-supported
cells. Metal-supported cells employ low-cost supporting
metals and alloys." Compared with other structural
designs, metal-supported cells show several advantages. The
basic idea of metal-supported cells is to support the
smallest ceramic electrode/electrolyte layers with durable,
low-cost metal layers made of stainless steel."" The
expensive ceramic electrochemically active layers are only as
thick as required for effective electrochemical operation,
lowering the cell fabrication cost and maintaining
robustness. Conventional cells face changes in the physical
and mechanical properties of the metal-ceramic composite
electrode caused by redox cycling, which highly decreases
the performance of cells.”* In contrast, the metal-supported
design offers more robust cell polarisation behaviour and
improves electrochemical performance.

However, the major challenge of metal-supported cells is
the sintering temperature of the electrolyte. Ceramic
electrolytes require a high sintering temperature (>1000 °C)
to achieve approximately full density (>=95%) to provide
high ionic conductivity with no gas crossover between the
electrodes. While yttria-stabilised zirconia (YSZ) and
gadolinium-doped ceria (GDC) served as the most common
types of solid-state electrolytes for SOECs, GDC offers a
significantly better ionic conductivity at lower operating
temperatures.”>'* GDC is considered an ideal intermediate-
temperature (500-700 °C) solid electrolyte for prospective
commercial applications.>"” However, the average sintering
temperature for GDC composites is usually above 1250 °C,
which makes it impossible to use conventional ferritic
stainless steel supporting materials for stack fabrication.
The high operating temperature applied during the
fabrication steps (e.g., sintering of the electrolyte layer) can
damage the metal support structure and decrease its
mechanical strength.'®

Reducing the sintering temperature of electrolytes is a
crucial requirement for designing metal-supported SOECs with
improved thermochemical stability at high temperatures. The
reduced thermal energy associated with such a low sintering
temperature can also effectively contribute toward reducing the
overall cost of cell manufacturing.

It is well-known that the initial connections between the
GDC particles cause the creation of particle necks, followed
by densification and grain growth, during the sintering
process.' Mass transport processes mainly occur at the
surface and grain boundaries at lower temperatures, ie.,
during the initial stage of the sintering process. Thus, the
number of interactions between the particles, which strongly
relies on the initial particle and pore size of the GDC powder,
is crucial. However, during both the intermediate and final
stages of sintering, the densification can be significantly
altered by the pining effects of porosity.>® According to
Herring's study, nanopowders reduce temperature sintering,
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as smaller particle size allows densification to occur primarily
via grain-boundary diffusion instead of lattice diffusion.?!
The grain-boundary diffusion can be described via the flux of
atoms along a grain boundary; it can be given as:*>

J = MCVpu

where J is the flux of atoms; M is the atomic mobility along
the grain boundary; C is the vacancy concentration; Vy is the
driving force for sintering. In theory, it is possible to reduce
the sintering temperature by using a sintering aid that
increases one or more of these parameters. Also, if the
sintering aid works, it must segregate to the grain boundaries
rather than dissolve in bulk. The solubility of the sintering
aid is highly affected by the material of the electrolyte.
Various methods for applying sintering aids have been
reported, in which the whole sintering progress is processed in
an air atmosphere.”® In the prediction and evaluation of
Nicholas's group, doping Cu, Co, Fe, Mn, Li, and Zn into GDC
can decrease sintering temperature, and 3 mol% lithium-
doped GDC can be sintered at 800 °C to 99% density.>* They
indicated that doping with Li (lithium) as a single dopant could
decrease the sintering temperature, gaining a final density of
95% at ~950 °C. Chen et al. applied Li,O as a sintering aid for
lab-synthesised GDC using LiNO; as a Li source.>* According to
their results, 5 mol% lithium-doped GDC with a relative density
of 99.3% was achieved at a sintering temperature of 900 °C and
showed a maximum shrinkage rate (-0.18) at 800 °C. Kim
found that the sintering temperature of GDC was decreased
from 1400 °C to 1100 °C when CuO was added as a sintering
aid at levels exceeding 0.25 mol%.> Yoon's group synthesised
Bi nano-doped GDC by direct sol-gel combustion, and the
sintering temperature was reduced to about 1200 °C.*® The
composed sintering aid containing Li, Cu and Zn for GDC was
investigated by Nicollet's group.”” According to their results,
the sintering temperature went down to 930 °C for Zn, Cu, and
Li addition. Lithium (Li)-, bismuth (Bi)-, and copper (Cu)-based
composites have already been reported in the literature to
reduce the sintering temperature of solid oxide
electrolytes.>?*” These research studies have effectively
prepared highly dense oxide electrolytes with satisfactory ionic
conductivity results at relatively low sintering temperatures.
However, most of the electrolytes produced from
previous studies were sintered in an air atmosphere.**>?
Moreover, very few studies have illustrated the results of
sintering behaviour and electrochemical performance for
doping ceria-based composites sintered in an inert
atmosphere.”® Co-doping the common solid oxide
composites with aliovalent transition metal cations is a
new approach to improve the densification properties and
ionic  conductivity of the resulting polycrystalline
electrolytes.® Considering the protection for the metal
support in the fabrication process, the study of sintering
behaviour in an inert atmosphere for doping ceria-based
composites is necessary. Also, the physicochemical and
electrochemical properties for multi-doped ceria-based
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composites were rarely reported. Synergistic effects and
mutual effects between multi-doping elements still lack
detailed explanations and understanding of the associated
mechanism, which this study aims to address.

In this work, for the first time, we have developed a
lithium-bismuth-copper co-doped GDC composite capable of
sintering at 750 °C in an inert atmosphere. The sintering
temperature of commercial GDC was optimised by the
doping of Li, Bi, and Cu. Li, Bi, and Cu-doped GDC sintered
at 750 °C for 6 h achieved 96.70% relative density. A novel
preparation method instead of ball milling was designed and
applied for commercial GDC. The homogeneous powders of
Li, Bi, Cu-doped GDC and Li, Bi-doped GDC were successfully
prepared. The effects of high ratio (10%) Li and Bi doping in
commercial GDC were observed. Synergistic effects and
mutual effects of Li, Bi, and Cu-doping were investigated.
The physicochemical characteristics of the multi-doped GDC
electrolyte were analysed using thermogravimetric analysis
(TG/DTA), Raman spectroscopy, field emission scanning
electron microscopy (FESEM)/energy dispersive spectroscopy
(EDX), and X-ray diffraction (XRD). The sintering behaviours
of the calcined powders were evaluated using
thermodilatometry measurements, and the electrochemical
performance of multi-doped ceria-based composite sintered
pellets was studied using electrochemical impedance
spectroscopy (EIS) tests.

Experimental section
Reagents

GDC powder (nanopowder, containing 20 mol% gadolinium
as a dopant), lithium nitrate (LiNO3, 99.99%), copper nitrate
(Cu(NO3),-3H,0, 99.99%), bismuth nitrate (Bi(NOj3);-5H,0,
99.99%), polyvinylpyrrolidone (PVP, average mol wt 40 000),
and 2-propanol (=99.5%) were purchased from Sigma Aldrich
(Merck) and used as precursors without further purification.
All the chemicals and solvents, including 2-propanol used in
this study, were of analytical grade purchased from Sigma
Aldrich and used without further purification.

Synthesis method

A fabrication method without ball-milling was applied to
fabricate doped GDC ceramic pellets, shown in Fig. 1. The
methodologies involved in preparation for low-temperature-
sintered doped GDC include drying, calcination, pressing
and sintering.

Preparation of mixed ceramic powder

Commercial ceramic powder, nitrate and PVP were firstly
dispersed in IPA to form the inks. For the Li, Bi-doped GDC
(5LB), the proportions of GDC, lithium nitrate and bismuth
nitrate were 90 mol%, 5 mol% and 5 mol%. For the Li, Bi,
and Cu-doped GDC, the proportions of GDC, lithium
nitrate, bismuth nitrate and copper nitrate were 90 mol%, 5
mol%, 5 mol% and 1 mol%. The electrolyte compositions
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Fig. 1 Fabrication process of the doped GDC pellets.

are presented in Table 1. 3 g GDC, metal nitrates, 0.0361 g
PVP and 7 mL IPA were used to prepare stable
homogeneous inks via 30 min ultrasound and 24 h stirring
at room temperature. The prepared ink was dried at 80 °C
for 3 h to obtain ceramic powder.

Preparation of calcined ceramic powder

The prepared ink was dried at 80 °C for 3 h to obtain ceramic
powder. The ceramic powder was calcined at 550 °C for 2 h
in an air atmosphere to remove the carbon and organic
components.

Preparation of calcined ceramic pellets

As shown in Table 2, several button-shape disks with a
thickness of 0.3-0.5 mm were fabricated by pressing a given
amount of the calcined electrolyte powders (Table 1) using a
manual hydraulic press (2-10 MPa pressure) with uniaxial
dies (@ = 3-15 mm). The fabricated electrolyte substrates were
sintered at 750, 850 and 950 °C for 6 h under a flowing argon
atmosphere in a tube furnace.

Characterisation
Physicochemical characterisation

The crystallite information of the samples was studied using
an X-ray powder diffractometer (PANalytical X'Pert3; Cu-Ko
radiation, A = 1.5406 A, 40 kv and 30 mA) in the range 20° <
20 < 90° with a scanning rate of 1.3° min™".

The morphologies of the samples were observed via a
field-emission scanning electron microscope (FESEM, JEOL
7100F; 15 kV, 8 A) equipped with an EDX detector (Oxford
Instruments). Before the FESEM testing, the samples were
attached to aluminium stubs using conductive carbon glue
(TED PELLA, INC-16035 SDS), followed by sputter coating
with a 10 mm layer of gold. TGA-DSC was carried out using a
TA Instruments SDT-Q600 instrument (room temperature to
1000 °C at 5 °C min ' in atmospheric air). The synthesised
samples were analysed by Raman spectroscopy in the range
of 200-3000 cm™ via a Thermo DXR2 spectrometer
(excitation wavelength 532 nm, 8 mm optical objective 50x).
An Agilent Cary 640 FTIR spectrometer was applied to detect

This journal is © The Royal Society of Chemistry and IChemE 2023
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Sample Additive Composition
5LB1C 5 mol%Li, 5 mol%Bi and 1 mol%Cu Ceg.712Gdg 17gLi0.05Big.05CU0.0101.501
5LB 5 mol%Li, 5 mol%Bi Ce.76Gdo.19 Lig.03Bi0.0201.85

the infrared spectra of the samples in the range of 500-4000
em™ at 4 cm™ resolution (32 scans). A push-rod vertical
dilatometer (NETZSCH, DIL 402C) was also used to measure
the linear shrinkage behaviour (room temperature to 1000
°C, with a heating rate of 2 °C min™ in atmospheric air). The
apparent densities of the sintered ceramic pellets were
measured using a gas pycnometer (AccuPyc II - 1345,
Micromeritics).

Electrochemical characterisation

A potentiostat-galvanostat electrochemical workstation
(Interface 1010E, Gamry, USA) was used to characterise the
electrochemical impedance spectroscopy of the sintered
ceramic pellets in the frequency range from 0.1 Hz to 2 MHz,
at an AC voltage amplitude of 10 mV, and at temperatures
ranging from 450 °C to 750 °C in an air atmosphere.

Results and discussion
Thermogravimetric analysis

Fig. 2 shows the thermogravimetric analysis (TGA-DSC)
profiles of the 5LB1C and 5LB samples in air. As shown in
Fig. 2(a), the complete decomposition of the 5LB1C powder
takes place in three steps. The first step, starting from room
temperature up to 130 ©°C, could be attributed to the
dehydration of the sample with loss of the adsorbed water
and other volatile compounds trapped in the solid
polycrystalline structure, with a weight-loss of ~3.97%. The
second weight-loss quantity (~8.25%) is observed in the
range of 130-310 °C, which could be due to the thermal
decomposition of the associated organic constituents of the
sample and the partial decomposition of nitrate salt traces
(Li, Bi, Cu).>*>" 1t is denoted that this step is associated with
exothermic peaks appearing in the range of 130-310 °C, due
to the combustion of the nitrate salts and the PVP residue.
As can be seen in Fig. 2(a), extra peaks (140-160 °C) appear
in the DSC curve for the 5LB1C powder, which can be
explained by the decomposition of an additional phase

Table 2 Sintering conditions for 5LB1C pellets and 5LB pellets

Sample Conditions of sintering (°C)
5LB-1 950 (6 h)
5LB-2 850 (6 h)
5LB-3 750 (6 h)
5LB1C-1 950 (6 h)
5LB1C-2 850 (6 h)
5LB1C-3 750 (6 h)

The sintering temperature average error: =1 °C.

This journal is © The Royal Society of Chemistry and IChemE 2023

included in this sample, i.e., the copper nitrate. This stage is
followed by a more intense decrease of weight loss (~2.67%)
within the temperature range between 310 and 600 °C that
could correspond to the further decomposition of the
residual organic materials and continuing decomposition
and oxidation of the nitrate salt traces (i.e., decomposition of
Li, Bi, and Cu salts and the formation of metal oxides Li,O,
Bi,O3, and CuO, respectively). The pure PVP sample shows
complete decomposition between 310 and 600 °C, according
to the previous literature.*®*° The weight-loss process is
stopped at ~600 °C, which corresponds to the full
decomposition of lithium nitrate (500-600 °C),*® bismuth
nitrate (500-550 °C)** and copper nitrate (500-550 °C),
respectively.”” A similar trend of weight-loss behaviour is
observed in Fig. 2(b) for the 5LB sample, which has been
synthesised by the same method. The weight loss associated
with the first step (20-160 °C) was ~5.63% for this sample.,
while it experienced ~6.67% of weight loss in the second step
(at 160 to 310 °C), which likewise could be due to the thermal
decomposition of sample's organic components (Li and Bi
nitrates). In the next decomposition step (310 and 600 °C), a
weight loss of 4.04% was observed. The total weight loss
associated with the individual 5LB1C and 5LB samples was
~14.89% and ~16.34%, respectively. The TGA result was
used to determine the calcination temperature of the
electrolyte composite powders that was selected to be 550 °C
in order to minimise the effects of the decomposition of
nitrate salts and organic components.

Thermal expansion analysis

The linear shrinkage behaviour of the calcined powders was
studied in the range from room temperature to 1200 °C.
Fig. 3 shows the linear sintering shrinkage and the sintering
rate of calcined powder, respectively. The calcined 5LB1C
powder and calcined 5LB powder started to shrink at ~550
°C and ~500 °C, respectively. Both the GDC-based
composites showed a single-step densification behaviour

3.97%  — Heat Flow 1100 o, —— Heat Flow | 100
0.8 8,250, — Weight 0.8 5.63% —— Weight
&S 70 90 6.67% 90
04 2.67% 04 4.04%
\j/\ a0 0
0.0
70 70

0.4 \ 0 0.4 \ *

50 g 50
200 400 600 800 1000 o 200 400 600 800 1000

Temperature (°C)

Fig. 2 TGA-DSC profiles of (a) 5LB1C powder without calcination and
(b) 5LB powder without calcination.

P~
=
=2
—~
=
~

Heat Flow (W/g)
Weight (%)
Heat Flow (W/g)
Weight (%)

Temperature (°C)
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Fig. 3 The linear shrinkage and the shrinkage rate of calcined 5LB1C
powder (a) and calcined 5LB powder (b).

with the maximum shrinkage rate at 710 °C and 700 °C,
according to the shrinkage rate curves. The linear shrinkage
profile in Fig. 3(a) shows that there was a small shrinking
peak from 800 °C to 1100 °C after the main shrinking peak
(550-800 °C). This could be due to the tiny evaporation of
Li, Bi and Cu species from the polycrystalline solid
composite.*’ ™ Fig. 3(b) shows a similar small shrinking
peak from 800 °C to 1080 °C that could be similarly
associated with the evaporation of Li and Bi species. A
decrease in the shrinkage rate exhibited at ~1080 °C for the
calcined 5LB sample could also be due to the increased rate
of evaporation for Li and Bi at the elevated temperatures.*’
Also, at the end of the shrinkage process for the calcined
5LB1C sample, an obvious drop is observed (~1100 °C). The
larger drop in the shrinkage rate curve from 1100 °C to
1200 °C for the calcined 5LB1C powder could be explained
by the more substantial evaporation effect of Cu beyond
1050 °C compared with Li and Bi.*”

The results showed that multi-element substitution has a
synergistic impact on Ce sites. As shown in Fig. 3, adding
balanced loading fractions of Li and Bi (i.e., at 5 mol%) can
significantly decrease the maximum shrinkage rate of the
resulting GDC composite to 700 °C, with the zero-shrinkage
rate being reached at ~1080 °C. The addition of copper
(sample 5LB), however, slightly increased the maximum
shrinkage rate of 5LB1C to 710 °C, with a zero-shrinkage rate
obtained at ~1100 °C. Therefore, the temperature range
selected for sintering the electrolyte composite powders was
set from 750 °C to 900 °C based on the dilatometer shrinkage
analysis results. It is also evident that increasing the Li and
Bi doping ratio can decrease the sintering temperature and
improve the densification behaviour of the resulting
electrolytes, which is in good agreement with the results
obtained in the literature.”’”

Structural characteristics

The prepared ceramic pellets are shown in Fig. 4. As can be
seen, the colour of both samples became darker by
increasing the sintering temperature. The change of colour in
the samples could be due to the change of constituents.
Increasing the sintering temperature enhances the
evaporation rate of the compositional elements such as Li, Bi
and Cu (please see the XRD elemental analysis below). The
typical colours of Li,O and Bi,O; samples are white and
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S5LB1C-3 gLBlC-Z S5LB1C-1

Fig. 4 Prepared ceramic pellets.

yellow, respectively. Therefore the change of colour in the
5LB sample could be attributed to the decrease of Li at the
surface, which corresponds to the results of XPS
characterisation. The standard colours of Cu and CuO are
red-orange and black, respectively. Considering the colour
change of the 5LB1C samples, this could be due to the
decrease of Li and Cu and the increase of CuO at the surface
of the samples, which is in accordance with the XPS
characterisation results.

The XRD patterns of the sintered ceramic pellets are
presented in Fig. 5. The crystal structure of GDC is calcium
fluoride (CaF,), with the space group Fm3m (no. 225).
According to the reference card (ICDD data, reference code:
01-075-0162), the standard XRD patterns illustrated the
presence of the (111), (200), (220), (311), (222), (400) and
(331) planes of the face-centred cubic (FCC) fluorite type
structure.”® As can be seen, all the sintered ceramic pellets
showed good purity, and the peaks obtained fitted well onto
the reference card. In addition, the profile indicated the
formation of a single crystalline phase with a cubic fluorite
structure (like that of pure CeO,), with no heterogeneous or
non-soluble  secondary phases in the electrolyte
polycrystalline structure. The absence of the additional or
shifted peaks in the XRD patterns can confirm obtaining a
GDC electrolyte composite with excellent structural
homogeneity with no (or insignificant) impurities. According
to Fig. 5(a), the commercial GDC powder showed broad
peaks, which could be due to its smaller particle size (nano-
size grains).”® The lower crystallinity of the commercial GDC
powder with broader peaks indicated smaller crystal sizes.

@ GDC powder (c) 5LB-1 @ 5LBIC-1

Q‘,‘ ".,..,

(a) = SLB-2 (g) 5SLBIC-2|

(b) * GDC (01-075-0162 )|

z ‘\'ll‘

\ ;ITTT\".‘
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J l Lo
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20 (deg)
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(020)
(00r)
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@z
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Fig. 5 XRD patterns of the standard GDC reference card (a),
commercial GDC powder (b), 5LB-1 (c), 5LB-2 (d), 5LB-3 (e), 5LB1C-1
(f), 5LB1C-2 (g) and 5LB1C-3 (h).

This journal is © The Royal Society of Chemistry and IChemE 2023
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Table S1t lists the doped GDC samples' lattice constants
estimated using Bragg's equation (eqn (S1)T). Compared with
pure GDC, all doped GDC samples showed distortions. Single
Bi-doped GDC showed decreased lattice parameters with the
promotion of the doping ratio.”® The decrease in the lattice
parameters with the promotion of the doping ratio also
happened in single Li-doped GDC samples.’® For the 5LB
samples, increasing the sintering temperature leads to a
decrease in the lattice parameter. This can be explained by
applying a higher sintering temperature, which could result
in more Li ions and Bi ions being doped into GDC rather
than remaining in the grain boundary.>*>°

The tertiary doping of the Ce*" ions (0.097 nm) with the
Li* ions (0.092 nm), Bi*" ions (0.117 nm), and Cu®" ions
(0.073 nm) in an 8-fold coordination leads to distortion,
which could have different lattice parameters. The lattice
parameters for 5LB1C-3, 5LB1C-2, and 5LB1C-1 were 5.430 A,
5.431 A and 5.423 A. The lattice parameters of 5LB1C showed
similar values at 750 °C and 850 °C. As shown in Table S1,}
the samples sintered at the highest temperature (i.e., 950 °C),
resulted in a lower lattice parameter, confirming that more Li
ions, Bi ions and Cu ions were doped into GDC leading to
the decrease of lattice parameters.>*>%>!

According to the Scherrer equation (eqn (S2)t), the particle
sizes of the samples were obtained, as shown in Table S1.}
More literature data illustrated that higher sintering
temperatures can increase the particle size of GDC.>>*> This
tendency of increasing particle size matched the 5LB
samples. For the 5LB samples, the particle size increased
from 29.04 nm to 35.87 nm when the sintering temperature
was raised from 750 °C to 950 °C. Also, the 5LB1C samples
showed a continuous increase in particle size when the
sintering temperature was raised from 750 °C to 950 °C.

+

Morphological characteristics

Fig. 6 shows the morphologies of the 5LB1C and 5LB
samples at different sintering temperatures. Fig. 6(a) shows
that the GDC grains are surrounded by small crystalline
GDC at 750 °C for 5LB1C. Also, the dense crystalline GDC
filled the gaps and pores in the grain boundaries, which
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meant that the densification of GDC was enhanced even at
750 °C by doping Li, Bi and Cu. According to particle size
analysis (analysed using a Nano measurer), the average
particle sizes of the 5LB1C-1, 5LB1C-2 and 5LB1C-3 samples
were 54.69, 74.71, and 110.54 nm. The average particle sizes
on the surface of the samples increased with the increase of
the sintering temperature. For the 5LB samples, the average
particle sizes were 53.84, 69.15, and 98.37 nm after
sintering at 750 °C, 850 °C, and 950 °C. The 5LB1C samples
had larger grain sizes than the 5LB samples at the same
sintering temperature. This can confirm that adding copper
could enhance the grain growth in the sintering process.
The results are aligned with the increasing tendency of
particle size as shown in the XRD results. The smaller
particle sizes estimated by the Scherrer equation (eqn (S2)f)
in the XRD results could be due to the errors of the peak
broadening induced by stress and amorphous forms.”*** By
increasing the sintering temperature, both the 5LB1C and
5LB samples showed improved crystallinity behaviour,
particularly the 5LB1C-1 sample with a more apparent
crystalline morphology.

Fig. 7 presents the EDX mapping results illustrating the
elemental distribution at the cross-section of the 5LB1C-1
sample. As can be seen, the Bi and Cu elements are
uniformly distributed into the GDC crystalline structure,
which can cross-confirm the XRD analysis results. Also, a
good dispersion of the Gd element is observed after the
doping of Li, Bi and Cu in the resulting electrolyte composite.
There were no aggregations of Li, Bi, Cu or Gd.

Table 3 shows the ratio of the elements for the 5LB1C
and 5LB samples excluding Li. The Au in the samples
was sourced from the Au layer by sputter coating. The
carbon was mainly from the surrounding contamination.
The little amount of carbon detected could come from the
carbonisation of IPA and PVP. It could be seen that the
ratio of Bi was kept in similar values in the 5LB1C
samples when the sintering temperature increased. In the
commercial powder, the proportion of Ce and Gd should
be 4:1. As can be seen, the proportions of Ce and Gd in
the 5LB1C and 5LB samples are similar to those of the
commercial GDC powder.

Fig. 6 Cross-sectional SEM images of 5LB1C-3 (a), 5LB1C-2 (b),
5LB1C-1 (c), 5LB-3 (d), 5LB-2 (e), 5LB-1 (f).

This journal is © The Royal Society of Chemistry and IChemE 2023
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Fig. 7 EDX elemental mapping of the cross-section for the 5LB1C-1
sample.
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Table 3 Ratio (atom%) of the elements from the EDX elemental mapping

Samples C-K O-K Cu-K Ce-L Gd-L Au-M Bi-M
5LB1C-3 3.8+0.2 27.9+0.3 0.8+0.5 42.2 +0.4 12.7 £ 0.6 10.3 + 0.1 2.3+£0.1
5LB1C-2 2.1+£01 36.0 £ 0.3 0.5+04 41.4+04 11.9 £ 0.5 5.8 +0.1 2.3+0.1
5LB1C-1 2.8+0.1 49.3 + 0.4 0.4+0.3 31.5+0.3 9.3+04 4.6 £ 0.1 2.2+0.1
5LB-3 2.7+0.1 30.7£04 00 42.2 £ 04 12.4 £ 0.6 9.6 £ 0.1 2.5+£0.1
5LB-2 2.3+0.1 30.6 £ 0.3 00 43.5+ 0.4 12.7 £ 0.6 8.7+ 0.1 2.2+0.1
5LB-1 2.7 £0.2 28.1 £ 0.5 00 449 £ 04 12.8 £ 0.6 9.3 +£0.1 2.2+0.1

Relative density

The densities, theoretical densities, and relative densities of
the sintered pellets are shown in Fig. 8. The 5LB1C samples
show 99.88%, 99.96% and 96.70% relative density at 950, 850
and 750 °C. The 5LB samples show 99.35%, 98.28% and
95.66% relative density at 950, 850 and 750 °C. The 5LB1C
samples obtained the highest relative density at 850 °C, and
the 5LB samples obtained the highest relative density at 950
°C. Both the 5LB1C and 5LB samples achieved full density
(>95%) at 750 °C. It is also evident that the 5LB1C samples
comparably achieved a higher relative density than the 5LB
samples. This indicates that the addition of copper can
potentially accelerate the process of densification at the same
temperature.

Elemental and composition analysis

The influence of Li, Bi-doping, and Li, Bi, Cu-doping on the
GDC structure and the creation of new defective sites were
studied by Raman spectroscopy analysis (Fig. 9). Referring to
this figure, the multiple peaks around two areas of 400-500
and 500-700 cm ™" correspond to bulk ceria vibrational modes
and surface defects. The most obvious sharp peak is observed
at about 460 cm™* which corresponds to the F,; mode of the
fluorite phase in all spectra.>>*® This is a common
characteristic of the fluorite lattice structure typical of ceria-
based oxides.”’° The 5LB1C-3 sample shows a relatively
weaker F,, peak compared to that of 5LB1C-2 and 5LB1C-1,
indicating a lower level of crystallinity obtained with this
sample during sintering at 750 °C.
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Fig. 8 Relative density of sintered pellets.
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In a shifting and broadening range from 500 to 700 cm ™",
new defect-induced bands can be identified. The signal at
~550 em™" is assigned to defect spaces formed by extrinsic
oxygen vacancies.®® The extrinsic oxygen vacancies usually
appear with the presence of Ce*" or other aliovalent
cations.®>® This vibrational feature has been labelled “D3”
in Fig. 9. Another signal referred to as “D1” could be
observed at ~600 cm ', which is attributed to the Frenkel
defects, in which an oxygen atom has moved into an
octahedral interstitial position generating a vacancy.®>®* This
signal can also be related to the defect spaces including a
dopant cation without any O®  vacancy.®>®® A relatively
weaker peak was detected between 630 and 650 cm ',
labelled “D2”, which can be formed due to the extrinsic
defect band, generated by the dopant addition.® The
extrinsic defects are believed to be linked to the presence of
MOg units without oxygen vacancies, where M is a foreign
positive ion in its structure.®®’

For the 5LB1C and 5LB samples, it could be seen that the
strengths of the D1, D2, and D3 peaks have increased with
increasing sintering temperature from 750 to 850 °C. This
can confirm the enhanced level of oxygen vacancies and
extrinsic defects in the samples after sintering.

The sintered samples were analysed further with XPS
analysis to understand their oxidation states and electrical
properties better (Fig. 10). As shown in Fig. 10a, the binding
energies of Li 1s for pure Li and pure Li,O are 55.35 and
55.60 eV, respectively, which are in good agreement with the
literature data.®®®® The peak observed at ~55.38 eV for 5LB-3
indicates the presence of a metallic Li phase on the surface
of the ceramic pellet after sintering the 5LB sample at 750
°C.”%7% This can be explained by the unique vaporisation
mechanism of Li during the sintering process at a relatively
low sintering temperature in an inert atmosphere (argon
flow), which has been frequently reported in the preparation
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Fig. 9 Raman spectra of 5LB1C and 5LB samples.
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Fig. 10 Li (a) and Bi (b) of XPS elemental spectra for 5LB1C and 5LB
samples; Cu (c) of XPS elemental spectra for 5LB1C samples.

of ceramic materials.>*’* For the Li-doped GDC sample, the
generation of the Li,O phase can also be cross-confirmed
referring to its relatively higher sintering temperature (>900
°C) as shown in Fig. 3.>* In our study, all samples were
sintered at inert gas, and there was no oxygen source to
oxidise the Li vapour from the Li,O at the surface. The
sintering temperature applied for the 5LB-3 sample was not
high enough (850 °C) to trigger the thermal reduction of the
doped Li,O phase into its metallic phase. In the case of the
second sample (5LB2), with a sintering temperature of 850
°C, no obvious peak was observed at ~55.38 eV. The peak at
~55.78 eV belongs to Li-O (Li,O). The increased binding
energy here can be due to the strong interaction with other
cations.”*”® This implies that the metallic Li phase could be
fully evaporated, leaving a small amount of Li-O (Li,O) phase
remaining at the surface. Considering the increased binding
energy, Li-O (Li,O) may also exist in the grain boundaries,
and thus it cannot be readily evaporated due to its strong
interaction at the interface. For the case with a sintering

This journal is © The Royal Society of Chemistry and IChemE 2023
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temperature of 950 °C, no Li 1s signal was detected. It is also
noticeable that the Li 1s became weak and finally
disappeared as the sintering temperature increased from 750
to 950 °C. This can be due to the reduced amount of the Li
phase during the sintering process for the 5LB samples. For
the 5LB1C samples, only one peak at ~55.78 eV is detected
with no obvious peaks observed for the 5LB1C-2 and 5LB1C-1
samples. This can be explained by the presence of copper in
its structure which can boost the evaporation of Li. The tiny
signals of Li detected in the 5LB1C-2 and 5LB1C-1 samples
could be due to the diminutive residual Li-O (Li,0).>*7%7”

Fig. 10b presents the XPS elemental spectra of Bi 4f. The
binding energies of Bi 4f;,, and Bi 4f;/, are 157.1 and ~162.4
eV, respectively, for the elemental Bi, and ~159.1 and ~164.4
eV, respectively, in the case of Bi-O in Bi,03.”*®" Comparing
these numbers with the locations of the peak observed for
the 5LB1C and 5LB samples (Fig. 10b), the corresponding
peaks could be attributed to Bi-O. Furthermore, the Bi 4f
peaks associated with this oxide state have well-separated
spin-orbit components (6 eV) detected at ~159 eV, with the
symmetrical peaks indicating the absence of a reduced metal
state.”® For 5LB1C and 5LB, the positions of Bi peaks
decreased with increasing sintering temperature. All samples
showed clear Bi-O peaks, which evidenced the stable doping
of the Bi phase at the surface of the electrolyte composites.

The XPS spectra of the samples containing Cu are shown
in Fig. 10(c). The peaks with binding energies of 933 and 953
eV, respectively, are attributed to the 2p;, and 2ps;
excitations of metallic Cu®, while those detected at ~940 eV
belong to Cu®>" in Cu0.**® Referring to Fig. 10c, only the
Cu® peaks can be observed in 5LB1C-3 and 5LB1C-2, while
these peaks became even weaker by increasing the sintering
temperature from 750 to 850 °C. This can be explained by the
promotion of the evaporation effect for the Cu-containing
samples by increasing the sintering temperature. In the case
of sample 5LB1C-1 sintered at 950 °C, the Cu** peak belongs
to the CuO phase doped into the GDC crystal structure.
Compared to the Li phase, the evaporation rate of Cu is
slower, so the CuO phase would still be detectable after
sintering the 5LB1C-1 sample at 950 °C. The absence of the
Cu** peak in 5LB1C-2 and 5LB1C-3 could be due to the thick
layer of GDC formed by evaporated Cu which can cover the
surface of CuO in the composite structure.

Electrochemical impedance analysis

Fig. 11(a) and (b) show the electrochemical characteristics of
the 5LB1C and 5LB samples. 5LB-3 showed a relatively high
total ionic resistance at 450 °C, but its resistance decreased
sharply at 750 °C, which could be due to the high loading
fraction of Li in this sample. According to the XPS results,
5LB-3 showed also a relatively high amount of Li compared
with 5LB-2 and 5LB-1 (Fig. 10). At sintering
temperatures, Li,O may exist as Li-Gd-Ce-O precipitation
phases at the grain boundary region. The ionic radii with
approximately similar ionic sizes for Li, Gd, and Ce (ie.,

lower
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Fig. 11 (a) Nyquist plots of 5LB1C and 5LB samples at 450 °C (The

inset shows the enlarged view of high frequency part), (b) Nyquist
plots of 5LB1C and 5LB samples at 750 °C, (c) illustration of a typical
impedance plot for a polycrystalline sample with equivalent circuits,
and (d) Arrhenius plot of the 5LB1C-1 sample.

0.092, 0.1053, and 0.097 nm, respectively) could result in the
doping of Li" into CeO, or Gd,O; with the formation of
negative charges as Lij,, and Lig,. Both of these negative
charges could potentially neutralise the positive charges in
the grain boundary core (e.g:, by substituting the excess
oxygen vacancies), hence decreasing the overall conductivity
of the resulting solid state electrolyte.®”

Compared with 5LB-3, the grain boundary resistance
significantly decreases in the Li, Bi and Cu-doped GDC
electrolytes in 5LB1C-1, indicating an improvement in the
electrochemical properties. Through a naked-eye inspection of
the Nyquist plots shown in Fig. 11, it can be seen that the
5LB1C-1 sample provides the highest total conductivity. This
indicates that the total resistance of the electrolyte composite
could be reduced by adding copper when it is sintered at 950
°C. The addition of Cu could also contribute to increasing the
defects in the GDC backbone and hence help to improve the
overall conductivity of the resulting electrolyte composite.>”

The 5LB1C-1 Nyquist plots were modelled using an
equivalent electrical circuit to fit the impedance data. The
Nyquist plots and their associated fitted models for 5LB1C-1 at
450-750 °C are presented in Fig. S1 (see the ESIT). The applied
equivalent circuit was composed of three-sub circuits in series,
each including a resistor (R) and constant phase elements
(CPE) connected in parallel as shown in Fig. 11lc. In the
equivalent circuit, L, is the apparent inductor; Rg; stands for
the resistance of the grain bulk/interior; Rgp is the resistance of
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the grain boundary; R.. is the resistance of the electrolyte-
electrode interface (current collector). In general, the three
contributions cannot always be distinguished during the
experiments due to the relaxation characteristics of the various
materials and the measured operating temperatures.

Table 4 summarises the corresponding resistance and
electrical conductivity values calculated by fitting the
equivalent circuit impedance data. The EIS curve fitting
results showed that the Rg; and Rgg could be obtained
directly. The electrical conductivity equation (eqn (S4), in the
ESIT) was used to quantify the electrical conductivity of the
samples. Based on the Arrhenius conductivity model (eqn
(S5)t), the least squares curve fitting method was applied to
obtain the total conductivity vs. operating temperature, as
shown in Fig. 11(d).

As shown in Table 4, the total ionic conductivity values
increased with increasing operating temperature, which is
consistent with the polycrystalline solid electrolytes’
temperature-dependent conductivity behaviour.®® The ionic
transport inside the lattice is usually correlated with the bulk
conductivity values.”® The value of the grain-boundary
conductivity indicates the effect of microstructural
characteristics on the ionic transport in the electrolyte.®” For
5LB1C-1, the presence of bulk and grain boundary curves is
hard to identify by the naked eye, but the entire cell
resistance could still be calculated from the high-frequency
range of the Nyquist plot. At low temperatures (below 550 °C),
a significant decrease in overall conductivity is apparent. It
can be found that the bulk conductivity and grain-boundary
conductivity for 5LB1C-1 are promoted with increasing
temperature. The total conductivity values of pure GDC
sintered at 950 °C were 1.31 x 10™* (450 °C), 8.68 x 10™* (550
°C), 2.67 x 10 (650 °C), and 6.49 x 10~ (750 °C).*” Compared
with pure GDC, 5LB1C-1 showed an obvious promotion in
total conductivity.

Fig. 11(d) shows the Arrhenius plot of the 5LB1C-1 sample,
where the straight lines are the least squares fits of the total
conductivity data with the linearized form of the Arrhenius
equation (eqn (S5)f). For the curve, data were collected from
the 5LB1C pellets sintered at 950 °C for 6 h. The bulk and the
grain-boundary conductivity dominate the total conductivity in
all temperature range. Results obtained from equivalent
circuits show a quasi-linear dependence on temperature. This
is because the existence of the grain boundary arc in the
intermediate frequency area of the Nyquist plot causes the
conduction mechanism to change for all samples at a
transition temperature of 450 °C. According to the slope and
Arrhenius equation (eqn (S5)f), the activation energy is

Table 4 Resistance and ionic conductivity at different temperatures for 5LB1C-1

Temperature (°C) Rgr (Q cm?) oG (Sem™) Rgp (Q em?) oge (Sem™) o, (Sem™)
450 22.35 1.70 x 10°° 17.14 2.21x107° 1.66 x 10°
550 6.40 5.93 x 10 1.08 3.51 %1072 8.80 x 10
650 2.93 1.29 x 1072 0.73 5.21 x 1072 1.79 x 102
750 1.81 2.09 x 1072 0.41 9.24 x 1072 2.96 x 1072
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calculated. The activation energy is the energy which is
essential to begin the reaction and thus determines the overall
reaction state.®® The maximum electrical conductivity obtained
for the 5LB1C-1 sample was 2.96 x 107> at 750 °C with an
activation energy of 0.13 eV. The activation energy of pure GDC
sintered at 950 °C was 0.83 eV."” The high activation energy
could be due to the additional grain boundary resistance,
which has been reported in other ceria-based materials.?**°
Considering the low total conductivities of pure GDC (sintered
at 950 °C), the results of activation energies fit well with the
values of total conductivity. Compared with pure GDC (sintered
at 950 °C), it showed a considerable improvement in activation
energy for 5LB1C-1.

Conclusions

A multi-doped ceria-based electrolyte composite with a
sintering temperature as low as 750 °C was successfully
prepared in this work. The preparation method was based on
adding controlled amounts of Li, Bi, and Cu dopants to modify
the electrical and sintering properties of the commercial GDC
solid-oxide  electrolytes. = The  physicochemical and
electrochemical characteristics of the resulting co-doped GDC
electrolyte were systematically analysed. The impact of copper
as an addition to co-doped GDC electrolytes was explored, and
the influences of sintering temperature on ionic conductivity
were reported. After sintering, the surface analysis of ceramic
pellets for doping elements was investigated. The modified Li-
Bi-Cu-doped GDC electrolyte sintered at 750 °C for 6 h
achieved 96.70% relative density, which is one of the lowest
sintering temperatures reported for the modified GDC
composite. The maximum electrical conductivity obtained for
the Cey.71,Gdy 178Li0.05Bi0.05CU0.0101.801 Sample (sintered at 950
°C for 6 h) was 29.6 mS cm ™' at 750 °C with an activation
energy of 0.13 eV. The results of this study help understand
better the properties of co-doped electrolyte materials for the
fabrication of more efficient steam electrolysers for
environmentally friendly hydrogen generation.
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