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Enhanced CO, Electrolysis Through Mn Substitution
Coupled with Ni Exsolution in Lanthanum Calcium Titanate

Electrodes

Nuoxi Zhang, Aaron Naden, Lihong Zhang, Xiaoxia Yang, Paul Connor, and John Irvine*

In this study, perovskite oxides La, ;Cag ¢Nij osMn,Tig o5 _,O;_, (x =0, 0.05,
0.10) are investigated as potential solid oxide electrolysis cell cathode
materials. The catalytic activity of these cathodes toward CO, reduction
reaction is significantly enhanced through the exsolution of highly active Ni
nanoparticles, driven by applying a current of 1.2 A in 97% CO, — 3% H,O.
The performance of La, ;Ca, ¢Nig o5 Tig 050;_, is notably improved by
co-doping with Mn. Mn dopants enhance the reducibility of Ni, a crucial
factor in promoting the in situ exsolution of metallic nanocatalysts in
perovskite (ABO;) structures. This improvement is attributed to Mn dopants
enabling more flexible coordination, resulting in higher oxygen vacancy
concentration, and facilitating oxygen ion migration. Consequently, a higher
density of Ni nanoparticles is formed. These oxygen vacancies also improve
the adsorption, desorption, and dissociation of CO, molecules. The dual

potential solution for CO, utilization. Their
ability to efficiently convert renewable elec-
trical energy into low-carbon fuels, coupled
with high Faraday efficiency and fast kinet-
ics of CO, reduction reaction, place them at
the forefront of promising technologies.[>*!
In this process, CO, undergoes direct elec-
trolysis via SOECs producing CO that can
be further converted into high-value prod-
ucts, such as liquid fuels via the Fischer—
Tropsch synthesis.>) This approach not
only provides an effective solution for en-
ergy storage but also significantly miti-
gates the environmental impact of CO,.

Ni-based cermets, such as Ni-YSZ
(vttria-stabilized zirconia) are state-of-

doping strategy provides enhanced performance without degradation
observed after 133 h of high-temperature operation, suggesting a reliable

cathode material for CO, electrolysis.

1. Introduction

The rapid growth of energy consumption from fossil fuel sources
has led to the energy crisis and environmental deterioration.
These issues emerge due to the rising global energy demand,
over-reliance on fossil fuels and significant emission of green-
house gas CO,.[!]

Within this context, solid oxide electrolysis cells (SOECs) op-
erating at high temperature (600-1000 °C) have emerged as a
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the-art cathode materials in SOECs for
CO, electrolysis, owing to their remark-
able electro-catalytic activity, excellent
electrical conductivity, relatively high me-
chanical strength, and low cost. However,
Ni-based cermets suffer from several
disadvantages that hinder their further
application, for example, volume instability on redox cycling, ag-
glomeration of metal phase during prolonged usage, and deacti-
vation of Ni by carbon deposition.!”*]

Perovskite oxides (ABO;) have been proposed as alternative
fuel electrodes to the Ni-based cermets due to their high electrical
conductivity and good chemical stability upon redox cycling.[*1°!
Nonetheless, the intrinsic catalytic activity of perovskite oxides
is significantly inferior to that of traditional Ni-based cermets.
In recent years, enhancing the catalytic activity of perovskite ox-
ides has been achieved through surface modification, employing
metal or alloy nanoparticles as synergistic catalysts.!'!l Impregna-
tion and in situ exsolution are two approaches typically used for
this purpose. The conventional impregnation method involves
introducing a precursor solution into a porous perovskite scaf-
fold, followed by thermal treatment to form catalytic nanoparti-
cles. However, this method is time-consuming due to the neces-
sity for multiple complex deposition steps. In addition, this tech-
nique offers limited control over the size and distribution of the
deposited nanoparticles. The nanoparticles deposited through
this process also tend to agglomerate and coarsen during long-
term operations at high temperatures.['213]

A more promising and efficient alternative, in situ exsolution,
has been developed. This approach involves incorporating active
metal elements as B-site dopants into the lattice of the perovskite
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oxides during the sample preparation stage in the air. These el-
ements are then exsolved from the perovskite-based oxide ma-
trix to form metal nanoparticles on the surface, either by expo-
sure to a reducing atmosphere or by applying a large cathodic
overpotential. Compared with conventional impregnation, the
exsolved nanoparticles are uniformly distributed and anchored
to the parent perovskite. These exsolved nanoparticles demon-
strate outstanding resistance to agglomeration and coking, ben-
efiting from the strong interfacial interaction between the ox-
ide matrix and the nanoparticles. The interface between exsolved
metal nanoparticles and the perovskite oxides exhibits catalytic
activity.[>*15] Irvine et al. reported that A-site deficiency could
serve as a general driving force to initiate B-site exsolution.!¢]
The oxygen vacancies created due to A-site deficiency could par-
tially destabilize the perovskite lattice. This destabilization could
then locally trigger the spontaneous exsolution of B-site elements
as an attempt to maintain the charge balance of the perovskite lat-
tice, and thus facilitating the in situ exsolution process. Numer-
ous researchers have demonstrated that an A-site deficiency can
significantly enhance the performance of solid oxide cells.['*]
Furthermore, Irvine et al. demonstrated that the voltage-driven
reduction method could produce notably richer metal nanoparti-
cles compared to the chemical reduction method. The cell treated
using the voltage-driven reduction method under conditions of
2V for 150 s in 50% H,O/N, exhibits outstanding electrochemi-
cal performance relative to those treated with chemical reduction
methods, which involve reducing in 5% H, /N, for over 17 h.[20]
CO, electrolysis through solid oxide cells suffers from the in-
sufficient adsorption and activation of CO, molecules, which can
be attributed to the intrinsic properties of the stable and lin-
ear C=0 bond.!?""??] Introducing oxygen vacancies, which could
act as host sites to accommodate the linear CO, molecules, has
been considered as an effective method to enhance the sur-
face adsorption and activation of these molecules. Additionally,
these oxygen vacancies could function as charge carriers for 0%~
transfer, leading to an increase in both the oxygen ionic con-
ductivity and the oxygen ion diffusion through the electrode.l?’
To date, numerous studies have demonstrated the beneficial
role of Mn in enhancing the catalytic activity of the perovskite
fuel electrodes. Irvine et al. demonstrated that introducing re-
dox activity by partially substituting Ti with Ga and Mn allows
more flexible coordination, breaks down the extended defect in-
tergrowth regions, and creates phases with considerable disor-
dered oxygen defects.l?*] The modified fuel electrode material
(La,SrgTi;; Mn, s Ga, s O;; 5) exhibited outstanding fuel cell perfor-
mance in wet hydrogen at 950 °C, a performance comparable
to that of traditional nickel/zirconia cermets. Wu et al. demon-
strated that Mn-doped titanate (La,,Sr, 3 Ti;,sMn, O5, ;) not only
enhances the ionic conductivity but also notably improves the
chemical adsorption of CO, molecules. Additionally, it signifi-
cantly extends the chemical desorption of CO, molecules to the
high temperature region.[>*] Further research by Xie et al. high-
lighted that cell performance could be improved by co-doping
Ni and Mn into the B-site perovskite lattice.[?’] They found that
(Lag,STg8)0.05 Tig gsMny; Nij 4503, 5 reached a maximum current
density of 0.87A cm~2 at 2.0 V at 800 °C in CO,. This performance
surpassed that of (Lay,Srg)g.05 TigoMny;Os, 5, which achieved a
maximum current density of 0.66A cm~? under the same test-
ing conditions. Yet, to the best of our knowledge, the influence
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of Mn on the exsolution process of perovskite materials remains
unexplored.

Herein, we focus on the exploration of the A-site deficient
titanate La,;CagqNijosMn, Tijes_,O;_, (x = 0, 0.05, 0.10) fuel
electrodes with various Mn doping levels. Its impact on the
structure, morphology, oxygen content, and electrical conductiv-
ity was systematically examined. Mn doping results in the cre-
ation of more oxygen vacancies and significantly facilitates the
Ni exsolution process. In this study, the cells are activated us-
ing the electrochemical reduction method, with a current load of
1.2 A. To optimize the cell performance, the role of cathode mi-
crostructure and electrochemical reduction in the performance
of La, ;Cay ¢NijosMn, Tiggs_,O;_, cells is explored. Two key fac-
tors are discussed: the direct impact of the cathode microstruc-
ture on the cell performance and the influence of the electro-
chemical reduction process, which is itself affected by the cath-
ode microstructure, on the overall performance of the cells. Fi-
nally, cells with similar microstructures are assessed and com-
pared to investigate the impact of Mn doping levels on electro-
chemical performance. Mn-doped cathode exhibits superior cell
performance due to the surface modification with a higher den-
sity of exsolved nanoparticles and higher oxygen vacancy con-
centrations in the oxide matrix. La,;Ca,NijosMng osTi 9005,
achieves a maximum current density of —2.89 A cm™2 in a gas
mixture of 77.6% CO, — 19.4% H, — 3% H, 0 at 1.8 V and 900 °C.
The stability test of the La, ;Ca ¢ Nij osMng 45 Tig 99O5_, electroly-
sis cell demonstrated good durability during the 133 h operation
at 900 °C under an applied voltage of 1.2 V, indicating a promis-
ing cathode material for high temperature CO, electrolysis.

2. Results and Discussions

2.1. Materials Characterization

Figure 1 shows the XRD patterns of the oxidized and reduced
La, 3Cag s Nij sMn, Tij g5 ,O;_, (x = 0, 0.05, 0.10) samples. The
corresponding Rietveld refinement profiles are also shown in
Figure S1 (Supporting Information). The obtained y? values
close to 1 suggest an excellent fit, implying that the model accu-
rately represents the experimental XRD data. All oxidized sam-
ples exhibit a single perovskite phase with an orthorhombic
(Pnma) space group. The lattice parameter of the materials in-
creases with the increasing doping level of Mn, which is mainly
due to the partial replacement of the Ti** (0.605 A) ion by the
Mn’* ion (0.645 A) with a larger radius.?! After the reduction in
the 5% H, /N, at 900 °C for 10 h, the perovskite phase remains as
the main phase for all the reduced samples, indicating the syn-
thesized perovskites exhibit good structural stability under the re-
ducing environment. An extra peak located at ~44.4° is detected
for all the reduced samples (see Figure 1c), corresponding to the
metallic Ni (Fm-3m). The presence of these metallic peaks con-
firms the successful exsolution process. To further determine the
degree of nickel exsolution for each reduced sample, Rietveld re-
finement of XRD data was performed. The relative amount of Ni
is determined to be 0.271 wt%, 0.498 wt%, and 0.789 wt% for
La, 3Cag Nig 05Tl 9503, (LCNT), Lag 3Cag 6 Nig sMn o5 Tig 9905,
(LCNMTS5), and La, ;Ca; s Nij s Mny 1, TijgsO5_, (LCNMT10), re-
spectively. This strongly demonstrates that the Mn dopants can
promote the exsolution of Ni cation from the perovskite lattice.
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Figure 1. XRD patterns of the Lag 39Cag 6oNig gsMn,Tig 95_O3_, (x =0, 0.05, 0.10) powders a) as-synthesized, b) reduced in 5% H,/N, at 900 °C for
10 h, and c) with the enlarged 43.95-44.90 26 range from b). SEM images of reduced d) LCNT, e) LCNMTS5, and f) LCNMT10 powders.

This result is consistent with the increased amount of exsolved
nanoparticles on the powder surface, as observed in SEM mea-
surement (Figure 1d—f). The observed phenomenon could be at-
tributed to the propensity of Mn to adopt lower coordination
numbers within the perovskite lattice.””! Consequently, this may
promote oxide-ion migration,[?*! thereby facilitating the exsolu-
tion process in the material. The exsolved Ni metal nanoparticles
across all samples exhibit a similar size distribution, with an av-
erage particle diameter of ~28 nm. The morphology of the pow-
ders before the reduction process is shown in Figure S2 (Sup-
porting Information). In the as-prepared samples, the powder
surfaces exhibit a smooth and clear morphology. The presence
of small sized particles can be attributed to the ball milling pro-
cess. These particles possess an irregular shape, contrasting with
the rounded shape of the exsolved nanoparticles observed postre-
duction. Additionally, the lattice volume of the samples exhibit
expansion in comparison to the as-prepared materials, as illus-
trated in Figure S3 (Supporting Information). This phenomenon
can be primarily ascribed to the reduction of Ti** (0.605 A) to Ti**
(0.670 A) and Mn** (0.645 A) to Mn?** (0.830 A) within the crystal
structure.?! A more pronounced expansion of the lattice volume
is observed for Mn-doped samples. The substantial difference in
ionic radii between Mn** and Mn?* ions contribute to a more
significant lattice volume expansion in the Mn-doped samples.
To gain further insight into the crystal structure of both the
exsolved nanoparticles and the oxide matrix, a combination of
scanning transmission electron microscopy (STEM) and energy-
dispersive X-ray spectroscopy (EDX) analysis was carried out.
Figure 2a presents the dark-field STEM image of the reduced LC-
NMTS5 perovskite powders, revealing numerous exsolved metal-
lic nanoparticles emerging on the surface of the parent particles.
Figure 2b illustrates a high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) image. The
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exsolved nanoparticles exhibit an interplanar spacing of 1.76 A,
which corresponds to the {020} crystal planes of Ni metal (space
group Fm-3m). The lattice spacings between the planes of the per-
ovskite substrate are 2.72 and 3.88 A, aligning with the lattice
constants of the {002} and {020} planes in the orthorhombic crys-
tal structure (space group Pnma), respectively. In Figure 2c-h,

the HAADF-STEM image is presented along with its associated
elemental mapping images. The elements of La, Ca, Ti, and
Mn are uniformly distributed on the perovskite support, while
the Ni nanoparticles are exsolved from the perovskite matrix.
These findings are consistent with the above-mentioned XRD
analysis. It is essential to highlight that parts of the exsolved
nanoparticles are embedded into the parent perovskite, indicat-
ing a strong interaction between the titanate backbone and the
exsolved nanoparticles. This anchoring effect is expected to im-
prove the thermal stability of the catalyst, effectively preventing
the agglomeration of the metal nanoparticles under the oper-
ating conditions of SOECs.[1*28-3% Complementary STEM and
EDX results for LCNT and LCNMT10 are provided in Figures
S4 and S5 (Supporting Information), respectively. It is worth
noting that based on the EDX mapping, a weak Mn signal is
detected around the Ni nanoparticles for both LCNMT5 and
LCNMT10 samples, suggesting a possibility of Mn exsolution.
However, further examination using an EDX line scan demon-
strates that the intensity of the Mn signal remains nearly uniform
across the exsolved nanoparticles and the perovskite substrates
(Figure 2i; and Figure S5i, Supporting Information). Given the
uniformity in Mn signal intensity, it becomes challenging to as-
certain this. While there is a possibility of Mn exsolution around
the Ni nanoparticles, its presence seems minimal. Supporting
this observation, no Mn metal or MnO,, peaks are detected in the
XRD results, indicating that any exsolved Mn metal or MnO,, if
present, likely has a minimal impact on the cell performance.
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Figure 2. Scanning transmission electron microscopic analysis of reduced LCNMT5 powder. a) Dark-field STEM image. b) HAADF-STEM image. EDX
element distribution diagram: c) HAADF-STEM, d) La element, e) Ca element, f) Ti element, g) Mn element, and h) Ni element. i) EDX line scan of the
exsolved nanoparticle and the perovskite outer layers.
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Figure 3. a) TGA experiments recorded during the reduction of the as-synthesized Lag 3Cag gNigosMn,Tiges5_,O3_, (x =0, 0.05, 0.10) samples in 5%
H, /N, at 900 °C for 10 h. b) Temperature dependence of the conductivity of reduced Lag 3Cag ¢Nig gsMn, Tig g5_,O3_, (x =0, 0.05, 0.10) bars in 5%

H,/N,.

Further investigations will be essential to comprehensively
understand the potential Mn exsolution from titanium-based
perovskites.

To investigate the oxygen deficiency of the perovskites during
reduction, thermogravimetric analysis (TGA) was carried out for
the as-prepared La, ;Ca, ¢Nij ;sMn, Tij s ,O;_, (x =0, 0.05, 0.10)
powders in 5% H, /N, at 900 °C (Figure 3a). Since no additional
volatile species or compounds are expected to be formed dur-
ing the reduction process, the total weight loss observed through
the TGA measurements can be ascribed to the net loss of oxy-
gen resulting from the in situ exsolution of Ni metal nanopar-
ticles, the reduction of Ti**, and the reduction of Mn**/3*. The
weight loss of the compounds and their corresponding oxygen
deficiency (6) generated during the reduction are summarized in
Table S1 (Supporting Information). The oxygen deficiency was
calculated using the method described by Myung et al.[?%! The
mass consistently declines during the measurements for all sam-
ples, suggesting that the reduction process for these samples is
not completed. The total weight loss values of LCNT, LCNMTS5,
and LCNMT10 are 0.468%, 0.881%, and 0.874%, respectively.
Correspondingly, this equates to 0.0475, 0.0893, and 0.0885 oxy-
gen per formula unit for each material. The significant differ-
ence in the oxygen deficiency generated upon reduction between
LCNT and LCNMTS5 indicates that Mn dopants enhance the over-
all reducibility of the perovskite compound. This observation is in
agreement with XRD and SEM results, which show that the Mn-
doped samples have a higher number of exsolved Ni nanoparti-
cles on the surface of the perovskite substrate. However, a fur-
ther increase in the Mn doping level to 10% seems to have no
impact on the total oxygen deficiency formed. Despite the un-
changed total oxygen deficiency, a higher Mn doping level results
in a more rapid weight loss during the initial 8 h, after which both
Mn-doped samples approach similar levels.

The electrical conductivity in 5% H,/N, of pre-reduced
La, 3CagNip osMn, Tij 95, O;_, (x=0,0.05, 0.10) as a function of
temperature is shown in Figure 3b. La-doped CaTiO; is known as
an n-type semiconducting material, with its electrical conductiv-
ity predominantly governed by the concentration of the Ti*+/Ti**
redox couple.’'*?! The sample of La,;Ca,Nijs5Tig 9505, €x-
hibits an insulator-metal transition at ~500 °C. Below this
temperature, the electrical conductivity increases with rising
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temperature, whereas above 500 °C, it decreases as the tem-
perature continues to increase. A similar phenomenon has
been observed by other researchers in the case of La-doped
SrTiO,.%¥ It is important to mention that the contribution
of exsolved Ni metal nanoparticles to the overall conductiv-
ity is likely minimal due to the absence of a continuous con-
ductive network formed by these nanoparticles.**! Upon in-
troducing Mn dopants into the perovskite lattice, the sam-
ples exhibit semiconducting behavior across the entire tem-
perature range, consistent with findings reported in previ-
ous studies.*>* The reduced La,;Cay¢Nijo5sMnygosTig 0005,
sample displays a considerably enhanced conductivity of
3.42 S cm™' compared to the reduced La,;CagNi 45 Tig 9505,
sample, which exhibits a conductivity of 1.76 S cm™! at 900 °C.
Li et al. reported that when the partial pressure of oxygen falls
below 107" atm, the conductivity of (La,,Sr,z)(TioMny;)O;_,
and (La ,S795)09(Tig9Mng ;) oNig;0;5_, is largely enhanced with
more of Ti reduced from the +4 to the +3 oxidation state.*®)
Therefore, this improvement could be attributed to the lower co-
ordination number of Mn, which not only facilitates the reduc-
tion of Ni but also promotes the reduction of Ti** to Ti**, conse-
quently leading to an increase in charge carrier concentration and
improving electrical conductivity. However, when the Mn doping
level reaches 10%, a decline in conductivity is observed. This de-
crease is likely caused by the excessive Mn doping disrupting the
B-site sublattice, ultimately impairing the Ti-O-Ti percolation that
dominates electrical conductivity.l>”]

2.2. Electrochemical Performance of a Single Cell

2.2.1. Cathode Microstructure: Impact on Cell Performance and
Electrochemical Reduction

The impact of the cathode microstructure on the cell perfor-
mance and the relationship between the microstructure and the
electrochemical reduction (ER) result are investigated.

Each perovskite material La,;CaNijosMn, Tiggs_,O;_,
(x = 0, 0.05, 0.10) was used to prepare three individ-
ual cells. These cells, which used the perovskite ma-
terials as the cathode, were then sintered at varying
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Figure 4. Electrochemical performance of LCNMTS5 cells at 900 °C. a) /-V curves in various feeds. b) Nyquist plots in 97% CO, — 3% H,O at a bias

voltage of 1.4 V. c) The corresponding DRT analysis of these spectra.

temperatures. The anode (Z10,895¢0.10Ce001 05, -
(LagsS192)00sMnO;_, /(Lag 5510 5)00sMnO;_,)  and electrolyte
(Z14,895¢0.10Ce0010,_,) remained identical across all cells. All
cells underwent an identical electrochemical reduction process
ata current of 1.2 A for a total of 15 min in 97% CO, — 3% H, 0,
with each cycle lasting 5 min. To evaluate the effectiveness
of the electrochemical reduction of the cathode toward CO,
electrolysis, electrochemical impedance spectroscopy (EIS) was
conducted to measure the initial performance prior to the re-
duction treatment and also after each electrochemical reduction
cycle. I-V curves were also obtained before and after the elec-
trochemical reduction process to provide further insights into
the cell performance. For all the cells, regardless of the sintering
temperature, the I-V curves demonstrate a significant improve-
ment following the electrochemical reduction treatment (see
Figure 4 for LCNMTS5, Figure S6 (Supporting Information) for
LCNT and Figure S7 (Supporting Information) for LCNMT10).
Cells constructed from each material display a different trend
in the EIS results. The R, and R, values of all these cells before
and after each electrochemical reduction cycle are graphically
represented in Figure S8 (Supporting Information) and also
summarized in Table S2 (Supporting Information) for LCNT,
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Table S3 (Supporting Information) for LCNMT5 and Table S4
(Supporting Information) for LCNMT10. The microstructures
of cathodes, Lag;Cag¢NigosMn, Tiges_,O5_, (x = 0, 0.05, 0.10),
sintered at varied temperatures, are presented in Figure S9
(Supporting Information).

Three different sintering temperatures, 1150, 1200, and
1250 °C, were employed for the LCNT cells. The LCNT cell sin-
tered at 1200 °C (see Figures S6 and S8a, Supporting Informa-
tion) initially outperforms the one sintered at 1250 °C, showing
ohmic resistance (R,) and polarization resistance (R) of 0.131
and 0.643 Q cm?, respectively. The 1250 °C-sintered cell starts
with R and R, values of 0.123 and 0.882 Q cm?, respectively.
However, following a 15 min electrochemical reduction process,
the performance of the 1250 °C-sintered LCNT cell surpasses that
of its sintered at 1200 °C. The R, and R, values for the 1200 °C-
sintered LCNT cell decrease to 0.116 and 0.215 Q cm?, respec-
tively, while the 1250 °C-sintered LCNT cell exhibits reduced R,
and R, values of 0.112 and 0.209 Q cm?, respectively. The bet-
ter initial performance of the 1200 °C-sintered cell is likely at-
tributed to its higher porosity and better microstructure. On the
other hand, the denser microstructure of the 1250 °C-sintered
LCNT cell appears to benefit the electrochemical reduction
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process, leading to superior cell performance after the reduction
process. It is also worth noting that the R, value of the 1250 °C-
sintered LCNT cell is slightly lower than that of the 1200 °C-
sintered LCNT cell, suggesting improved physical and electrical
contact between the electrode and electrolyte at higher sintering
temperatures. This observation is in agreement with the findings
reported by Jergensen et al. and Sasaki et al. 3% The microstruc-
ture of the 1300 °C-sintered LCNT cell is too dense, leading to in-
sufficient active sites (triple phase boundary) for the reaction to
occur. Despite demonstrating the most significant R, improve-
ment and the smallest R, it still exhibits the worse electrochemi-
cal performance across these three cells both initially and postre-
duction.

LCNMTS5 cells were sintered at three different temperatures:
1150, 1200, and 1250 °C. These temperatures are lower than
those employed for LCNT cells, primarily due to the enhanced
sintering effect contributed by the Mn dopants.[“’l In contrast to
the observations for LCNT cells, the LCNMTS5 cells present a dif-
ferent relationship between sintering temperature and their ini-
tial performance. The cell sintered at 1200 °C achieves the best
initial performance, outperforming the one sintered at the low-
est temperature of 1150 °C, as shown in Figure 4. A comparison
of microstructures (Figure S9, Supporting Information) reveals
that the LCNMTS electrode sintered at 1150 °C has some isolated
round-shaped grains in the electrode. These grains are in contact
with neighboring grains, a feature not observed in the LCNT elec-
trode sintered at the lowest temperature of 1200 °C. This could
potentially be ascribed to incomplete sintering of the LCNMT5
electrode at 1150 °C, which in turn, negatively impacts the cell
performance.®®] The initial R, values for the LCNMT cells sin-
tered at 1150, 1200, and 1250 °C are 0.141, 0.139, and 0.118 Q
cm?, respectively. Upon undergoing the first, second, and third
cycles of electrochemical reduction, the R, values for the 1150 °C-
sintered LCNMTS5 cell change to 0.123, 0.125, and 0.128 Q cm?,
respectively. An increase in the R, value is observed after the sec-
ond reduction cycle. In contrast, the LCNMTS5 cells sintered at
higher temperatures show degradation in R, values after the third
reduction cycle. Specifically, after the first, second, and third re-
duction cycles, the R, values for the cell sintered at 1200 °C are
0.122, 0.120, and 0.122 Q cm?, respectively. The corresponding
R, values for the cell sintered at 1250 °C are 0.107, 0.107, and
0.108 © cm?, respectively. These findings further support that
electrodes sintered at higher temperatures have a more robust
interface with the electrolyte. Moreover, the degradation in R, val-
ues is observed for the 5% Mn-doped cells following the reduc-
tion cycles, possibly attributed to the reduction of Mn** to Mn?*,
which causes significant changes in lattice volume. Despite the
noticeable R, degradation in the 5% Mn-doped cells, the R, val-
ues consistently decrease following each electrochemical reduc-
tion cycle (Figure S8b and Table S3, Supporting Information).

The LCNMT10 cells were sintered at three different temper-
atures: 1050, 1100, and 1150 °C. 10% Mn-doped cells exhibit
greater instability compared to the 5% Mn-doped cells, poten-
tially due to the higher Mn doping level in the perovskite lattice
aggregate instability (Figure S8b,c, Supporting Information). For
all the LCNMT10 cells, both R and R, exhibit degradation af-
ter the second cycle of electrochemical reduction, regardless of
the sintering temperature (Figure S7, Supporting Information).
The 1050 °C-sintered LCNNT10 cell experiences the most severe
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degradation. To be more specific, the R, value initially decreases
from 0.165 to 0.153 Q cm?, and the R, drops from the 0.561 to
0.479 Q cm? after the first reduction cycle, indicating that even
with a 10% Mn doping level, a short-term reduction can still en-
hance the overall cell performance. However, after the second re-
duction cycle, both R, and R, values increase, reaching 0.190 and
0.518 Q cm?, respectively. Following the third reduction cycle, R,
and R, values experience another significant increase, rising to
0.482 and 1.501 Q cm?, respectively.

To gain a deeper insight into the improved electrode process,
the distribution of relaxation times (DRT) was used for decon-
voluting the impedance data, as seen in Figure S6¢ (Support-
ing Information) for LCNT cells, Figure 4c for LCNMTS5 cells,
and Figure S7c (Supporting Information) for LCNMT10 cells.
The DRT plots reveal that the cathode microstructure primarily
impacts the peaks in the frequency range of 1-100 Hz, which
are associated with adsorption, dissociation, and desorption pro-
cesses (1-10 Hz) along with the surface diffusion process (10—
100 Hz).[4142]

Both the LCNT cell sintered at 1300 °C and the LCNMTS5 cell
sintered at 1250 °C exhibit high resistance to adsorption, disso-
ciation, and desorption processes due to their dense microstruc-
tures. The peak frequencies for these processes in LCNT and LC-
NMTS cells are 2.5 and 7.8 Hz, respectively. Lowering the sinter-
ing temperature for LCNT cells results in a significant shift of the
peak frequency toward higher frequencies, accompanied by a re-
duction in peak area within the 1-100 Hz frequency range. This
implies that the kinetics are accelerated due to the additional ac-
tive sites for adsorption, dissociation, and desorption processes
provided by a more porous microstructure. As a result, the LCNT
cell sintered at the lowest temperature of 1200 °C initially exhibits
superior performance.

Similar to LCNT cells, LCNMTS5 cells sintered at 1200 and
1150 °C also show shifts in peak frequency toward higher ranges,
along with a reduced peak area in the frequency range of 1-
100 Hz, in comparison to LCNMT cells sintered at 1300 °C. This
shift results in an overlap with the arc at a frequency of 70 Hz,
which is typically associated with the surface diffusion process.
The dominant peak at a frequency of 70 Hz for the LCNMT5
cell sintered at 1150 °C is more pronounced than for the cell
sintered at 1200 °C, indicating that an incomplete sintering pro-
cess could negatively impact adsorption, dissociation, desorption,
and/or the surface diffusion processes. For LCNMT10 cells, over-
lapping peaks for adsorption, dissociation, and desorption pro-
cesses with the surface diffusion process are observed across all
sintering temperatures. Consistent with earlier findings, the peak
continually shifts toward higher frequencies as the sintering tem-
perature is reduced.

Following the electrochemical reduction treatment, both
LCNT and LCNMTS cells exhibit a significant decrease in peaks
within the 1-100 Hz frequency range, irrespective of the sinter-
ing temperature. This observation aligns with the results from
the EIS analysis. The main cause of this decrease is the formation
of additional oxygen vacancies due to the reduction of Ti**, Ni?*,
and Mn**/3* ions, which provide more active sites for the ad-
sorption, activation, and dissociation processes. However, in the
case of LCNMT10 cells, a consistent reduction in the peak area
is not observed with increased electrochemical reduction dura-
tion. This is attributed to the instability caused by the high doping
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Figure 5. Electrochemical performance of Lag 3Cag ¢Nig osMn,Tig g5_,O;3_, (x=0, 0.05, 0.10) cells at 900 °C. a) |-V curves in various feeds. b) Nyquist
plots in 97% CO, — 3% H,O at a bias voltage of 1.4 V. ¢) The corresponding DRT analysis of these spectra.

level of Mn, as previously discussed. Moreover, after electrochem-
ical reduction, dense cells exhibit a more pronounced decrease in
the peak areas within the 1-100 Hz frequency range compared
to porous samples. This suggests dense structures benefit more
from the electrochemical reduction process, relying on it to create
oxygen vacancies as active sites.

Hence, finding a balance between dense and porous struc-
tures is crucial. Dense structures can create more active sites
through electrochemical reduction. In contrast, porous samples,
despite generating fewer active sites during this process, intrin-
sically possess more active sites than dense structures. Nonethe-
less, incomplete sintering structures can be disadvantageous,
leading to the formation of isolated round-shaped grains in the
electrode. Therefore, achieving the best electrochemical perfor-
mance requires an optimal balance between dense and porous
structures, maximizing active site formation while minimizing
potential structural drawbacks.

2.2.2. Impact of Mn Doping Levels on Electrochemical Performance

Three cells
Mn, Tijes_,O

with similar microstructure, La,;Cag¢Nijos-

35—, (x =0, 0.05, 0.10), are compared to evalu-

Adv. Mater. 2024, 2308481 2308481 (8 of 11)

ate the effect of Mn doping levels on the CO, electrolysis
performance. To minimize the influence of microstructure on
cell performance, a similar microstructure is selected: LCNT
sintered at 1250 °C, LCNMTS5 sintered at 1200 °C, and LCNMT10
sintered at 1150 °C.

Figure 5a depicts the [-V curves for 97% CO, — 3% H, O elec-
trolysis before and after electrochemical reduction, as well as for
77.6% CO, — 19.4% H, — 3% H, O electrolysis after electrochem-
ical reduction at 900 °C. Following the electrochemical reduction
process, the LCNMTS5 cell outperforms the LCNT cell in both
97% CO, — 3% H,0 and 77.6% CO, — 19.4% H, — 3% H, 0 atmo-
spheric conditions, demonstrating superior electrochemical per-
formance. For instance, the LCNT cell achieves a current density
of —=2.49 A cm™ in the 77.6% CO, — 19.4% H, — 3% H,0 atmo-
sphere at an applied voltage of 1.8 V, whereas the LCNMTS5 cell
exhibits a higher current density of —2.89 A cm~2 under identical
conditions. However, a further increase in the Mn doping level
to 10% results in a noticeable decline in cell performance, indi-
cating that excessive Mn doping could adversely affect the CO,
electrolysis performance. Specifically, the current density of the
cell doped with 10% Mn reaches only —1.08 A cm~2 at an applied
voltage of 1.8 V under identical conditions. This suggests that
there exists an optimal Mn doping level for this particular cell
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design, beyond which performance starts to decline. All tested
cells exhibit improved cell performance when H, is employed as
the protective gas, compared to their performance evaluated in a
97% CO, — 3% H, 0 atmosphere. This phenomenon is consistent
with results reported in other studies.[*3#4]

The EIS data recorded at a potential of 1.4 V in a gas atmo-
sphere of 97% CO, — 3% H, O suggests that the improved electro-
chemical performance of the LCNMTS5 cell is primarily attributed
to a reduction in R, as illustrated in Figure 5b. Before the elec-
trochemical reduction, the LCNMTS5 cell displays an R, value of
0.460 Q cm?. This is approximately half of the 0.882 Q cm? value
observed for the LCNT cell, suggesting that doping with Mn can
significantly facilitate the CO, reduction reaction. After the first,
second, and third reduction cycles, the LCNT cell demonstrates
R, values of 0.304, 0.236, and 0.209 Q cm?, respectively. In con-
trast, the impact of the electrochemical reduction process on the
LCNMTS5 cell is more pronounced during the first reduction cy-
cle, with this effect diminishing during the subsequent second
and third cycles. The R, values for the LCNMTS5 cell after each
corresponding cycle are 0.259, 0.224, and 0.209 Q cm?. As previ-
ously discussed, prolonged reduction time negatively impacts the
performance of the Mn-doped cells. Prior to the third reduction
cycle, the LCNMTS5 cell demonstrates lower R, values than those
of the LCNT cell. Although the LCNT and LCNMTS5 cells display
identical R, values of 0.209 Q cm” at 1.4 V after the third reduc-
tion cycle, the LCNMTS still outperforms the LCNT cell at higher
voltages according to the I-V curves. Upon further increasing the
Mn doping level to 10%, the initial R, value rises to 0.927 Q cm?.
In comparison to the LCNMTS5 cell, the R, value is higher, in-
dicating that additional Mn doping is not beneficial for enhanc-
ing cell performance, which aligns with the I-V results. The R
value increases after the second reduction cycle, implying that the
higher Mn concentration in the electrode increases its instability,
as previously discussed.

To further explore the impact of the Mn dopants on the CO,
electrolysis performance, the DRT plots of LCNT, LCNMTS5, and
LCNMT10 are compared in Figure 5c. Upon introducing 5% Mn
into the cathode, a significant reduction in the intensity of peaks
within the 1-100 Hz segment is observed. Moreover, a shiftin the
frequency of these peaks toward the higher frequencies is noted.
The dominant frequency peak of LCNT, originally at 11 Hz, mi-
grates to higher frequencies in the LCNMTS5, possibly merging
with the peak around 70 Hz. This observation is likely attributable
to the inherent tendency of Mn to exhibit a lower coordination
number within the perovskite lattice. This characteristic could
lead to an increase in oxygen vacancies and promote oxide-ion
migration. Consequently, it may enhance the reaction kinetics
within the electrode and expedite processes like CO, adsorption,
dissociation, and activation on the cathode surface.

Throughout the electrochemical reduction process, the LCNT
cell exhibits a pronounced decrease in the peak area within the
1-100 Hz frequency range. While the LCNMTS5 cell also shows a
decrease in the same peak area, the reduction is less pronounced
compared to the LCNT cell. The decrease in peak area after the
electrochemical reduction process can be attributed to the in-
crease in oxygen vacancies arising from the reduction of B-site
ions, as mentioned earlier.

When the Mn doping level is increased further to 10%, a detri-
mental impact on performance is seen, particularly in the 1-
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100 Hz frequency segment. Here, the peaks demonstrated a sig-
nificant increase following a 10 min electrochemical reduction
treatment, which is consistent with the findings from the EIS
analysis. Notably, the initial peak area of LCNMT10 cell in the 1-
100 Hz frequency range is larger than that of the LCNMTS5, fur-
ther reinforcing the conclusion that increasing the doping level
of Mn is unable to enhance cell performance. In addition, an arc
featuring a summit frequency of 0.15 Hz appeared in the initial
performance measurement for both Mn-doped cells, which could
be attributed to gas conversion and/or gas diffusion.[*!! Follow-
ing a 5 min electrochemical reduction treatment, the peak disap-
peared for both cells, suggesting that the surface of the cathode
should be decorated with exsolved nanoparticles after this treat-
ment. The presence of nanoparticles could increase the number
of active sites, which in turn could enhance the gas—solid inter-
face. This enhancement could facilitate more efficient gas con-
version and diffusion processes.

In summary, the improved electrolysis performance achieved
through 5% Mn doping aligns with the impedance spectroscopy
findings, indicating that substituting Mn at the Ti-site along-
side an active transition metal (e.g., Ni) presents a promising
approach for enhancing catalytic activity in CO, electrolysis,
whereas excessive Mn doping appears to aggravate the instability
of the cell, thereby negatively affecting the overall performance
of the electrolysis cell.

The long-term stability of Lag;CageNijgsMng o5Tig 9005, |
Z14,895¢).10Ceq 01 Oz—y | Z1(,895¢h10Ce0 01 OZ—y-(LaO,Ssr0.2)0,95-
MnO,_, | (LaggStp,)o9sMnO;_,  electrolysis cell was further
carried out at 900 °C under an applied voltage of 1.2 V. The cell
steadily outputted a stable current density of —0.389 A cm™
during the entire 133 h operation, which demonstrates that
the cell possesses good durability for long-term application, as
illustrated in Figure S10 (Supporting Information). The current
density from the stability test is consistent with the performance
response shown in Figure 5a. Additionally, the SEM image of
the LCNMTS5 electrode following the stability test, as presented
in Figure S11 (Supporting Information), shows that no signif-
icant changes in the particle size and population of exsolved
nanoparticles.

3. Conclusion

In conclusion, this study examined the influence of Mn doping
on Lay;Cag¢Nij osMn, Tij g5, O;_, (x = 0, 0.05, 0.10) perovskite
materials and the microstructure of cathodes, both of which are
crucial to the performance of CO, electrolysis in solid oxide elec-
trolysis cells. The XRD and SEM confirmed that the Mn dopants
promoted Ni exsolution from the perovskite lattice. A strong in-
teraction between exsolved Ni nanoparticles and the perovskite
matrix was verified through TEM and EDX analyses. Further-
more, it was found that these Mn dopants improved the electri-
cal conductivity, with 5% determined as the optimal Mn doping
level. The study found optimizing the microstructure is essential,
as a balance between dense and porous structures is necessary
for achieving optimal electrochemical performance. While dense
structures have the ability to generate a larger number of ac-
tive sites through the electrochemical reduction process, porous
structures, by their very nature, inherently contain more of these
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active sites despite producing fewer during the same process. It
is important to note that excessively porous structures may pose
drawbacks and negatively impact cell performance. Moreover,
while Mn doping can significantly enhance cell performance, it
should be noted that excessive doping levels may have a nega-
tive effect on cell stability. An optimal Mn doping level of 5%
was identified in the study, which was found to enhance cell per-
formance by creating more oxygen vacancies and Ni nanoparti-
cles. Compared to the LCNT cell, the LCNMTS5 cell demonstrated
higher current densities at 900 °C and 1.8 V of —2.89 A cm™?
in 77.6% CO, — 19.4% H, — 3% H,O atmosphere. Overall, the
results suggested that optimizing both microstructure and Mn
doping levels could be promising approaches for improving the
performance of CO, electrolysis cells.

Building on the insights gained from this study, further re-
search and improvements can be explored. The following per-
spectives provide potential strategies to address the identified
challenges and limitations.

For instance, shortening the electrochemical reduction treat-
ment time could potentially improve the stability of Mn-doped
cells. In addition, a short electrochemical reduction time could
be sufficient to fully activate the Mn-doped cells. This can be at-
tributed to the enhanced oxygen ion migration in Mn-doped ma-
terials, which consequently increases their reducibility.

Moreover, a charge compensation strategy can be employed to
increase Ni doping level while maintaining the same Mn doping
level. In this case, incorporating more Ni** into the perovskite
will shift the primary valence of Mn toward 4+, consequently de-
creasing the number of Mn ions reduced from 3+ to 2+. This
approach may help mitigate the adverse effects of Mn reduction
on the stability and further increase the overall performance of
the electrolysis cell.

4. Experimental Section

Materials Preparation: All Lag 3CaggNig osMn, Tiges_O3_, (x = 0,
0.05, 0.10) samples were prepared by the solid-state synthesis route. Us-
ing Lag3CaggNigosMng o5 Tig 9003, as a representative example, specific
oxides and carbonated were initially pre-calcined at various temperatures
(La, O3, 800 °C; TiO,, 300 °C; CaCOs3, 300 °C) to ensure accurate stoi-
chiometry. An appropriate stoichiometric ratio of La, O3 (Pi-Kem, 99.99%),
TiO, (Alfa Aesar, 99.6%), CaCO; (Alfa Aesar, 99.5%), Ni(NO;),*6H,0
(Acros, 99%), Mn(NO3),*6H,0 (Alfa Aesar, 98%) were weighed. Subse-
quently, the mixture was mixed with ethanol and ~0.05 wt% Hypermer
KD1 dispersant, followed by sonication to break down agglomerates and
homogenize the mixture. The ethanol evaporated at 70 °C with continuous
stirring. The dried powders underwent calcination at 1000 °C for 12 h to
decompose the carbonated and initiate perovskite phase formation. The
calcined powder was subjected to ball milling at 400 rpm for 2 h using
ethanol as a solvent. The mixture was dried at 70 °C and uniaxially pressed
into pellets, which were subsequently sintered in air at 1450 °C for 12 h to
form a perovskite phase. The sintered pellets were crushed and motor-
grinded into smaller particles and the resulting powders were ball milled
at 700 rpm for 2 h to attain the desired particle size.

Cell Fabrication: Electrolyte-supported cells with the configuration
Lag 3Cag 6Nig oM, Tig g5, O3, |Zr0A895c04'|Oce0.0'IOZ—y | Zro.g9Sco.10Ce-
00192-,-(LaggSrg2)0.9sMnO3_, | (Lag.Sro.2)0.05MNnO;_, were employed
to investigate and assess the electrochemical properties of CO, elec-
trolysis. Lag 3Cag g NigosMn,Tiges_,O3_, (x = 0, 0.05, 0.10) powders
were combined with an organic binder consisting of a-terpinol and
polyvinyl butyral (PVB) to form fuel electrode slurries. Similarly, the
Zr0_895C0_10Ce0_0‘|02_y (ScCeSZ)-(Lao_gSr0_2)0_95MnO3_y(LSM) (50:50
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wt%) and LSM air electrode slurries were prepared using the same tech-
nique. Fuel electrode slurry and air electrode slurries were screen-printed
on opposite sides of the commercial ScCeSZ (Kerafol, 150 um) electrolyte.
For the air electrode, LSM-ScCeSZ was initially screen-printed on the
ScCeSZ electrolyte as the functional layer, followed by the screen-printing
of pure LSM as the current collector layer. Subsequently, a cosintered pro-
cess was conducted at 1100 °C for 2 h. The fuel electrode was fabricated
using the same screen-printing process. The sintering temperature for the
fuel electrodes was dependent on the specific materials. Multiple sintering
temperatures were tested to optimize the fuel electrode microstructure.
The electrode with a higher sintering temperature was screen-printed and
calcinated first. Gold (Au) paste was used as the current collector and the
single cell exhibited an active area of 0.5 cm?.

Material Characterizations: The crystal structure of the synthesized
and reduced perovskite materials was analyzed using a PANalytical
Empyrean X-ray Diffractometer, operating in reflection mode with Cu Ka
radiation. Rietveld refinements of the obtained diffraction patterns were
carried out using the GSAS Il software. The microstructure and morphol-
ogy of the samples were examined using scanning electron microscopy
(SEM, FEI Scios DualBeam). The crystalline structures and the element
distributions of the samples were observed by a scanning transmission
electron microscope (STEM, FEI Titan Themis) equipped with an energy
dispersive X-ray spectroscopy (EDX) detector. Thermogravimetric analy-
sis (TGA, Netzsch STA 449 Jupiter) was conducted on the as-synthesized
perovskite materials at a temperature of 900 °C for 10 h to investigate the
weight loss of the materials under a gas atmosphere of 5% H, /N,. Porous
bars of the perovskite materials, with a density of 60%, were prepared via
dry-pressing and subsequently sintered in the air for the electrical conduc-
tivity test using the DC four-probe method. Prior to conductivity measure-
ment, the conductivity bars were reduced at 900 °C for 30 h in 5% H,/N,.
Conductivity measurements were performed in the temperature range of
100-900 °C under a gas atmosphere of 5% H,/N,.

Electrochemical Measurement: The as-fabricated single cell was sealed
using ceramabond (Aremco #552) and mounted onto an alumina jig for
electrochemical characterization, with the air electrode exposed to ambi-
ent air. The temperature gradually increased to 900 °C. Simultaneously, a
mixture of 5% H, /N, was introduced into the fuel electrode at the flow rate
of 50 mL min~'. Once the cell reached 900 °C, the gaseous environment
was switched to a humidified CO, atmosphere (3% H,0), maintaining
the same flow rate of 50 mL min~" for the initial cell performance evalua-
tion. The electrochemical reduction was performed by applying 1.2 A (vs
air electrode) for 3 cycles, with each cycle lasting 5 min. Electrochemical
impedance spectroscopy (EIS) was collected between each electrochemi-
cal reduction cycle. Subsequently, the performance of the cells after elec-
trochemical activation was assessed using EIS and the I-V curve. A stabil-
ity test was then conducted in the presence of humidified CO, at 900 °C for
133 h at an operating voltage of 1.2 V. EIS measurements were collected
under an applied voltage of 1.4 V in the frequency range from 20 kHz to
1 Hz using an electrochemical working station (Solartron 1280B), with a
voltage amplitude of 20 mV, while I-V curves were recorded across a range
from open circuit voltage (OCV) to 1.6 V at a scanning rate of 10 mV s~'.
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