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All fresh samples exhibit a clean and smooth surface, while after reduction in 5% H2 at 900 °C
for 20 h, the exsolution of metal nanoparticles took place on the surface of the perovskite
(La0.43Ca0.37M𝑥Ti1-𝑥O3-γ (M = Ni0.05, Ni0.10, Ni0.05Mn0.05)).

Figure 4. SEM images of fresh and reduced polished surface of La0.4Ca0.4TiO3 and La0.43Ca0.37M𝑥Ti1-𝑥O3-γ along 
with particle size distribution histogram of the exsolved nanoparticles. Reduced sample prepared by treated 

in an atmosphere of 5% H2 for 20 h at 900 °C. 

• The trend of population density of exsolved nanoparticles closely follows the trend of weight fraction of 
exsolved nanoparticles calculated by the Retrieved refinement of XRD patterns apart from Ni0.05Mn0.05

doped perovskite. It is mainly due to the agglomeration of Ni nanoparticles in Ni0.05Mn0.05 doped 
perovskite.

TEM

TGA

XRD

Introduction

Whilst the utilisation of coal and other fossil fuels to generate electricity is rapidly diminishing and advances are being
made in the decarbonisation of transport, there are several important industrial sources of CO2 that continue to emit CO2

that cannot be easily abated without harming societal well-being. Key examples are cement and steel manufacture. These
are essential to the UK economy and have global impact. Here we seek to utilise produced CO2 to provide valuable,
carbon neutral products. This not only addresses climate change, but also adds commercial value.

Here, we seek to develop materials for CO2 electrolysis, basing this upon prior successes utilising Mn doped perovskites
and exsolution chemistry. Key parameters are low electrochemical losses and resistance to coking in higher carbon
containing atmospheres. This will entail materials and electrochemical studies, synthesising and characterising new target
compositions, fabricating cells and evaluating electrochemical properties in relation to produced gases.
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B-site Dopant Cell parameters 
(Å)

V (Å 3 ) Rietveld refinement 
parameter 

ap(Å) Wt. fraction of 
exsolved 

nanoparticles (%)

Ti a = 5.4664(7) 
b = 5.4681(4) 
c = 7.7179(6)

230.701 Rp = 6.79% 
Rwp = 9.24% 

χ2 = 1.15

3.864 N/A 

Ni0.05 a = 5.4721(2) 
b = 5.4721(9)
c = 7.7322(2)

231.537 Rp = 4.70% 
Rwp = 6.80% 

χ2 = 1.87

3.868 0.629%

Ni0.10 a = 5.4709(8) 
b = 5.4710(3) 
c = 7.7428(3)

231.758 Rp = 7.60% 
Rwp = 10.25% 

χ2 = 2.97

3.870 1.279%

Ni0.05Mn0.05 a = 5.4895(2) 
b = 5.4895(8) 
c = 7.7451(2)

233.400 Rp = 6.44% 
Rwp = 8.71%

χ2 = 2.35

3.879 1.065%
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The TGA curve of La0.43Ca0.37Ni0.05Mn0.05Ti0.90O3-γ

had a very sharp drop from the first 3 hours and
then stayed constant for the rest of time, which
is in a different trend from that of other
materials contained exsolved nanoparticles. This
is most likely due to the Mn doped in B-site
facilitating the amount of exsolved Ni
nanoparticles and increasing the speed of the
exsolution process. Since the Ni nanoparticles in
La0.43Ca0.37Ni0.05Mn0.05Ti0.90O3-γ exsolved at the
early stage, they tend to agglomerate when the
temperature continuously hold at 900 °C, which
is consistent with SEM analysis results.

Experimental

• La0.4Ca0.4TiO3 and La0.43Ca0.37M𝑥Ti1-𝑥O3-γ (M = Ni0.05, Ni0.10, Ni0.05Mn0.05) powders were prepared by the solid-state
reaction.

• XRD, SEM and TEM were utilized to characterize the exsolved nanoparticles.
• TGA was used to investigate the influence of different B-site doping on the number of oxygen vacancies formed.

Figure 1. Room-temperature XRD patterns of the La0.4Ca0.4TiO3 and La0.43Ca0.37M𝑥Ti1-𝑥O3-γ samples (a) 
sintered at 1400 °C for 12 h in air. (b) reduced at 900 °C for 20 h in 5% H2 (detail observation of XRD patterns 

of exsolved metal nanoparticles).

• All synthesized samples were in a single phase.
• A new phase was indicated by the peak at ∼44.4° for La0.43Ca0.37M𝑥Ti1-𝑥O3-γ (M = Ni0.05, Ni0.10, Ni0.05Mn0.05)

which indexed well with Ni metal (Fm3m).

Figure 2. Rietveld refinement of the XRD pattern of La0.43Ca0.37Co0.10Ti0.90O3-γ after reducing at 900 °C for 20 h 
in 5% H2 using Ibmm and Fm3m space groups for the perovskite oxide and exsolved Ni nanoparticles.

• The X-ray diffraction patterns of reduced samples have been refined to determine the weight fraction of 
exsolved nanoparticles further.

Figure. 3 TG experiments recorded during reduction of the as-prepared La0.4Ca0.4TiO3 and La0.43Ca0.37M𝑥Ti1-

𝑥O3-γ samples in 5% H2/Ar at 900 °C for 20 h.

Figure 5. TEM analysis of La0.43Ca0.37Ni0.05Mn0.05Ti0.90O3-γ sample after reduction at 900 °C for 20 h in 5% 
H2.(a) HAADF-STEM image with the EDS Ni nanoparticles mapping and EDS line scan of the exsolved 

nanoparticle and the perovskite outer layers. (b) HAADF-STEM image with the EDS element map of La, Ca, 
Ni, Mn, Ti and O. (c) HR-TEM image of perovskite substrate and exsolved Ni nanoparticle.

• The HAADF-STEM images coupled with EDS element mapping for La0.43Ca0.37Ni0.05Mn0.05Ti0.90O3-γ further 
confirm the exsolution of Ni nanoparticles on the surface of perovskite oxide and prove that the exsolved 
nanoparticles are partially embedded in the parent perovskite.
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