
Mixed Conductive Composites for ‘Low-Temperature’ 
Thermo-chemical CO2 Splitting and Syngas Generation

Journal: Journal of Materials Chemistry A

Manuscript ID TA-ART-03-2020-003232.R1

Article Type: Paper

Date Submitted by the 
Author: 23-May-2020

Complete List of Authors: Jiang, Qiongqiong; North Carolina State University, Chemical 
Engineering; Institute of Engineering Thermophysics Chinese Academy of 
Sciences
Gao, Yunfei; North Carolina State University, Chemical Engineering
Haribal, Vasudev; North Carolina State University, Chemical and 
Biomolecular Engineering
Qi, He; West Virginia University, Mechanical & Aerospace Engineering 
Department
Liu, Xingbo; West Virginia University, Department of Mechanical and 
Aerospace Engineering
Hong, Hui; Chinese Academy of Sciences
Jin, Hongguang; Institute of Engineering Thermophysics, Chinese 
Academy of Sciences
Li, Fanxing; North Carolina State University, Chemical Engineering

 

Journal of Materials Chemistry A



ARTICLE

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Mixed Conductive Composites for ‘Low-Temperature’ Thermo-
chemical CO2 Splitting and Syngas Generation
Qiongqiong Jiang# a, b, c, Yunfei Gao# a, Vasudev Pralhad Haribal a, b, He Qi d, Xingbo Liu d, Hui Hongb, 

c, Hongguang Jinb, c, Fanxing Li a, * 

An effective strategy to design platinum group metal (PGM) free redox catalysts for “low temperature” CO2 splitting followed 
with methane partial oxidation was proposed and validated. Composites of mixed ionic-electronic conductive (MIEC) oxides 
were found to be highly effective at relatively low temperatures (600 – 750 °C). Specifically, perovsktie structured 
LaNi0.35Fe0.65O3 and rock salt structured Ce0.85Gd0.1Cu0.05O2-δ, as two compatible yet structurally distinct MIEC oxides, were 
integrated into composite redox catalyst particles. Resulting from the synergistic effect of the two MIEC phases, 90% CO2 to 
CO conversion was demonstrated at 750 °C. Up to 90% methane conversion with 96% CO selectivity was also achieved in 
the methane POx step. The redox catalysts were characterized in detail to illustrate the underlying mechanisms for the 
synergistic effects. Electrical conductivity relaxation (ECR) measurements indicated significantly lowered activation energy 
for lattice oxygen (O2-) migration (0.43 eV). The enhanced oxygen migration in turn led to reversible exsolution of active 
transition metal nanoparticles (Ni-Fe alloy) from the mixed oxide, serving as active sites for methane activation while further 
enhancing lattice oxygen exchange, as confirmed by in-situ X-ray diffraction and transmission electron microscopy. As a 
result, the composite redox catalysts demonstrate superior redox activity, coke resistance, and long term redox stability, 
making them potentially suitable for CO2 utilization and methane partial oxidation under a hybrid redox process scheme.

1. Introduction
Owing to the increasing greenhouse gas (GHG) 

emission from fossil fuels, global climate change has 
become a worldwide concern. Carbon dioxide 
(CO2), as the leading GHG, is a major contributor to 
the environment-instability and ecosystem-
imbalance1. CO2 emissions have grown to 43 billion 
metric tons (bmt) in 2019, far exceeding the target 
of 20 bmt by the year 2040 according to the Paris 
Agreement2. Meanwhile, the global demand for 
energy, especially fossil fuels, is still on the rise with 
a projected average of 1.4% increase each year 
through 2035 3. Carbon capture and storage (CCS) 
can reduce CO2 emissions from fossil fuel 
combustion. However, most CCS technologies, 
including pre-combustion, oxy-fuel combustion and 
post-combustion, are energy and capital intensive4. 

With the aim to address both environmental and 
energy challenges, novel CO2 utilization techniques 
are highly desirable to potentially improve the 
economic attractiveness for CO2 management while 
reducing emissions5. Repurposing CO2 from 
industrial flue gases and efficiently converting the 
CO2 into value-added chemicals, which are often 
less energy-intensive to produce, is particularly 
promising. 

The technologies to convert CO2 into chemicals 
can be divided into electrochemical, photochemical, 
and thermochemical approaches6. These approaches 
face different challenges. The feasibility of 
electrochemical reduction of CO2 relies on 
electrocatalysts that can reduce CO2 at low 
overpotentials, high current densities and have 
favorable selectivity as well as long lifetime7. 
Despite the current rapid progress, electrocatalysts 
reported to date have yet to meet these stringent 
requirements. Photoelectrochemical reduction of 
CO2, discovered by Halmann8, faces challenges such 
as self-photocorrosion of the semiconductor 
materials, charge recombination, and performance 
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limitations of the photocatalysts9. CO2 can also be 
thermochemically converted using an oxide-based 
redox catalyst, also known as an oxygen carrier, at 
elevated temperatures facilitated by concentrated 
solar energy10. Although significant progress has 
been made in the development and optimization of 
the redox materials for thermochemical CO2-
splitting, the high operating temperature (>1100 oC) 
and limited CO2 conversion remain as key 
challenges for these processes9. To address these 
barriers, we proposed an open-loop Hybrid Redox 
Process (HRP) concept for ‘low-temperature’ 
thermochemical reduction of CO2 (Fig. 1)11. 

Fig. 1 Schematic diagram of the hybrid redox 
processes (HRP).

In HRP, the thermochemical reduction of CO2 
is facilitated by an oxide-based redox catalyst, 
shown in Eq. 1. In this step, the redox catalyst, in its 
reduced form, reacts with CO2 to replenish its lattice 
oxygen while producing CO. The re-oxidized redox 
catalyst is then reacted with methane (Eq. 2) to form 
syngas with ~2:1 ratio of H2: CO. The use of 
methane as the reducing agent not only lowers the 
operating temperature for the CO2-splitting cycle but 
also provides a valuable syngas product for chemical 
production12.

                                   1  CO2 + MeO𝑥 ― 1 = MeO𝑥 +CO

                         2CH4 + MeO𝑥 = Me𝑥 ― 1 +CO + 2H2

For thermochemical redox cycles, the 
performance of the redox catalysts is one of the most 
critical factors affecting the overall process 
performance. Extensive research has been 
conducted for redox catalyst development and 
optimization in the context of CO2-splitting. In terms 

of its active (oxygen-carrying) component, oxides 
and mixed oxides of Fe, Co, and/or Ni have been 
investigated as suitable candidates13. Veser et al. 14 
investigated chemical looping dry reforming 
(CLDR) using nanostructured Fe@SiO2 and Fe–
BHA (barium hexa-aluminate) with high specific 
surface area (225m2g-1), and Fe-BHA showed higher 
redox kinetics and stability compared to Fe@SiO2 
due to a partial loss of the core-shell structure and 
formation of silicates for the latter, at about 800°C.

To enhance the redox performance of iron 
oxides, iron-nickel mixed oxides were tested, 
showing high methane and CO2 conversions of 
about 90% for CLDR at ~1000 oC15. Besides these 
first-row transition metal oxides, ceria-based oxides 
were also explored as the oxygen-carrying medium, 
achieving 95% CO2 conversion in the CO2-splitting 
step at 800oC. However, the observed syngas yield 
was limited to 38% due to the relatively low 
selectivity16. Although promising results were 
obtained, the operating temperatures required for the 
abovementioned oxygen carriers are relatively high 
with limited CO2 conversion and/or syngas yield. 
The high operating temperature requirement is 
particularly problematic for CO2 utilization since it 
poses significant challenges over heat integration, 
reactor materials of construction and operation, and 
coke formation17. Recent experimental and density 
functional theory (DFT) studies indicate that 
perovskites, with a general formula ABO3

18, possess 
high oxygen vacancy conductivities that are 
desirable for these redox reactions19. Ronald et al. 20 
demonstrated the ability of La0.6Sr0.4Co0.2Fe0.8O3-δ 

(LSCF) to perform dry reforming of methane 
(DRM) in a membrane reactor in a temperature 
range of  840oC-1030oC. Zhang et al. 11c reported 
platinum group metal (PGM)-free nanocomposites 
Sr3Fe2O7−δ which showed near 100 % conversion for 
both CH4 and CO2 and ~96% syngas selectivity at 
950oC.

The operating temperature of HRP is primarily 
dictated by the requirement for methane activation. 
As the most stable hydrocarbon molecule, the C-H 
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bond in methane is difficult to activate. This is 
especially the case in the proposed redox approach 
where lattice oxygen species, which can be 
significantly less active than gaseous oxidants, are 
used for methane activation. Previous research 
indicated that the use of PGMs as promoters (or 
active catalytic sites) on perovskite-based redox 
catalysts facilitates effective methane activation at 
low temperatures10d, 21. The same principles apply to 
ceria-based redox catalysts. Haribal et al. 11b 
reported Rh promoted, lanthanum doped cerium 
oxide which achieved near-complete CO2 
conversion with 83% syngas yield at 650oC. 

Although PGMs can effectively reduce the 
temperature for methane activation, their costs can 
be prohibitive. To our knowledge, however, non-
PGM containing redox catalysts have yet to 
demonstrate satisfactory CO2 and methane 
conversions at ≤  750 °C. In the current study, we 
enhance the redox catalysts’ activity for methane 
activation and CO2 splitting in the absence of PGM 
via (i) facilitating lattice oxygen removal and 
replenishment by enhancing the bulk conductivity 
for O2- and electrons; (ii) promoting the surface 
catalytic activity of the redox catalysts through 
dynamic exsolution of active transition metals on the 
oxide surface. The above functions are realized by 
composites of two mixed-conductive oxides with 
distinct structures, i.e., Ce0.85Gd0.1Cu0.05O2-δ 
(CGCO) and LaNi0.35Fe0.65O3 (LNF), which 
demonstrated high activity at relatively low 
operating temperatures (≤750oC). Resulting from 
the unique properties of the composite redox 
catalysts, up to 90% CO yield and 96% syngas 
selectivity were demonstrated at 750 °C.  In-situ 
XRD, TEM, EDX, and CO-chemisorption were 
utilized to elucidate the underlying mechanisms for 
HRP catalysts in both the methane partial oxidation 
(POx) and CO2 splitting steps.

2. Experimental
2.1 Synthesis of the mixed conductive composites

CGCO and LNF were separately prepared via a 
modified sol-gel method. Nitrate precursors, i.e., 
Ce(NO3)3·6H2O, Gd(NO3)3·6H2O, Cu(NO3)2· 
3H2O, La(NO3)3·6H2O, Fe(NO3)3·9H2O, 
Ni(NO3)2·6H2O were dissolved in deionized water 
in a beaker. Citric acid was subsequently added into 
the solution as the complexing agent, with mole 
(citric acid)/moles (sum of metal cations) = 2.5/1. 
Ethylene glycol was then added to the solution, with 
mole (ethylene glycol)/mol (citric acid) = 1.5/1. The 
solution was stirred at 80 oC until gel formation. The 
gel was then transferred to a convection oven for 
drying at 130 oC for 24 h. The dried material was 
finally calcined in a tube furnace at 750 oC for 6 h 
with airflow. Mixed CGCO/LNF was synthesized 
via a high-energy ball mill (JY7124-SWC). 
Stoichiometric amounts of CGCO and LNF were 
added into a stainless steel pot. 20 to 30 Al2O3 balls 
were then added into the pot. The pot was then 
sealed and ball-milled for one hour. After the ball 
mill, CGCO/LNF was pelletized with 20 MPa 
pressure and sieved into 90 – 250 µm for reaction 
tests.

2.2 Characterization of the mixed conductive 
composites

The formation of crystalline phases of the as-
prepared, reduced, and CO2- or O2- cycled samples 
were identified and confirmed by rough X-ray 
diffraction (XRD) analysis. Diffraction data were 
collected using a Rigaku SmartLab X-ray 
diffractometer with Cu-Kα radiation at 40 kV and 44 
mA. A stepwise approach with a step size of 0.1° 
and a residence time of 2.0 s at each step from 25o to 
60o angle range (2θ) was used. Detailed refinement 
scans were conducted with an Empyrean 
PANalytical XRD with spinner stage. Phase 
fraction, lattice parameter and lattice oxygen 
vacancies in CGCO were determined and analyzed 
via HighScore Plus and Rietveld refinement with a 
GSAS-2 software22. In-situ XRD scans were also 
obtained with the Empyrean PANalytical XRD. The 
XRD patterns were acquired using similar Cu-Kα 
radiation operating at 45 kV and 40 mA. A 2θ range 
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of 25 to 60° was used at a ramp rate of 0.039° 
holding each step for 0.3 s. The sample was first 
heated from room temperature to 750 °C at 10oC 
min-1 under 80 ml min-1 CO2/N2 (6.25 vol%) flow. It 
was then remained at 750oC and exposed 
sequentially to CH4/N2 (methane POx step, 10 mins) 
and CO2/N2 (CO2 splitting step, 10 mins) 
environments for similar 80 ml min-1 and 6.25 vol%. 
A nitrogen purge step for 15-mins was used between 
the reduction and oxidation steps.  Three redox 
cycles were conducted at the remained temperature 
and then the sample was cooled down to room 
temperature at 10oC min-1. 

High-resolution transmission electron 
microscope (TEM) images and EDX mappings were 
obtained on an S/TEM (FEI Talos F200) operated at 
200 kV. The sample was prepared by drop-casting a 
suspension of the sample in ethanol (anhydrous) on 
a carbon-coated copper grid and then dried under 
ambient conditions. Scanning electron microscope 
(SEM) images were obtained on a Verios 460 (FEI) 
field-emission electron microscope. The oxygen 
diffusion coefficient (D) and the relative activation 
energies of the mixed conductive composites were 
characterized by an electrical conductivity 
relaxation (ECR) method. ECR tests were carried 
out with an in-house system at West Virginia 
University (WVU). A four-point DC method was 
used. The measurements were performed in a tube 
furnace with a fixed gas flow rate of 100 sccm. The 
conductivity data were obtained using Keithley and 
fitted with MATLAB. CO-chemisorption was 
studied using a Quantachrome ChemBET Pulsar 
instrument. The BET surface areas of the samples 
were determined using a Micromeritics ASAP 2020 
physi/chemisorption system by N2-adsorption.

2.3 Methane-POx and CO2 splitting test

For the investigation of the performance in the 
methane-POx and CO2 splitting, the reactivity and 
kinetics of mixed conductive composites 
CGCO/LNF were studied. Temperature-

programmed reduction (TPR) and isothermal 
CH4/CO2 redox cycles were tested in a 
thermogravimetric analyzer (TGA). 20 mg of as-
prepared sample was placed in the crucible inside 
TGA. Both the reactant gas and carrier gas were 
introduced into the chamber from the bottom to 
minimize the influence of gas convection. The gas 
flow rate was controlled with a mass flow control 
(MFC) unit. For TPR tests, the 200 ml min-1 CH4/Ar 
(5% vol%) was entered the TGA chamber as the 
temperature increased from 100oC to 850oC. For 
isothermal redox cycle, the fresh samples were first 
heated from room temperature to 750°C at a rate of 
20 °C min-1 and CO2/Ar (5 vol%) was 
simultaneously introduced into the chamber at a rate 
of 200 ml min-1. At reaction temperature, the 
reactant gas (5 vol% CH4/Ar) was introduced into 
the chamber for 5 min in the reduction step. The 
chamber was purged with Ar for 10 min. Then 
CO2/Ar (5 vol% CH4/Ar) was passed the chamber 
for 5 min as the oxidation process.  

The redox performance was evaluated in a 
fixed bed configuration using a microreactor (U-
shaped quartz tube; 4mm ID) that was vertically 
placed inside an electric furnace. The composition 
of the effluent stream was monitored by a 
quadrupole mass spectrometer (Cirrus 2, MKS). 0.5 
g of the redox material (90 to 250 µm) was loaded 
in the reactor, and quartz wool was packed on both 
ends of the catalyst to keep the particles in place. The 
reactor was heated up to reaction temperature in Ar 
(25 ml min-1). After that, CH4 (2.8 ml min-1) was 
introduced for 2 mins followed with Ar purging for 
5 mins. After purging, CO2 (1.0 ml min-1) was 
introduced for 3 mins as the CO2 splitting step 
followed with 5 mins Ar purge prior to the initiation 
of another redox cycle. In the long-term redox cycle 
testing, the CO2 flow rate was set at 1.5 ml min-1 to 
minimize coke formation.

3. Results and discussion
3.1 Phase characterizations of the mixed 
conductive composites
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Considering the compositional complexity of 
the mixed oxides selected and their structural 
differences, it is important to ensure that the two 
oxides maintain their respective structural integrity 
in their composite form. A previous study indicated 
that a dual-phase mixed conductive membrane 
composed of fluorite structured ceria and 
perovskites exhibited excellent phase compatibility 
and mixed ionic-electronic conductivity at ~1000 
oC.23 However, the phase compatibility between 
CGCO and LNF has yet to be investigated, 
especially under redox conditions. Fig. 2(a) 
summarizes the XRD spectra of the as-prepared 
CGCO, LNF and CGCO/LNF 60/40 samples. Here, 
x/y (x + y = 100) indicates the weight percentages of 
the CGCO and LNF components in the composite. 
As can be seen, fresh CGCO (fluorite) and LNF 
(orthorhombic perovskite) respectively 
demonstrated their anticipated structure without 
phase impurity. Moreover, the composite materials 
with different compositions (CGCO/LNF 80/20, 
40/60, and 20/80) demonstrated distinct fluorite and 
orthorhombic perovskite phases, confirming the 
compatibility of CGCO and LNF in the composite 
structure in Fig. S1. 

Fig. 2(b) summarizes the XRD patterns of as-
prepared, reduced (ending in CH4 oxidation) and 
cycled CGCO/LNF 60/40 (ending in CO2 splitting) 
at 750oC. Importantly, the XRD patterns of reduced 
and cycled samples still showed a stable structure 
with the compatibility of CGCO and LNF. 
Meanwhile, newly-formed Ni/Fe alloy and La2O3 
phases were observed in the reduced and cycled 
sample.  The peak of the Ni-Fe phase in the reduced 
sample is more intensive than that in the cycled 
sample. The role of these newly formed phases will 
be further discussed in Section 3.3. Overall, these 
XRD results indicate that CGCO and LNF remain as 
the majority phases in the mixed conductive 
composites after high-temperature annealing and 
repeated redox cycles, thereby confirming their 
compatibility and stability for the proposed open-
loop hybrid redox process (HRP). 

Fig. 2 (a) XRD patterns of as-prepared CGCO, LNF and 
CGCO/LNF 60/40. (b) XRD patterns of fresh, reduced 
and cycled CGCO/LNF 60/40.

3.2 Synergistic effects of the mixed conductive 
composites

Effects on the reducibility of the redox catalysts

Since methane activation is often the limiting 
factor for low-temperature HRP, CH4 TPR 
experiments were first conducted on pure CGCO, 
LNF and the CGCO/LNF composite (60/40). As 
illustrated in Fig. 3, CGCO is hardly reducible at 
<800 °C. Although its reduction rate notably 
increased at >800 °C, we were unable to identify a 
distinct reduction peak within the temperature range 
of interest (400 - 850 °C) due to its poor reducibility 
at lower temperatures. In comparison, LNF 
exhibited two prominent reduction peaks at 620oC 
and 680oC. It is noted that CGCO/LNF 60/40 
composite also showed two reduction peaks, but at 
significantly lower temperatures (570oC and 650oC) 
compared with LNF. This clearly indicates that the 
reduction of the oxide-based redox catalysts can be 
facilitated by the mixed CGCO/LNF composite. 

In addition, the overall reduction peak areas of 
CGCO/LNF were significantly larger than those of 
LNF and CGCO, indicating its potential for higher 
oxygen-carrying capacity. In addition, coke 
formation becomes significant for LNF at > 700oC. 
In comparison, CGCO/LNF exhibited negligible 
coke formation within the same temperature range.  
As shown in Fig. S2(a), the weight gain of the LNF 
for CH4-TPR starts at > 700oC, showing the coke 
formation at this temperature. Therefore, the 
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addition of CGCO to LNF not only enhances the 
reducibility of the composite material but also 
improves its coke resistance; both are highly 
desirable features for HRP redox catalysts. H2-TPR 
results, shown in Fig. S2(b) further confirm the 
synergistic effect of the mixed CGCO/LNF 
composite in terms of its reducibility. 

Fig. 3 CH4-TPR of CGCO, LNF and CGCO/LNF 
60/40 composite.

Effects on the redox kinetics

The reaction rates of standalone CGCO, LNF 
and mixed CGCO/LNF composites were studied 
through TGA under isothermal redox cycles. Fig. 
4(a) and (b) show the average reduction rates of the 
redox catalyst during the methane POx step and CO2 
splitting step at 750oC. As can be seen, the methane 
POx step is significantly slower than the CO2-
splitting step in all cases, confirming the importance 
of the redox catalysts’ activity for methane 
conversion. Among these three redox catalysts, 
CGCO/LNF 60/40 exhibited the highest reduction 
rate of 0.22 mg min-1 and oxidation rate of 1.09 mg 
min-1, respectively. To compare, the reduction and 
oxidation rate of CGCO were as lower as 0.04 and 
0.8 mg min-1; and LNF were 0.08 and 1.04 mg min-

1. Additional kinetic data at reaction temperatures 
ranging from 600oC to 750oC are provided in Fig. 
S3. Overall, CGCO/LNF consistently exhibited 
superior activity over CGCO and LNF. This 
confirms the synergistic effect between the two 
phases. In addition, the reaction rate of the CO2-
splitting step was nearly 4 times that of the methane 
POx step, indicating that methane activation is the 

rate-limiting step. The faster redox kinetics of the 
CGCO/LNF composite also resulted in a higher 
overall lattice oxygen extraction amount of oxygen-
carrying capacity. For instance, 2.5-4 w.t.
% oxygen capacity was observed between 600 and 
750 °C. In comparison, LNF and CGCO exhibited 
oxygen capacities of 1 w.t.% and 0.6 w.t.% 
respectively24. 

The kinetic data obtained from TGA tests were 
further analyzed through an isoconversional kinetic 
method for gas-solid reactions25, with further details 
provided in the ESI. The Arrhenius plots of the 
redox catalysts during the methane POx step (Fig. 
S4) indicate that incorporating CGCO and LNF in a 
composite form led to decreased activation energy. 
CGCO showed activation energy of 122.5 kJ mol-1 
(1.27 eV)26, LNF activation energy was 1.07 eV, 
whereas that for CGCO/LNF 60/40 was 0.70 eV27. 
Overall, the reaction rate data and apparent 
activation energy clearly demonstrate the kinetic 
advantages of the CGCO/LNF over its individual 
constituents. 

Fig. 4 The average rates of reaction for CGCO, LNF, 
and CGCO/LNF 60/40 in 5% CH4/Ar at 750oC over 
(a) the methane POx step; (b) the CO2 splitting step.

Effects on the redox performance in HRP

To demonstrate the performance of the redox 
catalysts in HRP, methane-POx and CO2 splitting 
experiments were conducted in a fixed-bed reactor. 
Fig. 5(a) compares the catalyst performance of 
standalone CGCO, LNF and CGCO/LNF 60/40 at 
750 °C. Standalone CGCO was nearly inactive for 
methane activation at 750oC, e.g. less than 5% 
methane and CO2 conversions with less than 0.1 
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w.t.%. active oxygen being extracted. LNF was 
more active than CGCO but both methane and CO2 
conversions were still limited to <35%. In 
comparison, CGCO/LNF 60/40 exhibited a 
synergistic effect and the catalyst performance was 
significantly improved, with both increased 
conversion and CO selectivity. More than 90% of 
both methane and CO2 conversions were obtained, 
with ~0.6 w.t.% oxygen extracted. This represents a 
6-fold increase compared to CGCO and a 3-fold 
increase compared to LNF (Fig. S5). High CO yield 
(96%) and an ideal syngas composition (H2/CO = 2) 
were also obtained for CGCO/LNF 60/40.

Due to the limited size of the packed bed and 
gas dispersion, the degrees of reduction and 
oxidation of the redox catalysts are limited in order 
to obtain high methane and CO2 conversions (before 
breakthroughs occur). As such, the oxygen 
capacities demonstrated in packed bed studies are 
notably lower than those from TGA. 

Fig. 5(b) shows the temperature effect on the 
reactivity of CGCO/LNF 60/40. As can be seen, 
significant methane conversion was observed at 
650oC or higher. Among the temperatures 
investigated, 750oC was deemed to be a desirable 
operating temperature, with both satisfactory 

CH4/CO2 conversions and syngas selectivity. Higher 
temperatures (e.g., 800oC and 850oC) exhibited 
higher CH4/CO2 conversions but with coke 
formation as indicated by higher H2/CO ratios (Fig. 
S6). It is noted that H2/CO was 2.5 for the standalone 
LNF and also for the CGCO/LNF 20/80, indicating 
that the LNF was prone to coke formation. In 
comparison, CGCO/LNF samples with higher than 
20 w.t.% CGCO exhibited excellent coke resistance. 

The impact of CGCO/ LNF ratios is 
summarized in Fig. 5(c). Close to 90% methane 
conversion was obtained for all the mixed 
conductive composites. CGCO/LNF of 60/40 
weight ratio was the best performing redox catalyst, 
showing the highest CH4/CO2 conversion (90%) and 
CO selectivity (96%). The stability of CGCO/LNF 
60/40 during long-term CH4-POx and CO2 splitting 
redox cycles was also tested and the results are 
shown in Fig. 5(d). Methane conversion remained at 
87% with active oxygen extraction at 0.47 w.t. % for 
each cycle. This oxygen capacity is sufficient in the 
proposed methane-POx/CO2 splitting HRP scheme 
and is much higher than those of CGCO (0.1 w.t. %) 
and LNF (0.25 w.t. %).

Fig. 5 (a) The reactivity of CGCO, LNF, CGCO/LNF (at 750oC); (b) Effect of temperature on the activity 
of CGCO/LNF 60/40; (c) Effect of CGCO/ LNF ratios; (d) Long term stability of CGCO/LNF 60/40.
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3.3 Mechanistic investigations

Synergistic effects on bulk redox properties
HRP is a redox process with dynamic change 

on redox catalyst phases, lattice oxygen vacancy and 
surface structure. Understanding these dynamic 
changes can offer critical mechanistic insights on 
redox catalyst performance28. The in-situ XRD 
under methane-POx/CO2 splitting redox cycles at 
750oC was conducted. Fig. 6(a) shows the XRD 
patterns of CGCO/LNF 60/40 during one redox 
cycle. Detailed phase assignments are in Fig. 6(b). 
It was observed that both CGCO and LNF contribute 
to the overall lattice oxygen extraction but with 
different mechanisms. CGCO contributes to the 
lattice oxygen extraction by oxygen vacancy 
formation during the reduction step, as indicated by 
the peak shift of (111) plane of CGCO (by 0.04°). 
Meanwhile, LNF contributes to the lattice oxygen 
extraction by partial decomposition to La2O3 and a 
bimetallic Ni-Fe phase. It is also noted that the 
crystallite size of Ni-Fe in the reduced composites is 
25.2 nm, which is smaller than that of Ni-Fe (18.3 
nm) in the reoxidized sample, confirming the 
dynamic exsolution of the Ni-Fe phase. That is, Ni-
Fe and La2O3 are partially incorporated back into the 
LNF phase during the CO2-splitting step. To 
compare, standalone CGCO and LNF showed 
minimal change between reduced and oxidized 
states (Fig. S7). 

Rietveld refinement was conducted on CGCO, 
LNF and the composite redox catalyst in both 
oxidized and reduced states and the lattice oxygen 
extraction were calculated based on lattice oxygen 
stoichiometry (δ) of Ce0.85Gd0.1Cu0.05O2-δ and 
La2O3/LaNi0.35Fe0.65O3 phase molar ratio (Fig. S8). 
The calculated lattice oxygen extraction was 
comparable with experimental results from TGA 
(Fig. S3). Detailed information concerning Rietveld 
refinement is shown in Table S1. As shown in Fig. 
6(c), significantly more lattice oxygen vacancies 
were formed from CGCO in the composite material 
than standalone CGCO, as indicated by the more 

than a 6-fold increase of lattice oxygen capacity. 
Simultaneously, LNF was more deeply reduced to 
La2O3 and Ni-Fe than standalone LNF. These XRD 
observations correspond well with the synergistic 
effects observed in the previous section.

Fig. 6 (a) In-situ XRD patterns of CGCO/LNF 60/40 
for the redox cycle; (b) In-situ XRD patterns of 
CGCO/LNF 60/40 at 750oC for reduced and 
oxidized materials. (c) Lattice oxygen extraction 
from standalone CGCO, LNF and CGCO, LNF in 
composite phase (CGCO/LNF 60/40) based on 
Rietveld refinement.

The electrical conductivity relaxation (ECR) 
technique was used to determine the lattice oxygen 
migration rates of CGCO, LNF and CGCO/LNF 
60/40 and the results are summarized in Fig. 7. The 
activation energies (Ea) were calculated based on 
the diffusion coefficient (D) measurements. It was 
observed that CGCO and LNF exhibited similar 
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activation energies for lattice oxygen migration and 
LNF (1.36 eV) was slightly smaller than CGCO 
(1.03 eV). On the other hand, CGCO/LNF 60/40 
showed much lower activation energy as 0.43 eV. 
This indicated that lattice oxygen migration in 
CGCO/LNF 60/40 was significantly facilitated for 
the synergistic effect of the mixed conductive 
composites. It is noted that the energy barrier for 
oxygen conduction in CGCO/LNF is significantly 
lower than standalone CGCO and LNF, which 
shows a consistent trend with their apparent 
activation energies for methane POx.

Fig. 7 Arrhenius plots of CGCO, LNF, and 
CGCO/LNF 60/40 based on ECR measurements. 

Synergistic effects for surface catalytic properties. 
TEM and EDX images were obtained on 

reduced CGCO/LNF (CGCO/LNF=60/40) ending 
in the methane-POx step (Fig. 8). As can be seen, 
reduced CGCO/LNF exhibited isolated islands of 
bimetallic Ni-Fe particles with a diameter ranging 
between 20 and 40 nm. TEM images also showed 
segregated phases of Ni-Fe, CGCO and LNF, as 
indicated by the lattice spacing from their (111), 
(111) and (121) planes, respectively. Meanwhile, 
oxidized CGCO/LNF ending in the CO2 splitting 
step showed a more homogeneous distribution of all 
the elements. This is consistent with in-situ XRD 
results, where the exsolution of bimetallic Ni-Fe was 
observed during the methane-POx step. In addition, 
the SEM images of the CGCO/LNF 60/40 fresh and 
cycled were shown in Fig. S10. These mappings 
indicated that the morphology of the CGCO/LNF 
60/40 remained consistent and the structure of the 
mixed CGCO/LNF 60/40 composite was stable after 
redox cycles.

Fig. 8 The TEM and EDX mappings of reduced CGCO/LNF (CGCO/LNF=60/40)
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CO chemisorption was conducted on reduced, 
standalone CGCO, LNF and CGCO/LNF composite 
to further quantify the bimetallic Ni-Fe surface sites, 
as summarized in Table S2. Total CO adsorption for 
reduced CGCO/LNF was 1.21 ×10-5 mol g-1 and 
much higher than that of both reduced standalone 
CGCO (4.01 ×10-6 mol g-1) and LNF (1.10 ×10-

6mol g-1). The results indicate that reduced 
CGCO/LNF exhibited significantly more Ni-Fe 
surface sites than reduced LNF, further confirming 
its superior catalytic activity. In terms of surface 
area, CGCO/LNF exhibited a higher specific surface 
area (17.09 m2 g-1) than LNF (8.35 m2 g-1) and 
CGCO (4.02 m2 g-1) (Table S3). The higher surface 
area was probably due to the high-energy ball 
milling during its preparation. 

The characterization results above indicate that 
the bimetallic Ni-Fe particles, formed during the 
reduction of CGCO/LNF composite, are likely to be 
responsible for the composite samples’ surface 
catalytic activity for methane activation. The role of 
bimetallic Ni-Fe was further confirmed under 
methane-POx/Air re-oxidation redox cycles. As 
shown in Fig. 9(a), CGCO/LNF ending in air re-
oxidation step exhibited much lower activity for 
methane conversion. This corresponds well with 
XRD results in Fig. 9(b), which confirms the 
absence of Ni-Fe phase in CGCO/LNF ending in the 
air re-oxidation. This is understandable since Ni-Fe 
exsoluted from LNF would be fully incorporated 
back into the LNF structure under the strong 
oxidizing environment in the presence of O2. The 
presence of exsoluted Ni-Fe on the surface of 
CGCO/LNF under methane-POx/CO2 redox cycles 
is hence responsible for the surface catalytic activity 
of the composite sample. Furthermore, the superior 
catalytic activity for methane activation, coupled 
with the higher lattice oxygen conductivity of the 
composite redox catalyst, would in turn enhance the 
lattice oxygen extraction from both the LNF and 
CGCO phases. 

Fig. 9 (a) Comparison of reaction performance of 
CGCO-LNF with CH4-CO2 redox cycle and CH4-O2 
redox cycle; (b) the XRD patterns of CGCO/LNF 
60/40 ended in CH4-CO2 redox cycle and CH4-O2 
redox cycle. 

Based on the characterization results above, the 
synergistic effects of CGCO/LNF and the schematic 
of the reaction mechanism are illustrated in Fig. 10. 
The phase cooperation between CGCO and LNF in 
the CGCO/LNF composites facilitated lattice 
oxygen migration and promoted the formation of 
bimetallic Ni-Fe surface sites. Meanwhile, the Ni-Fe 
acted as active sites for methane activation and 
helped to release more lattice oxygen from both LNF 
and CGCO phases in the composites. As a result, 
high methane conversion, CO selectivity and high 
lattice oxygen extraction were obtained on 
CGCO/LNF in chemical looping methane-
POx/CO2-splitting redox cycles. Table S4 
summarizes the performance of the redox catalyst in 
this study and those reported in recent publications.
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Fig. 10 Schematic of reaction mechanism on mixed conductive composite CGCO/LNF.

4. Conclusions

A rationalized strategy to design effective, 
PGM free redox catalysts for “low temperature”, 
redox-based CO2 splitting and methane partial 
oxidation were proposed and validated. Specifically, 
composites of two mixed-conductive oxides with 
distinct structures, i.e., Ce0.85Gd0.1Cu0.05O2-δ 
(CGCO) and LaNi0.35Fe0.65O3 (LNF), were found to 
be highly effective. Fixed bed experiments of 
CGCO/LNF 60/40 demonstrated up to 90% CO2 
conversion (in CO2-splitting) and 96% syngas 
selectivity with 90% methane conversion (in 
methane POx) at 750oC, significantly higher than 
those of standalone LNF and CGCO. Detailed 
characterizations of the redox catalysts reveal the 
underlying mechanism for the synergistic effects of 
the LNF and CGCO phases: (i) ECR measurements 
indicate that simultaneous presence of both phases 
in the composite resulted in significantly lowered 
activity for lattice oxygen conduction (0.43 eV vs. 
1.36 and 1.03 eV for individual phases); (ii) facile 
lattice oxygen removal facilitated by the enhanced 
oxygen conductivity in turn promotes the reversible 
exsolution of active transition metal nanoparticles 
(Ni-Fe alloy) on the oxide surface,  acting as active 
sites for methane activation as confirmed by in-situ 
XRD, TEM, and CO-chemisorption. Resulting from 
these synergistic effects, the composite redox 
catalysts exhibit significantly lowered activation 
energy for methane activation (0.70 eV for 

CGCO/LNF 60/40) and superior redox activity at 
600 - 750oC, excellent resistance towards coke 
formation, and stability over repeated HRP redox 
cycles. As such, the mixed conductive composites 
have the potential to be a suitable candidate for low 
temperature thermochemical CO2 splitting and 
syngas generation. 
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