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Bi-metallic Ni–Fe LSF perovskite for chemical looping hydrogen application 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Fe-based and LSF successfully tested at 
900 ◦C for up to 20 consecutive cycles. 

• 5 g of material was synthesised using 
wet impregnation and Pechini methods. 

• Fe-based oxygen carrier capacity is lost 
after 10 redox cycles. 

• LSF oxygen carrier capacity lost is 
limited to 16% after 70 h. 

• 2.36 × 10− 4 molH₂ per mol of oxygen 
carriers were recorded with no struc-
tural changes on LSF.  
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A B S T R A C T   

This work introduces a novel composite bimetallic perovskite Fe2O3-NiO/La0.6Sr0.4FeO3 as an oxygen carrier for 
chemical looping hydrogen production. The materials were tested in a 

2-g packed bed reactor at different temperatures ranging from 500 to 900 ◦C and atmospheric pressure by 
alternating three-stage chemical looping hydrogen reactions. Fe–Ni bimetallic interactions and La0.6Sr0.4FeO3 
(LSF-641) resistance to carbon deposition resulted in a stable material with only a 2% oxygen capacity drop over 
20 redox cycles. The modified LSF exhibited a 20 increase in H2 generation compared to LSF-641. These results 
demonstrate the effectiveness of doping Fe with Ni to generate more stable OC and the low H2 generation of LSF 
coupled with its greater redox cycling. Pre- and post-experimental (SEM-EDX) characteristics showed a ho-
mogenous distribution of Ni and Fe on the surface, thus confirming high stability to metal oxide cluster formation 
or sign of sintering.   

1. Introduction 

Hydrogen production accounts for 880 MtCO2 emissions annually, 

with projections predicting over 1000 MtCO2 emissions by 2025 [1]. 
While chemical looping has been widely presented in the literature 
[2,3], chemical looping hydrogen (CLH) production combines chemical 
looping processes and thermochemical water splitting in which H2 from 
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water reduction is generated. At the same time, inherent CO2 is 
concentrated and separated. It occurs in a three-stage cyclic process 
(Fig. 1). The three-reactor set-up is advantageous for pure H2 production 
due to the ability to generate separate streams of H2, N2 and CO2. In 
addition, such configuration is thermally balanced, especially in the 
presence of fuel which contains CH4 or other light hydrocarbons. 

Chemical looping processes have utilised varying materials 
depending on the desired product, such as Ni-based oxygen carriers for 
syngas generation from glycerol in chemical looping reforming [4,5].Fe 
oxide is a well-known material for water splitting because the Fe3O4/ 
FeO/Fe system has favourable phase change, leading to high steam- 
to‑hydrogen conversion [6]. The reaction pathway is to oxidise Fe to 
Fe3O4 with H2O or Fe2O3 with oxygen from the air. This is carried out via 
the following reactions via single or multi-step responses (1)-(5) [7]. 
Moreover, Fe-based OCs are also low cost, environmentally compatible, 
resistant to sulphur poisoning, non-toxic, have good mechanical 
strength, and have high oxygen storage capacity [8]. 

0.35Fe+H2O→0.25Fe3O4 +H2 ΔH298 = − 38.3 kJ/molH₂O (1)  

3FeO+H2O→Fe3O4 +H2 ΔH298 = − 74.7 kJ/molH₂O (2)  

4/3Fe+O2→2/3Fe2O3 ΔH298 = − 543.5 kJ/molO₂ (3)  

4FeO+O2→2Fe2O3 ΔH298 = − 194.1 kJ/molO₂ (4)  

4Fe3O4 +O2→6Fe2O3 ΔH298 = − 471.6 kJ/molO₂ (5) 

Complete reduction to metallic Fe increases the risk of sintering, 
leading to a loss in the OC performance [9]. Fe-based oxygen carriers are 
well known to work as oxygen carriers for CH4 oxidation [10,11]. To 
improve stability, the addition of Ni, creating nickel ferrite species 
(NiFe2O4), has been considered to convert hydrocarbons such as toluene 
[12] or chemical looping combustion applications [12–14]. In chemical 
looping water splitting application, NiFe2O4 has shown good cyclability, 
with an increase in H2 generation four-fold compared to Fe2O3 materials 
used in chemical looping processes. 

A different family of suitable OC for CLH is the perovskite family, 
which has enhanced redox properties, high oxygen mobility, thermal 
stability, and resistance to carbon deposition. Zhu et al. [15] have pre-
sented a comprehensive study to unravel new material designs for 
chemical looping by tuning oxygen carrier properties for each specific 
reaction. Galvita et al. [16] confirmed the hypothesis of using perovskite 
for CO2 to CO utilisation; Wang et al. [17] presented the advantage of 
doping LaMnO3 with Fe to increase the production of syngas and H2 
within the same process. Sastre et al. [18] tested Ni-doped perovskite for 
CH4 dry reforming to manipulate the H2/CO ratio of the syngas generated. 

La0.6Sr0.4FeO3-δ (LSF-641) is a non-stoichiometric OC that shows 
stability over a wide range of partial pressure of oxygen, P0₂, and high 
resistance to carbon deposition, which is well documented in the with 
De Leeuwe et al. [19] showing constant capacity over 1000 cycles, uti-
lising water gas shift feed (CO as the fuel for reduction and H2O for 
oxidation), offering 95% H2O conversion at 1073 K compared to 50% of 
conventional water gas shift reactors operated at ≈470 K, resistance to 
carbon deposition, and enhanced kinetics due to the higher operating 
temperature, allowing for faster reaction rates and smaller reactors [20]. 

The issue with using Perovskites compared to transition metal-OC is 
that perovskites have lower oxygen transport capacities (OTC) than 
metallic OCs and lower surface area for reaction with the gas phase, 
limiting the H2 generation [21]. To increase OTC, utilising the perov-
skite as an active support in composite oxides utilises the transition 
metal’s high oxygen capacity and perovskite oxygen transport proper-
ties, rather than an inert such as Al2O3. Fe2O3 is an attractive transition 
metal to use in composite oxides, Fe2O3-LSF, due to its ability to split 
water into pure H2 and the relative abundance and low cost of the ma-
terial [22]. Galinsky et al. [23] conducted testing in a Thermal Gravi-
metric Analyser (TGA) of 60 wt% Fe2O3 supported on LSF-821, showed 
good stability and coke resistance, as well as an enhanced reactivity of 
5–70 times with reducing gas feeds (H2, CO and CH4) compared with 
using inert material supported. He et al. [24] investigated using a TGA 
partial oxidation of 25% and 40% Fe3O4 supported on LSF-821. It 
showed a 15% greater steam conversion than predicted by the second 
law for unpromoted iron oxides, reducing the energy penalty on the 
process as the latent heat in the steam-H2 outlet mixture cannot be fully 

Nomenclature 

CL chemical looping 
CLR chemical looping reforming 
CLH Chemical looping hydrogen 
CLWS chemical looping water splitting 
OC oxygen carrier 
OTC oxygen transport capacities 
ROC Rate of oxygen transport capacity 
SEM-EDX Scanning Electron with Energy Dispersive X-Ray 

Analysis 
SIP The steam iron process 
SMR Steam methane reforming 
SSR Solid-state synthesis 
TGA Thermal Gravimetric Analyser 
XRD X-ray diffraction  

Fig. 1. Chemical looping hydrogen production stages in three-stage reactor 
configuration schematic. 

Fig. 2. Images showing La0.6Sr0.4FeO3-δ synthesis. a) after the first heating 
stage; b) after the second heating stage; c) quartz-packed bed reactors, showing 
packing of La0.6Sr0.4FeO3-δ used for the testing. 
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recuperated. The behaviour of composite materials was observed by 
Dueso et al. [25], who underwent TGA testing of several different OCMs 
composed of LSF-731 and iron oxides. Findings showed that the reac-
tivity of the OCM did not correspond to the summation of both com-
ponents but rather a synergetic effect resulting in a higher capacity 

material. Thursfield et al. [26] and Galinsky et al. [23] suggested using 
perovskites to support metal oxides to increase both kinetics while 
preserving the OC capacity. Perovskites used in literature include LSF- 
731 and LSF-821; no composite oxygen carriers operating LSF-641 
have been tested [25,27–29]. Preparation methods associated with 

Fig. 3. Schematic of the experimental setup.  

Table 1 
Experimental conditions for all materials, covering air oxidations, H2O oxidations, and CO + CO2 reductions, all at atmospheric pressure.   

LSF-641 Fe2O3-NiO/LSF-641 

Reactions Temperature 
(◦C) 

Flowrate 
(sccm) 

Temperature 
(◦C) 

Flowrate 
(sccm) 

Oxidation 600–800 100 Air; 100 He 600–800 100 Air; 100 He 
Steam Oxidation 700–900 45 H2O; 505 He 700–900 45 H2O; 505 He 
Reduction 600–900 100 (CO + CO2); 100 He 600–900 100 (CO + CO2); 100 He  

Fig. 4. XRD peak analysis for a) fresh Fe2O3-NiO/LSF-641 and b) Fe2O3-NiO/LSF-641 after activation.  

A. Zaidi et al.                                                                                                                                                                                                                                    



Powder Technology 436 (2024) 119510

4

adding metal oxides onto perovskites include the infiltration method, 
solid-state synthesis (SSR), and sol-gel method [25,30–33]. No wet 
impregnation of metal oxides has been done in the literature, an alter-
native simple preparation method than SSR and sol-gel being more 
accessible to carry out and less costly. 

Further evaluation of the literature on Fe2O3 supported by LSF shows 
high loadings of Fe2O3 up to 60 wt% [25,30,33–35], although Fe load-
ings lead to sintering and, consequently, degradation in H2 generation 
[25,36,37]. Suppressing Fe sintering is achievable by the bimetallic 
Fe–Ni stabilising interactions; however, for composite perovskites, 
there is little coverage in the literature, with only Lim et al. [31] testing 
this concept using 300 mg packed bed reactor, using LSF-821 and 
equimolar amounts of Fe2O3 and NiO. The phase transition of Fe2O3-NiO 
to NiFe2O4 showed that adding NiO increased oxygen-carrying capacity 
and the particle’s catalytic activity and alleviated sintering. Findings 
still showed that carbon deposition occurred. 

This work aims to cover the gap in moving the development of new 
material towards long-term stability under repeated cycles while 
tracking the material stability under a more severe environment in terms 
of gas composition. This work has focused on the testing and comparison 
of Fe–Ni bimetallic in LSF-641 to assess the stability and resistance 
towards carbon deposition while keeping high water splitting capacity 
during pure H2 generation. The experimental campaign has been carried 
out using a 2-g packed bed reactor for all OC material formulations. Both 
fresh and spent materials were characterised to assess the material 
morphology, changes and behaviour after operation and at different 
stages to understand the optimal operation and set the process bound-
aries for subsequent scale-up. 

2. Material and methods 

Initially, reference material La0.6Sr0.4FeO3-δ (LSF-641) was syn-
thesised via the Pechini method, where the material was calcinated at 
1050 ◦C, adapted from de Leeuwe et al. [38] and shown in Fig. 2a and 
Fig. 2b. More details on the preparation method are reported in the 
Supplementary Information. 

The addition of Fe2O3 and NiO to LSF-641 was done via the wet 
impregnation method as 20 wt% Fe2O3 and 3wt% NiO onto LSF-641 
synthesised by the above sol-gel Pechini-method. The precursors were 
γ-Al2O3 (Alfa Asear), FeN3O9•9H2O (Fischer Scientific), and Ni 
(NO3)2•(H2O)6. All samples are diluted using 50 ml of water and mixed. 
Once the solution was homogenous, the mixture was dried for 8 h at 
120 ◦C and calcinated for 5 h at 500 ◦C. Lower calcination temperatures 
lead to more significant surface areas [35]. The material was crushed to 
reduce particle size before partitioning using a 300–700 μm sieve. 2.1. Experimental rig set-up 

Experimental work occurred in a rig for testing material and a small- 
scale reactor (Fig. 3). Seven gases are available (CO, CH4, H2, Air, N2, 
He, CO2) and controlled by Bronkhorst flow controllers, and one liquid 

Fig. 5. a) Fe2O3-NiO/LSF-641 activation (90% He, 5% H2, and 5% CO2).  

Fig. 6. SEM-EDX elemental mapping of Fe and Ni species of Fe2O3-NiO/LSF- 
641, (a) Ni fresh, (b) Ni after activation, (c) Fe fresh, (d) Fe after activation. 
Mapping shows a more homogenous metal oxide dispersion, 
reducing clustering. 
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flow controller is used to feed liquid (such as H2O). The liquid is stored 
in a pressurised vessel, and the evaporation occurs using Bronkhorst’s 
controlled evaporating mixer (CEM) and heated lines before and after 
the quartz reactor. 

The packed bed reactor was quartz silica (L × OD × WT: 550 × 130 
× 2 mm) housed in a Carbolite furnace, with temperature transducers at 
the reactor inlet, outlet and in contact with the OC. All experiments were 
conducted at atmospheric pressure with an operating temperature range 
of 400–900 ◦C. After the gases were cooled, gas composition measure-
ments were carried out using a HIDEN HPR-20 Mass Spectrometer. 

Inert material (quartz wool) at the bottom and top of the bed ensures 
that the material is held in the middle reactor and that the feed gases are 
pre-heated and homogenously distributed along the cross-section [39] 

(shown Fig. 2c). The material is kept at a uniform temperature, 2 g of 
LSF-641 and LSF-Fe2O3-Ni, at a 300–700 μm particle size approximating 
an 8 cm bed height—the system’s control through the LabVIEW® 
interface. 

2.2. Experimental conditions 

Experimental conditions are reported in Table 1. Reactions consid-
ered are oxidations using air, partial oxidations using H2O, and re-
ductions using mixtures of CO and CO2. 

3. Results and discussion 

3.1. Fresh and activated samples characterisation 

X-ray diffraction (XRD) was done using a Bruker D8 Discover GIXRD 
Autochanger. LSF-641 XRD analysis shows the formation of the com-
pound LSF-641 (results reported in the Supplementary Information). 
Fe2O3-NiO/LSF-641 shows peaks for Fe2O3 and LSF-641, with no peaks 
for NiO (Fig. 4a). The formation of Ni–Fe alloy, NiFe2O4 can occur 
when using Fe and Ni [40]; XRD peaks for Fe2O3-NiO/LSF-641 do not 
show formation of the species; this is because the NiO crystalline 
structure is either too small to be detected by XRD or the NiO is an 
amorphous phase, coherently with findings in Kang et al. [36] who 
prepared a similar material with low wt% of NiO. Formation of NiFe2O4 
can occur during redox cycling. 

The material is firstly activated via redox cycling using H2/CO2/He 
and diluted air until the breakthrough times after reduction and 
oxidation are constant from each cycle. This is required for Fe2O3-NiO/ 
LSF-641, while LSF-641 had a constant breakthrough and didn’t require 
activation, attributed to the high calcination temperature allowing for a 
more thermally stable material [24]. XRD analysis after activation of 
Fe2O3-NiO/LSF-641 shows the presence of NiFe2O4 species (Fig. 4b). 

Fig. 7. a) OTC of LSF-641 and Fe2O3-NiO/LSF-641 from 600 to 800 ◦C.b) Temperature varying reduction profile of Fe2O3-NiO/LSF-641 from 600 to 900 ◦C.  

Fig. 8. LSF-641 chemical looping hydrogen experiments using 2 g/min H2O 
feed (600–800 ◦C, 1 atm) Inlet gas: He 91% with H2O 9%. 

Fig. 9. Fe2O3-NiO/LSF-641 steam oxidation experiments using 2 g/min H2O.  

Fig. 10. Oxidation profiles of all Fe2O3-NiO/LSF-641.  
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Activation of Fe2O3-NiO/LSF-641 (Fig. 5) involved redox cycling for 
four cycles to achieve a constant breakthrough. During the activation, 
the OTC increased from 1.76 to 1.80 mmolO₂/gOC under redox condi-
tions. The difference is attributed to the presence of Ni, where Ni has 
weaker interactions with support materials than Fe, allowing the Ni 
particles more mobility [14]. 

FEI Quanta 200 Scanning Electron with Energy Dispersive X-Ray 
Analysis (SEM-EDX) was used for imagining and elemental mapping of 
both LSF-641 (refer to SI, Figure S1 and Figure S2) and Fe2O3-NiO/LSF- 
641. LSF-641 shows no difference between pre and post-activation, 
whilst the Fe2O3-NiO/LSF-641 elemental mapping shows that the 
dispersion of Fe and Ni changes after the material is activated, with 
previous clusters of Fe and Ni dispersing on the surface of perovskite, 
providing a more homogenous distribution of Ni and Fe (Fig. 6). 

3.2. Reduction 

All materials are reduced in a CO-rich gas, to show the effects of 
temperature on reduction, the oxidation is performed at 700 ◦C, whilst 
reduction temperature is varied (Fig. 7). LSF-641 reduction shows var-
iable O2 non-stoichiometric (Fig. 7a). This is due to the thermal 
expansion of the perovskite changing the interaction between the A and 
B site atoms in the lattice, leading to a release of O2, with higher facil-
itation of O2 release at higher temperatures [41]. This leads to 700 ◦C 
being the optimum temperature, with the longest breakthrough time of 
193 s, with a bed temperature of 800 ◦C breaking through after 180 s and 
900 ◦C 155 s. The reduction temperature variation trend shown by 
Fe2O3-NiO/LSF-641 (Fig. 7b) is an increasing O2 capacity, as tempera-
ture increases with 900 ◦C showing optimum O2 capacity, with a 
breakthrough time of 175 s. This is because, at higher temperatures, the 
formed porous Ni layer increases, resulting in Ni circular caps with 
higher porosity, allowing more gas to access the underlying NiO and 
furthering the extent of reduction [42,43]. 

3.3. Steam oxidation 

H2 generation from steam oxidation occurs under the equilibrium 
oxygen chemical potential of H2O, which depends on temperature [44], 
with H2 production increasing at increased temperature [45]. The re-
sults fluctuate due to a pulsing effect of the experimental setup under the 
presence of water-to‑hydrogen, which is received by the gas analyser 
intermittently. To circumvent this rig limitation, outlet compositions 
have been integrated and averaged, and the mass balance has been 
checked for all experiments to avoid amplifying the errors by fluctua-
tions. H2O reacts with the reduced LSF to produce H2 (Fig. 8) with H 
balance satisfied and closed to the extent of a ± 4% error, and at 600 ◦C 
H2 purity of 98% (the rest is H2O), lasting for 10 s. At 700 ◦C, H2 purity 
decreases to 93%, with the remainder being H2O for around 30 s, and at 
800 ◦C, H2 purity drops to 89% for 40 s. The results strongly indicate 
greater bed utilisation at higher temperatures for H2 generation despite 
the decrease in H2O-to-H2 conversions. Compared to literature, the 
steam conversion for LSF-641 is similar, where average steam conver-
sion of 96% are obtained during water splitting [46–48]. The decrease in 
purity implies a minimal effect on the H2 purity since after H2O 
condensation (ambient temperature) the purity could increase >98%. 

In the case of Fe2O3-NiO/LSF-641, only the Fe containing species 
undergo water splitting, Ni-based OC cannot undergo H2O splitting due 
to limitations in thermodynamic properties and reaction kinetics [49], 
rendering the water-splitting reaction unfeasible. The results showed 
that increased temperature generates more H2 because the increased Fe 
content (Fig. 9). At all temperatures, 100% H2O conversion is achieved 
in the initial stages before the H2O breakthrough. At 800 ◦C, H2O con-
version is 100% for 10 s, increasing to 60 s at 900 ◦C. At 900 ◦C, 4.633 
mmol/goc of H2 were obtained without outfacing deactivation issues via 

Fig. 11. a) Total molar flow rates of inlet and outlet carbon. b) Air oxidation after reduction using a 4:1 ratio of CO2 to CO. Oxidation shows the presence of carbon 
deposition indicated by the release of CO2. 

Fig. 12. Fe2O3-NiO/LSF-641 capacity change over 20 cycles. Results show an 
increasing ability from cycle 5 to cycle 10, with a decrease at cycle 20. 

Fig. 13. XRD analysis of spent Fe2O3-NiO/LSF-641.  
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the formation of metallic Fe [50]. This is approximately 20 more H2 than 
the same mass of LSF-641 (0.236 mmol/goc of H2 at 700 ◦C), which is 
consistent with literature data, there in an increase in H2 compared 70wt 

% Fe2O3 supported on Al2O3 generates 1.2 mmol/goc H2, and is within 
the range of other iron composite perovskites, where perovskites such as 
supported on Ce0.75Zr0.75O2, and La0.8Sr0.2FeO3 are used as supports, H2 
generation ranges from 3.5 to 10 mmol/goc [50,51]. 

3.4. Oxidation with air 

The effect of temperature (500–700 ◦C range) during oxidation with 
air in LSF-641 was carried out starting from the bed fully reduced at 
700 ◦C in presence of CO and then cooled down to ensure that the ma-
terial was always at the same oxidation state after the reduction (refer to 
SI, Figure S3). The effect of the temperature is relevant only for the slope 
during the breakthrough which is higher at higher temperature. Further 
estimates on the LSF loss of capacity have been recorded in SI (Figure S4) 
during the pre-heating of the bed under inert gas conditions due to the 
variable non-stoichiometry of the LSF-641 with temperature [38]. To 
verify the exact OTC of the material at 800 ◦C and 900 ◦C during the 
reduction and oxidation, the material was heated >800 ◦C with a con-
stant pO₂. This was verified by monitoring the outlet gas compositions 
during heat-up under an inert atmosphere. This confirmed that the O2 
released during heating amounted to 0.205 mmolO₂/goc, accounting for 
47% of the O2 uptake during air oxidation, with the material showing an 
3.28% weight loss. 

In case of Fe2O3-NiO/LSF-641, the sensitivity analysis on air oxida-
tion was carried out after reduction with CO/CO2/He (1/1/2) at 900 ◦C. 
Similarly to the previous case, the cooling of the bed was carried out 
under inert conditions to avoid any change in the initial oxidation state 
of the materials. 

The optimal conditions for air oxidation are at 800 ◦C, with O2 
breakthrough at 93 s with the uptake of 0.751 mmolO₂/goc (12.02% 
material weight loss) (Fig. 10). Breakthroughs at 800 ◦C, 700 ◦C and 
600 ◦C occurred at approximately 80–90 s. Breakthrough slope gradients 
are indicative of the kinetics during oxidation. For Fe2O3-NiO/LSF-641, 
it was found that increasing temperatures lead to faster kinetics, with O2 
diffusion out of the bulk phase occurring quicker with increasing tem-
perature. However, the increase in the slope is almost negligible. 

3.5. Carbon deposition 

Carbon deposition was identified through the carbon balance due to 
a decrease in the outlet’s total carbon flow (Fig. 11a). CO2 was produced 
via air oxidation, where any deposited carbon would be burnt off, 
appearing as CO2 in the outlet gas. LSF-641 is highly resistant to carbon 
deposition and can withstand CO flow with no CO2 dilution [49]. 
However, Fe-based OCs require CO2 dilution to limit carbon deposition, 
using a 50:50 split of CO to CO2. Fe2O3-NiO/LSF-641 reductions used 
various CO: CO2 ratios to determine the material’s carbon formation via 
the Boudouard reaction (Eq. (6)). 

CO→0.5C+ 0.5CO2 ΔH298 = − 86.25 kJ/molCO (6) 

During reduction using a CO2:CO ratio of 4:1, up to 3% of total feed 
carbon was deposited (0.161 mmol/goc) (Fig. 11b). Literature studies 
indicate that carbon deposition doesn’t occur until the depletion of 
active lattice oxygen (δ = 3), which is witnessed with LSF-641, where 
pure CO flowing with inert He was used to reducing with no signs of 
carbon deposition [30]. The cause of the carbon deposition is attributed 
to the high Fe presence on the surface; this is reported by Zong et al. 
[10], where CO decomposition on the surface Fe sites occurs more 
readily, with greater Fe concentrations. 

3.6. Multiple cycle stability performance 

All materials are subject to 70 h of redox cycling. This prolonged 
cycling showed that LSF is more stable, with only a 1% capacity drop 
over 20 cycles. This is expected and is corroborated by the literature 
[24,32,52]. Fe2O3-NiO/LSF-641 increases capacity by the 10th cycle of 

Fig. 14. SEM-EDX elemental mapping of Fe and Ni species of Fe2O3-NiO/LSF- 
641, (a) Ni pre-experimental work, (b) Ni after 20 cycles, (c) Fe pre- 
experimental work, (d) Fe after 20 cycles. 
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12.5% (Fig. 12). This increased capacity is due to Fe and Ni dispersion 
during redox cycling. This leads to a greater porosity, with metal oxide 
particles moving throughout due to material contraction and expansion, 
embedding into new positions and leaving previous sites unoccupied, 
allowing active gas species better access to the bulk of the particle [53]. 
After 20 cycles, Fe2O3-NiO/LSF-641 shows a capacity decrease of 2% 
(Fig. 12). Whilst an increase from that found for pure LSF-641, a 2% 
capacity drop is a minor and reasonable trade-off, given the significant 
increase in H2 generation. 

Characterisation of post-experimental material shows no formation 
of any new phase, with analysis of XRD peaks for the spent material 
being the same as the activated material (Fig. 13). Refer to SI, Figure S5 
for a comparison of XRD peaks for fresh, activated and spent Fe2O3-NiO/ 
LSF-641. 

They are comparing pre- and post-experimental elemental mapping 
of Fe and Ni. No Ni or Fe-dense regions are developed (Fig. 14). Imaging 
shows a homogenous distribution of Ni and Fe on the surface, with no 
metal oxide clusters forming as a sign of sintering. The lack of sintering 
shows an improvement compared to the literature, where Fe2O3 com-
posite perovskites suffered from the sintering, whilst in this experiment, 
the Ni–Fe interaction forming the NiFe2O4 spinel limits sintering [25]. 
Thus, the effects of the drop in capacity can be pinpointed and pointed 
down to carbon deposition. The higher concentration of Fe, as well as 
the presence of Ni on the surface, increases the risk of carbon deposition 
[54,55]. 

4. Conclusion 

CLH is a promising technology for pure H2 generation coupled with 
inherent CO2 separation. Fe2O3-NiO/LSF-641 was compared with LSF- 
641. This study showed that Fe2O3-composite perovskites, showing 
that the simple preparation method of wet impregnation, compared to 
those used in literature, of Fe2O3 and NiO improved performance, and 
with the formation of NiFe2O4, spinel metal ion sintering was prevented, 
increasing the O2 transport capacity and a significant increase in H2 
generation. The material suffered from minor carbon deposition, 
resulting in a slight capacity decrease of 2% over 20 cycles. This study 
shows that modifications of LSF-641 via adding bimetallic Fe–Ni par-
ticles onto the surface increase H2 yield. Furthermore, Fe–Ni interac-
tion results show an increase in the catalytic activity and stability of the 
OC and improve metal nanoparticle dispersion suppressing sintering. 
Improvements can be made in stopping carbon deposition, where the 
loading of Ni within the perovskite lattice will be studied to discover the 
impact of material preparation and the potential for more stable and 
carbon-resistant OC with greater H2 production capacity and faster 
kinetics. 
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of Cu-, Ni-, and Fe-based oxygen carriers using syngas (CO + H 2) for chemical- 
looping combustion, Energy Fuel 21 (2007) 1843–1853, https://doi.org/10.1021/ 
ef070025k. 

[43] J. Chen, P.C. Hayes, Mechanisms and kinetics of reduction of solid NiO in CO/CO2 
and CO/Ar gas mixtures, Metall. Mater. Trans. B Process Metall. Mater. Process. 
Sci. 50 (2019) 2623–2635, https://doi.org/10.1007/s11663-019-01662-5. 

[44] David John Young, High Temperature Oxidation and Corrosion of Metals, 2nd ed., 
Elsevier, 2016. 

[45] V. Spallina, F. Gallucci, M.C. Romano, M. Van Sint Annaland, Pre-combustion 
packed bed chemical looping (PCCL) technology for efficient H2-rich gas 
production processes, Chem. Eng. J. 294 (2016) 478–494, https://doi.org/ 
10.1016/j.cej.2016.03.011. 

[46] L. Zhao, B. Dou, H. Zhang, Z. Wang, Oxygen carriers for chemical-looping water 
splitting to hydrogen production: a critical review, Carbon Capture Sci. Technol. 1 
(2021) 100006, https://doi.org/10.1016/j.ccst.2021.100006. 

[47] G. Voitic, V. Hacker, Recent advancements in chemical looping water splitting for 
the production of hydrogen, RSC Adv. 6 (2016) 98267–98296, https://doi.org/ 
10.1039/C6RA21180A. 

[48] A. Murugan, Iron-Containing Perovskite Materials for Stable Hydrogen Production 
by Chemical Looping Water Splitting, 2012. 

[49] L. Zhao, B. Dou, H. Zhang, Z. Wang, Oxygen carriers for chemical-looping water 
splitting to hydrogen production: a critical review, Carbon Capture Sci. Technol. 1 
(2021) 100006, https://doi.org/10.1016/j.ccst.2021.100006. 

[50] S. Das, A. Biswas, C.S. Tiwary, M. Paliwal, Hydrogen production using chemical 
looping technology: a review with emphasis on H2 yield of various oxygen carriers, 
Int. J. Hydrog. Energy 47 (2022) 28322–28352, https://doi.org/10.1016/j. 
ijhydene.2022.06.170. 

[51] F. He, F. Li, Perovskite promoted iron oxide for hybrid water-splitting and syngas 
generation with exceptional conversion, Energy Environ. Sci. 8 (2015), https://doi. 
org/10.1039/c4ee03431g. 

[52] U.F. Vogt, J. Sfeir, J. Richter, C. Soltmann, P. Holtappels, B-site substituted 
lanthanum strontium ferrites as electrode materials for electrochemical 
applications, pure and applied, Chemistry. 80 (2008) 2543–2552, https://doi.org/ 
10.1351/pac200880112543. 

[53] A.J. Carrillo, J.M. Serra, Exploring the stability of Fe–Ni alloy nanoparticles 
Exsolved from double-layered perovskites for dry reforming of methane, Catalysts. 
11 (2021) 741, https://doi.org/10.3390/catal11060741. 

[54] H. You, Y. Yuan, J. Li, L.R. Sandoval, A multi-scale model for CO2 capture: a nickel- 
based oxygen carrier in chemical-looping combustion, IFAC-PapersOnLine. 51 
(2018), https://doi.org/10.1016/j.ifacol.2018.09.264. 

[55] R. Villa, C. Cristiani, G. Groppi, L. Lietti, P. Forzatti, U. Cornaro, S. Rossini, Ni 
based mixed oxide materials for CH4 oxidation under redox cycle conditions, 
J. Mol. Catal. A Chem. 204–205 (2003), https://doi.org/10.1016/S1381-1169(03) 
00346-7. 

A. Zaidi et al.                                                                                                                                                                                                                                    

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
http://refhub.elsevier.com/S0032-5910(24)00152-9/rf0220
http://refhub.elsevier.com/S0032-5910(24)00152-9/rf0220
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
http://refhub.elsevier.com/S0032-5910(24)00152-9/rf0240
http://refhub.elsevier.com/S0032-5910(24)00152-9/rf0240
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186798

	Bi-metallic Ni–Fe LSF perovskite for chemical looping hydrogen application
	1 Introduction
	2 Material and methods
	2.1 Experimental rig set-up
	2.2 Experimental conditions

	3 Results and discussion
	3.1 Fresh and activated samples characterisation
	3.2 Reduction
	3.3 Steam oxidation
	3.4 Oxidation with air
	3.5 Carbon deposition
	3.6 Multiple cycle stability performance

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgement
	Appendix A Supplementary data
	References


