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Abstract
Chemical looping reforming (CLR) provides a viable process intensification approach for clean and efficient syngas 
production from carbonaceous fuel with inherent gas–gas separation. The rational design of metal oxide-based oxygen 
carriers and the scale-up of associated CLR reactor systems play important roles in CLR process development. This review 
first introduces the concept and advantages of CLR as well as its historical development. The process fundamentals, 
including basic schemes, reaction stoichiometry, thermodynamics, kinetics and reactor system design, are reviewed. The 
integral approach for CLR process development is illustrated, showing that the design and compatibility of oxygen carri-
ers and reactor systems are critical for CLR performance. The reaction principle during the reduction of oxygen carriers is 
discussed, followed by strategies for improving the redox reactivity and stability. We further review and discuss the latest 
exciting advances on this subject with the purpose of illustrating factors that govern fundamental mechanisms in the 
redox reaction chemistry of oxygen carriers and their design principles for sustained chemical looping reactor applica-
tions. It is expected that these new advances will inspire more effective oxygen carriers and efficient reactor systems for 
the development and deployment of various CLR processes.

1 Introduction

1.1  Chemical looping concept

Carbonaceous fuels (natural gas, oil, coal, biomass and their derivatives) are currently the dominant energy source and 
are projected to supply > 70% of the global energy through 2050 [1]. They can be fully oxidized with oxygen from air to 
 CO2 and  H2O through combustion process for heat and electricity generation [2, 3]. They can also be partially oxidized 
through either gasification or reforming process to produce synthesis gas (or syngas, a mixture of primarily CO and  H2), 
which is an important intermediate for  H2, liquid fuel and chemical synthesis [4, 5]. Existing processes for carbonaceous 
fuel conversion, however, consist of multiple costly unit operations for upstream raw material reaction and clean-up as 
well as downstream product synthesis and separation/purification. These multiple processing steps results in signifi-
cant process inefficiencies and pollutant release. In addition, the utilization of carbonaceous fuels emits a tremendous 
amount of  CO2, which is the main cause of the alarming global warming problem. In 2021, energy-related  CO2 emissions 
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grew by 4.8% as demand for coal, oil and gas rebounded with the economy, reaching 31.5 billion metric tons [1]. Cut-
ting greenhouse gas emissions to limit the increase in average global temperatures to 1.5 ℃ by 2050 is key to averting 
the worst effects of climate change [6]. A growing number of countries have committed to carbon neutrality strategies 
to meet the 2050 target. To realize the goal, International Renewable Energy Agency (IRENA) predicted that the annual 
energy intensity improvement rate needs to rise to 2.9%, nearly 2.5 times the historical trend, and the global energy 
intensity must reduce by 60% before 2050 [7]. To achieve clean, efficient and cost-effective utilization of carbonaceous 
fuels, transformative conversion technologies with intensified process schemes, low environmental impacts and high 
energetic efficiencies are necessary. As shown in Fig. 1, the concept of chemical looping promises to solve these prob-
lems in conventional carbonaceous fuel conversion, representing an energy conversion technology that is potentially 
an affordable, clean and efficient alternative for power generation and syngas [8–11].

In a broad sense, chemical looping is an approach for process intensification in which a given reaction and/or separa-
tion can be decomposed into multiple subreactions via reacting and regenerating chemical intermediates in isolated 
steps or spaces [12]. The typical design of chemical looping schemes is to integrate reaction and separation with cir-
culating metal oxide-based oxygen carriers in one unit operation and thus intensify the overall process with increased 
efficiency, lowered emission and reduced cost. In the 1.5 °C Scenario, some emissions persist in 2050 from residual uses 
of fossil fuels and some industrial processes [7]. Therefore, the remaining  CO2 will have to be captured and sequestered. 
The concept of chemical looping can be applied for the conversion of carbonaceous fuels to produce electricity, syngas 
and  H2 with inherent  CO2 control. This concept has been quickly adopted as high-temperature solids looping cycles in 
the past couple of decades for the in situ removal of  CO2 during the carbonaceous fuel combustion process [3, 10, 13, 14].

In conventional pulverized coal-fired power plants, coal and air are mixed together in the boiler and combusted to 
release heat while producing a flue gas containing  ~ 15%  CO2 in volume. For  CO2 capture from flue gas, a well-established 
monoethanolamine scrubbing technology could be used, however, it will increase the cost of electricity (COE) by more 
than 50% [15]. Chemical looping combustion (CLC) is a promising second-generation oxy-fuel combustion technique 
and has been highlighted as the R&D focus in the European Strategic Energy Plan (SET-Plan) [14, 16–18]. The CLC system 
mainly consists of a reducer/fuel reactor and a combustor/air reactor, between which oxygen carriers are circulated to 
convey both heat and oxygen. In the reducer, oxygen carriers provide lattice oxygen to fully oxidize their fuel to  CO2 
and  H2O. A high purity  CO2 stream can be obtained by condensing the water with minimal energy penalty. The reduced 
oxygen carriers are regenerated with air in the combustor, where sensible heat is released for electricity generation. The 
CLC approach achieves in situ  CO2 capture during the combustion process, circumventing energy- and cost-intensive 
air separation and  CO2 separation units. In addition, thermal  NOx formation is significantly reduced during its flameless 
combustion process [19, 20]. Techno-economic analysis shows that the CLC process can capture > 90%  CO2 with < 30% 
increase in the COE while reducing environmentally hazardous pollutants such as  NOx [21].

In addition to the CLC application for full oxidation of carbonaceous fuel with in situ  CO2 capture, the CLR process can 
also be used for partial oxidation to improve the production of CO and/or  H2. The CLR process has more potential for the 
chemical and fuel industries due to the wide utilization of CO and  H2. This review focuses on the research and develop-
ment of CLR processes and associated oxygen carriers for CO and/or  H2 production from non-solid carbonaceous fuels 
such as natural gas and alcohol. Chemical looping gasification of solid fuels and thermochemical splitting of  CO2 and/or 
 H2O without involving carbonaceous fuels are not discussed in this review [22–27]. The concept and advantages of CLR 
are first introduced and followed by the historical development of related technologies. The various aspects of the CLR 

Fig. 1  Chemical looping 
concept for carbonaceous fuel 
conversion
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process, including basic schemes, reaction stoichiometry, thermodynamics, kinetics, and reactor design, are reviewed. 
The design strategy and recent development on oxygen carrier materials are discussed. It is expected that these pro-
cess fundamentals and recent advances will inspire more effective oxygen carrier particles and reaction systems to be 
developed and deployable in CLR processes.

1.2  Chemical looping reforming

Conventional reforming process usually consists of a high-temperature catalytic reformer for syngas production, inter-
mediate-temperature water gas shift (WGS) unit for  H2 enrichment, and low-temperature chemical/physical separation 
for  CO2 removal [5, 28]. Taking methane reforming as an example, steam reforming of methane (Eq. 1) is the most com-
mon approach, which requires an excess amount of steam to enhance carbonaceous fuel conversion and suppress coke 
deposition. Consequently, the resulted syngas is rich in  H2  (H2:CO molar ratio > 3), which is suitable for  H2 production but 
not good for fuel and chemical synthesis. Dry reforming with  CO2 (Eq. 2) has been proposed to adjust the  H2:CO ratio for 
various downstream applications, but requires excess  CO2 injection to avoid carbon deposition, resulting lower syngas 
purity. Nevertheless, both reforming reactions are strongly endothermic and carried out in catalytic tubular reactors 
with external heating (Eq. 3). Such design requires high costs for reactor material of construction and fabrication as well 
as external fuel combustion to provide the heat necessary to drive the endothermic reactions. Carbon dioxide exists in 
both syngas from the tube side and flue gas from the furnace side, which complicates carbon capture scheme for natural 
gas reforming applications. Partial oxidation (POX, Eq. 4) and autothermal reforming (ATR, combination of Eqs. 1, 3, 4) 
have also been commercialized for syngas production, which is usually followed by WGS reaction for  H2 enrichment and 
 CO2 separation for  H2 purification. However, the associated air separation unit (ASU) and acid gas removal unit increase 
both the energy penalty and capital cost compared to SMR processes.

CLR offers a viable process intensification approach for effective syngas production integrated with in situ gas–gas 
separation. Figure 1 shows the concept of CLC/CLR for carbonaceous fuel conversion [29–33]. The overall reactions of 
the CLC and CLR systems are full oxidation (e.g., Eq. 3) and partial oxidation (e.g., Eqs. 1, 2, and 4), respectively. Rational 
design of CLR reactor system to decouple these reactions and oxygen carriers with high fuel conversion and product 
selectivity could directly produce high-quality syngas (high CO/H2 concentrations and desirable ratios) without the need 
for gas–gas separation units such as air separation and acid gas removal units. For example, Fan et al. [34–37] developed 
a three-reactor CLR process, and the overall reaction is the same as the conventional ATR process. Iron-based oxygen 
carriers are used to convert carbonaceous fuel to  CO2/H2O in a moving bed reducer, and the reduced oxygen carrier 
then reacts with the steam to directly generate  H2 in a moving bed oxidizer, both of which adopt a gas–solid counter-
current flow pattern in the reactor design. The iron-based oxygen carrier is fully regenerated in a bubbling fluidized bed 
combustor by reacting with air and then recycled back to the reducer to provide both lattice oxygen and sensible heat. 
Both  CO2 and  H2 are separated in situ with near zero energy penalty in this three-reactor CLR system, which significantly 
reduces the separation costs and intensifies the  H2 production processes.

The concept of chemical looping is also advantageous from an exergy point of view [38–41]. The exergy loss in the 
carbonaceous fuel conversion process could be reduced by either recuperating the low-grade heat while producing 
more high-grade heat or designing suitable oxygen carriers in chemical looping processes. As shown in Fig. 2, in the 
conventional steam methane reforming process, the exergy losses are approximately 12.0% and 8.8% from steam reform-
ing and WGS reactions, respectively. An iron-based CLR scheme is designed and analysed based on the same assump-
tions [40]. Approximately 5.7% exergy loss occurs in the reducer due to the generation of medium exergy rate iron from 
low exergy rate iron oxides, and near zero exergy loss is achievable in the oxidizer, as it only requires a small amount of 
low-grade heat. As a result, the exergy loss for  H2 production using the CLR scheme is significantly reduced compared 

(1)CH4 + H2O = CO + 3H2 ΔH
o

1073K
= 225 KJ mol

−1

(2)CH4 + CO2 = 2CO + 2H2 ΔH
o

1073K
= 259 KJ mol

−1

(3)CH4 + 2O2 = CO2 + 2H2O ΔH
o

1073K
= −802 KJ mol

−1

(4)CH4+0.5O2 = CO + 2H2 ΔH
o

1073K
= −23 KJ mol

−1
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to the conventional process. In summary, through careful design of CLR schemes, significant improvements could be 
achieved in syngas production and separation with high exergy efficiency and low production cost. These advantages 
have attracted and inspired tremendous efforts for understanding reaction mechanisms and process fundamentals as 
well as developing oxygen carriers and reactor systems for various CLR processes.

1.3  Historical development of chemical looping reforming

Some representative historical and recent developments of CLR technologies are listed in Table 1. The Howard Lane pro-
cess was the first industrial application of CLR for  H2 production, which can be traced back to the 1910s [42]. A fixed bed 
reactor was filled with iron ore and externally heated to reaction temperatures. A mechanical valve system was used for 
periodic switching between reducing gas (producer gas) and oxidizing gas for conducting redox cycles, a similar pattern 
used in most current laboratory research. In the Lane process, iron oxide was first reduced with coal-derived producer 
gas and then regenerated with steam while producing  H2 through the steam-iron reaction. The Lane process achieved 
an annual  H2 production capacity of 24 million  m3 by 1913 but shortly could not compete with the fast development of 
natural gas and oil reforming technologies. The low recyclability of iron ores and the poor fuel conversion in the fixed 
bed reactor system were two critical factors affecting the economics of the Lane process, which reflects that the oxygen 
carrier and reactor system are the two key components in the development of the CLR process.

The steam-iron process was further developed with the use of fluidized bed reactors design to enhance the mass 
and heat transfer between carbonaceous fuel and oxygen carriers [43]. In the early 1950s, Lewis and Gilliland studied 
the feasibility of copper or iron oxides as oxygen carriers in a circulating fluidized bed (CFB) system for converting solid 
fuels to high purity  CO2 [44–48]. Steam and/or  CO2 were used to fluidize the bed materials and promote the reaction 
between metal oxides and solid fuels in one reactor. The reduced metal oxide was then regenerated by air in a separate 
reactor. Various reactor designs have been proposed, including multistage fluidized bed, stoker-type or moving bed with 
gas–solid countercurrent flow pattern, to improve fuel conversion. However, the redox pairs were set to be  Fe2O3/Fe3O4 

Fig. 2  Exergy recovering scheme for the carbon gasification–WGS process (reaction temperature is assumed to be 1123 K for scheme II). 
Reproduced from ref. [40] with permission from the American Chemical Society, copyright 2010
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and CuO/Cu2O in their proposed designs, which is thermodynamically not suitable for syngas production in the CLR 
process. In the 1960s, the Institute of Gas Technology (IGT) developed the HYGAS process for gasifying coal under a  H2 
atmosphere to enhance natural gas synthesis [49]. A high-pressure steam-iron process was proposed for  H2 production 
using synthesized iron-based oxygen carriers and a two-stage fluidized bed reactor design. The countercurrent gas–solid 
contacting pattern in a such design could improve the fuel gas and iron oxide conversions and thus the  H2 production 
efficiency. The HYGAS process was demonstrated at the pilot scale. However, it was not commercialized due to the wide 
discovery of natural gas resources and the poor reactivity and recyclability of the oxygen carriers.

In 1987, Ishida introduced the term chemical looping in order to reduce the irreversibility and exergy loss in the 
combustion process [38]. Later, in the 1990s, Otsuka studied syngas generation from the partial oxidation of methane 
using cerium oxides in a CLR scheme [50]. Cerium oxides have been widely used in the three-way catalysts of commer-
cial automotive converters in light of their excellent oxygen storage/release capacity [51]. From the standpoint view of 
thermodynamics,  CeO2 has a moderate oxidizing capability that could potentially provide complete  CH4 conversion 
and a high syngas selectivity. However, the redox kinetics of cerium oxide are relatively slow and need to be promoted 
with various dopants [25, 52]. It is noted in Table 1 that all the net reactions in the listed processes are exothermic, which 
indicates that the corresponding CLR processes could be autothermally operated. CLR processes with net reactions being 
endothermic (e.g., steam/dry reforming reactions, Eqs. 1 and 2) have also been developed at lab scales. These endo-
thermic CLR processes can still effectively integrate reaction and separation to generate the desired syngas product but 
usually require external heating for the activation of fuel and metal oxides, which can be provided from nuclear or solar 
energy [25, 32, 53–55]. Nevertheless, the high cost in the scaling-up and engineering of high-temperature reactors and 
the incomprehension in the design and development of oxygen carriers are the main causes for the slow development 
of these early CLR processes.

Since the early 2000s, due to the advantage of in situ  CO2 capture during carbonaceous fuel conversion, various chemi-
cal looping processes have been proposed and developed. Chalmers University has demonstrated the CLC process for 
both gas and solid fuel conversion at 10 and 100  kWth, and recently tested steel converter slag as oxygen carriers in a 
12  MWth CFB boiler [13, 19, 56–64]. A 1  MWth CLC pilot plant has been demonstrated for the conversion of both solid and 
gaseous fuels at Technical University of Darmstadt with naturally occurring materials such as iron ore and ilmenite as 
oxygen carriers [65–67]. In addition, two  MWth-level CLC pilot units are being designed or constructed supported by the 
National Key R&D Program of China [16, 68, 69]. All these large-scale CLC pilot units have adopted CFB reactor design. For 
CLR applications, Ohio State University (OSU) has developed an iron oxide-based syngas chemical looping (SCL) process 
to produce  H2 from coal-derived syngas since the 2000s [12, 35, 70–77]. The reducer and the oxidizer adopt a moving bed 
reactor design with gas–solid countercurrent flow pattern, which is helpful for simultaneously and separately obtaining 
high purity  CO2 and  H2. A 250  kWth high-pressure SCL pilot unit has been demonstrated at the National Carbon Capture 
Center of the United States [34]. In the past decade, a shale gas to syngas (STS) process has also been developed at bench 
and sub-pilot scales [5, 33, 37, 78]. A moving bed reducer design with a gas–solid cocurrent flow pattern is adopted for 
controlling the conversions of iron titanium composite metal oxides (ITCMO) for high  CH4 conversion and high syngas 
selectivity. These recent works are driven by the need for clean and efficient schemes for carbonaceous fuel conversion. 
A few studies have reviewed the recent development of CLR processes [79, 80], solely emphasizing either oxygen carriers 
or process design. Nevertheless, oxygen carriers, reactor design and feedstocks all play an essential role in understand-
ing and prompting the application of CLR. This review intends to provide an overview of the research and development 
of the CLR process. Specifically, the process fundamentals are reviewed, and the integral approach for the iron oxide 
based CLR process development is illustrated, showing that the design and compatibility of oxygen carriers and reactor 
systems are critical for CLR performance. We also update the state of the art and new areas of CLR, with a comprehensive 
review on the problems and guidelines for the design and development of both oxygen carriers and CLR reactor systems.

2  Process fundamentals

2.1  Basic schemes of chemical looping reforming

To date, various CLR processes have been developed with different feedstocks (e.g., natural gas, oil and ethanol) and 
oxygen carriers (e.g., Ni, Cu, Mn, and Fe oxides) [81–83]. Figure 3 illustrates the basic schemes applied for these CLR 
processes. The corresponding overall reaction is also shown under each scheme, with red and blue colors representing 
exothermic and endothermic reactions, respectively. Figure 3a shows the most commonly applied autothermal CLR 
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scheme in previous studies. Such a scheme decouples the overall reaction of POX or ATR in two reactors. In the reducer, 
carbonaceous fuel reacts with oxygen carriers forming syngas, and  H2O and/or  CO2 can be introduced to assist the fluidi-
zation and reaction as well as adjust the  H2:CO ratio. The reduced oxygen carriers are then regenerated in the combustor 
with air while releasing heat for autothermal operation.

Different types of metal oxides have been investigated under this scheme for  CH4 conversion. Zafar et al. [83] stud-
ied the use of  SiO2-supported Ni, Cu, Mn, and Fe oxides as both reforming catalysts and oxidizing agents. They found 
that NiO/SiO2 was the best candidate with high reduction reactivity and high  H2 selectivity. However, the reaction rate 
decreased as a function of cycle due to the formation of irreversible metal silicates, which do not react at a sufficient rate. 
Different supports and additive materials have been explored to increase the performance of Ni-based oxygen carriers 
[84]. Ryden et al. [85] synthesized NiO with  MgAl2O4 support and conducted tests in a laboratory reactor consisting of two 
interconnected fluidized beds. The results showed that NiO/MgAl2O4 had good stability and high reactivity for complete 
 CH4 conversion and high syngas selectivity, and coke deposition could be reduced or eliminated by 25 vol% steam to 
methane. He et al. [86] added Fe, Cu and Mn oxides to  CeO2-based oxygen carriers and showed that the CLR reactivity 
could be improved with these transition-metal oxides (especially iron oxides) at  > 800 °C. However, the fundamental 
causes of these promotion effects are still unclear.

In addition to  CH4, the autothermal CLR scheme has been applied for the conversion of other gas or liquid fuels, 
such as bio oil [87] and ethanol [82]. Dupont et al. [82] studied the CLR of waste cooking oil for  H2 production in a 
fixed bed reactor with NiO/Al2O3 oxygen carriers. With a high steam-to-carbon molar ratio (S:C) of 4 and a WHSV of 
2.64  h−1, both high fuel and steam conversions could be achieved under a few redox cycles between 600 and 700 °C. 
Wang et al. [81] investigated the thermodynamic and experimental aspects on CLR of ethanol using a Cu-based 
oxygen carrier and showed that a  H2 yield of 2.25 mol per mole of ethanol was achieved at 700 °C and a CuO to etha-
nol molar ratio of 1. Dou et al. [88–92] conducted a series of studies on the CLR of ethanol and glycerol in fixed-bed 
and moving bed reactors using various Ni-based oxygen carriers between 500 and 650 °C. The results show that the 
confinement effect by nanostructures could maintain the particle size of Ni-based oxygen carriers and promote their 
reducibility and reactivity in the CLR process. Recently, Sun et al. [93] prepared  Cu2O–Ca2Fe2O5 oxygen carriers for 
chemical looping oxidative steam reforming of methanol and realized a high methanol conversion with 40%  Cu2O 
sample at 240 °C, due to the suitable catalytic activity and lattice oxygen migration performance. Compared with 
 CH4 conversion, the autothermal CLR conversion of these biomass-derived liquid fuels can be conducted at lower 

Fig. 3  Basic schemes of chemical looping reforming
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temperatures, which reduces the difficulties in maintaining the physical and chemical properties of oxygen carriers 
and engineering the associated reactor system.

Figure 3b and c show the endothermic CLR schemes without oxygen/air feeding. Both schemes require specific consid-
erations of reactor design with external heating. Flue gas containing  CO2 could be generated during the external heating 
provided with carbonaceous fuel combustion, which defeats the purpose of using the chemical looping concept. Such a 
dilemma could be avoided by using renewable sources such as biomass and solar energy instead. Furthermore, oxygen 
carriers that cannot be regenerated by  H2O and  CO2 are excluded from the endothermic schemes. Specifically, Ni- and 
Cu-based oxygen carriers that have been widely applied in the first autothermal CLR scheme cannot be used, however, 
metallic Ni and Cu can still be incorporated, serving as reforming catalysts in endothermic CLR schemes.

The CLR scheme shown in Fig. 3b can be considered as a spinoff of the thermochemical splitting of water and/or car-
bon dioxide processes, which started around the 1980s [25, 26, 94]. The original thermochemical redox process consists 
of high-temperature (> 1300 °C) decomposition of metal oxides releasing  O2 and low-temperature (< 700 °C) reoxidation 
with  CO2/H2O forming CO/H2. The temperature difference between the two steps is too high to carry out the redox cycles 
in a practical reactor system with sustained oxygen carriers. With the introduction of carbonaceous fuel in the reducer, 
as shown in Fig. 3b, the reduction temperature could be lowered below 900 °C, and useful syngas could be obtained at 
the same time. Li et al. [32, 95, 96] developed a series of perovskite structured oxygen carriers for hybrid water splitting 
and syngas generation. They rationally optimized the thermodynamic properties of perovskite oxides, including oxygen 
partial pressure and oxygen vacancy formation energy  (Evac), with the assistance of Ellingham diagrams and density 
functional theory (DFT) calculations. Experimental studies validated that these perovskite-based oxygen carriers could 
reach up to 90% selectivity for syngas and  H2 in the reducer and oxidizer, respectively. Li and Zhu found that Fe–Ce mixed 
oxides had excellent redox performance in methane reforming and water splitting and provided fundamental insights 
into the redox reaction mechanism and morphology migration of oxygen carriers [97–99]. They recently proposed a 
chemical looping scheme for co-splitting of  H2O and  CO2 with  CeO2–LaFeO3 oxygen carriers, which is efficient and flex-
ible in syngas composition adjustment for various chemical and fuel synthesis [100].

Figure 3c reproduces Galvita and Marin’s super-dry reforming process for producing high purity CO from greenhouse 
gases  CH4 and  CO2 [101]. In addition to using iron oxide as an oxygen carrier, this scheme also adopted nickel as a reform-
ing catalyst and calcium oxide as a  CO2 sorbent. In the reducer, methane dry reforming is carried out over the Ni catalyst, 
while the resulting syngas is oxidized by  Fe3O4 to  CO2 and  H2O. Under the reducer temperature,  CO2 is in situ captured 
by CaO, further enhancing the previous two reactions and finally leaving  H2O as the only effluent gas from the reducer. 
At the same time, the looping particles change from a mixture of Ni, CaO and  Fe3O4 to that of Ni,  CaCO3 and Fe in the 
reducer. In the oxidizer, external heating is provided to decompose  CaCO3 into CaO and  CO2, and the latter subsequently 
reoxidizes Fe back to  Fe3O4. The super-dry reforming scheme can achieve a CO yield of 45% higher than that of the tra-
ditional approach, which offers an alternative pathway for efficient  CO2 and  CH4 utilization.

Figure 3d and e show three-reactor CLR schemes for  H2 production, where the overall reactions are the same as the 
autothermal reforming process. Both schemes share similar reactor configurations and produce three hot gas streams 
containing concentrated  CO2, high purity  H2 and high-temperature flue gas separately. Such scheme integrates CLC to 
provide heat for CLR or sorption-enhanced reforming (SER), thus avoiding the external heating needed in the endother-
mic reforming schemes in Fig. 3b and c. The redox pairs of  Fe2O3–Fe3O4 and NiO–Ni are used for CLC to generate heat, 
while the pairs of  Fe3O4–FeO/Fe and CaO–CaCO3 are adopted for CLR and SER, respectively, for  H2 production. More 
steam usage could cause the overall reaction endothermic compromising the autothermal operation, while more oxygen 
usage could generate excess heat, sacrificing the  H2 yield. Based on the heat of combustions and reforming reactions and 
thermodynamic equilibrium, the minimal oxygen and steam usage could be estimated for the design and optimization 
of three-reactor CLR reactor systems.

The iron-based three-reactor CLR scheme shown in Fig. 3d specifically represents the SCL process developed by Fan, 
which can coproduce  H2 and electricity with high efficiency. In the reducer, iron-based oxygen carriers are used to fully 
convert syngas or natural gas into  H2O and  CO2, and  Fe2O3 is reduced to a mixture of Fe and FeO at approximately 900 °C. 
The oxidizer operates below 800 °C to conduct steam-iron reaction to produce high purity  H2 and reoxidize the reduced 
iron to  Fe3O4. The combustor then completely regenerates  Fe2O3 oxygen carriers and provides heat for autothermal 
operation. From the iron-based three-reactor CLR scheme, three hot gas streams are produced: a concentrated  H2O/
CO2 stream from the reducer, a  H2O/H2 stream from the oxidizer and the flue gas stream from the combustor. The flue 
gas could be sent to an expander to recover the high-grade heat, and the exhausted gas, together with the other two 
streams, is routed to the heat recovery and steam generation section. After condensing out the steam, high purity  CO2 
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and  H2 streams can be obtained separately. The SCL process is more efficient than the conventional process due to its 
efficient energy management and integrated  CO2 separation scheme.

Figure 3e shows the scheme of sorption-enhanced chemical looping reforming (SECLR), which is the combination 
of SER and CLC. SER for  H2 production can be accomplished by the addition of  CO2 sorbent (e.g., CaO) for in situ  CO2 
removal and thus driving the steam reforming and WGS reaction equilibrium towards  H2-rich products, while CLC can be 
achieved by the addition of oxygen carriers (e.g., NiO) to provide lattice oxygen and catalytic sites (reduced Ni) for fuel 
reforming. Calcium carbonate can be separately calcined to yield a pure  CO2 stream for its subsequent sequestration, and 
the calcium-based sorbent can be regenerated and recycled back. The nickel-based oxygen carrier can be regenerated 
with air to provide heat for the reforming reaction as well as the calcination reaction. By applying this scheme, higher 
 H2 yield and purity can be directly obtained with in situ  CO2 capture using reusable sorbents and metal oxides without 
additional gas–gas separation units.

Dupont et al. [102] The results showed that > 95% purity of  H2 was produced at 600 °C and 1 atm. Zeng et al. [103] 
conducted SE-CLR of ethanol with Ni-based catalyst and CaO sorbent and studied the NiO loading as well as reaction con-
ditions of the reforming reactor. Increasing NiO loadings could lead to higher catalytic activity as it provided more active 
surface sites to accelerate intermediates to  H2 and CO. The highest ethanol conversion and  H2 selectivity were obtained at 
650 ℃ with 20% loading of NiO, achieving a conversion of 98% and  H2 selectivity of 93%. Dou et al. [92] revealed that high 
purity  H2 production from glycerol could be achieved via SECLR using a continuous dual moving-bed reactor over NiO/
NiAl2O4 oxygen carriers and lime-based sorbent. Hafizi et al. [104] investigated the performance of Fe-Ce-based oxygen 
carriers and CaO-based sorbents on the SECLR of  CH4 using a fixed-bed reactor. The results showed that  H2 purity of 89% 
could be obtained at 600 °C, S:C ratio of 1.5 and sorbent to oxygen carrier mass ratio of 3. Recently, they applied  Co3O4/
SiO2 oxygen carrier and a cerium-promoted calcium-based sorbent in the SECLR process, and showed that up to 95%  H2 
purity could be achieved at 550 °C, which is comparable to 84% in the CLR process [105]. Also, formic acid was realized 
as a prospective hydrogen carrier, and a sodium looping-based formic acid reforming was proposed and simulated for 
high-purity  H2 production. Conditions, i.e., temperature, pressure, and ratio of  H2O/HCOOH as well as  Na2CO3/HCOOH, 
for three reactors were optimized to promote  H2 production and  CO2 absorption. Results showed a high  H2 production 
rate with a high purity of 97.9% and an ultra-low CO concentration of 11.97 ppm [106]. The continuous operation of all 
three reactors, however, has not yet been demonstrated in the SECLR process. With three interconnected fluidized bed 
reactors simultaneously exchanging a mixture of two looping particles, i.e., the  CO2 sorbent and the oxygen carrier, the 
operation and control requires a systematic approach. Issues that need to be further addressed include the simultaneous 
handling of mixed sorbent and oxygen carrier, sorbent and oxygen carrier reactivity and recyclability, heat transfer and 
solid/gas leakage among the reactors.

2.2  Product selectivity: stoichiometry, thermodynamics and kinetics

The product selectivity, i.e., the concentration and ratio of  H2 and CO in the syngas, in a CLR process could be affected by 
many factors, including reaction stoichiometry, thermodynamic equilibrium, surface reaction path and reactor system 
configuration. The reactor system configuration has been briefly discussed in the previous section. For example, the 
three-reactor CLR system could be designed to directly produce both  H2 and  CO2 in high purity from separate reactors, 
as shown in Fig. 3d and e. Amini et al. [80] have recently reviewed the effect of pressure in chemical looping system, 
concluding that high pressure is beneficial for the reaction kinetics and hydrogen production process. More review and 
discussion on the effect of reactor system configuration are addressed in Sect. 2.3.

The overall reaction stoichiometry determines the syngas selectivity and  H2:CO ratio based on the fuel and oxidant 
input. Based on Eqs. 1, 2 and 4, the theoretical  H2:CO ratios in the syngas from steam reforming, dry reforming and partial 
oxidation of methane are 3:1, 1:1 and 2:1, respectively. The contents of C, H, and O elements in other carbonaceous fuels, 
such as biomass-derived oil and alcohols, could vary to certain extents. Accordingly, the syngas composition could be 
adjusted for different downstream applications by varying the stoichiometric ratios of different feedstocks introduced 
to the CLR system. As discussed in the previous section, the stoichiometric ratio also determines the heat of the overall 
reaction based on the first law of thermodynamics.

As a chemical looping process consists of cyclic gas–solid reactions, successful operation relies on the performance of 
the oxygen carriers. In a typical chemical looping scheme, the overall reaction can be regarded as combustion and partial 
oxidation/reforming of the fuels, which requires distinct oxygen carrier properties so that the product selectivity can be 
properly controlled. For example, with a substoichiometric ratio of available lattice oxygen to fuel, partial oxidation of 
hydrocarbons for syngas production could be performed by metal oxides such as NiO and CuO. However, the resulting 
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syngas concentration is highly dependent on the oxygen-to-fuel ratio in this case. The second law of thermodynamics 
suggests that the reaction equilibrium could vary significantly with different oxygen carriers and operation conditions. 
The performance of oxygen carriers, typically metal oxides, can be estimated based on their equilibrium oxygen potential 
at high temperatures. The oxygen potential of various metal oxides could be studied and categorized with ease via the 
Ellingham diagram or the oxygen partial pressure diagram, as shown in Fig. 4 [107]. The corresponding oxygen partial 
pressure for combustion and reforming/gasification of representative fuels such as  CH4, C, CO and  H2 are also included. 
The active metal oxides could be sorted into the following groups.

The combustion or CLC group, including the oxides of manganese, iron, copper, etc., is located at the top pink zone 
of Fig. 4, where metal oxides have strong oxidizing capability. These metal oxides could be used as active components 
in oxygen carriers for complete fuel oxidation to  CO2 and/or  H2O in CLC processes, as their oxygen partial pressures 
are above the lines of CO and  H2 combustion. Molecular oxygen could be directly generated by exposing metal oxides 
such as  Mn2O3,  Co3O4 and CuO at high temperatures where their decomposition oxygen partial pressure could exceed 
0.01 bar, which could facilitate the conversion of solid fuels in the so-called chemical looping with oxygen uncoupling 
(CLOU) process [108]. In contrast, the lines of  CaSO4, NiO and CoO are near the bottom of this zone, indicating that there 
is a small portion of uncovered fuel present in the reduction step. In general, the oxygen carriers in this group are mostly 
studied for  CO2 capture-oriented CLC processes.

The CLR group is in the blue zone located below the CLC group and above the line of CO formation. Thus, metal oxides 
in this region are able to gasify carbon to CO but cannot further oxidize CO and  H2 due to their moderate oxidizing 
capability. As a result, metal oxides in this group can be used for syngas production from various carbonaceous fuels. 
The advantage of using metal oxides in the CLR group is that they can thermodynamically ensure the stable production 
of high purity syngas while minimizing carbon deposition [33]. The inset of Fig. 4 also lists a subgroup of metal oxides 
suitable for CO and  H2 production when their reduced form interacts with steam, including FeO,  Fe3O4,  WO2,  WO3 and 
 MoO2. These metal oxides are in the vicinity of the line of CO/H2 combustion, which is thermodynamically feasible for 
both their reduction by CO/H2-rich gas and reoxidation by  CO2/H2O. It is noted that iron oxides have a series of oxidation 
states with both high and intermediate oxidizing capabilities, including  Fe2O3,  Fe3O4 and FeO, making them suitable for 
both CLC and CLR applications.

The third group is located at the bottom zone of Fig. 4, where the metal oxides have limited or no oxidation capa-
bility. This group is able to partially or selectively oxidize hydrocarbons. However, coke deposition or incomplete fuel 
conversion is inevitable. Metal oxides in this group can also be used as support materials such as  TiO2,  SiO2 and  Al2O3. 
Under reaction conditions, the support could interact with the abovementioned active metal oxides in many ways. For 
example, iron oxides can also react with  TiO2,  SiO2 and  Al2O3, forming  FeTiO3,  FeSiO3 and  FeAl2O4, which could alter 
their thermodynamic and kinetic properties during chemical looping applications. Specifically, ITCMO oxygen carriers 
have been selected to improve the syngas selectivity and yield with minimal carbon deposition based on the following 
thermodynamic analysis [33].

The ratio of reducible oxygen provided by the metal oxides to  CH4 ([O]:CH4) significantly affects the syngas composition 
and the possibility of carbon formation. As shown in Fig. 5, for both iron oxides and ITCMOs, when this ratio is lower than 
1, a substoichiometric amount of oxygen is provided, which results in possible carbon deposition, carbide formation, 

Fig. 4  Equilibrium oxygen 
partial pressure of metal 
oxides at various tempera-
tures
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and/or unconverted  CH4 leakage. When the [O]:CH4 ratio is higher than 1, most of the carbon is converted to either CO 
or  CO2. Figure 5a shows that iron oxide can achieve a low  CO2 selectivity (< 15%) when the [O]:CH4 ratio is below 1.5. 
Under such conditions, however, metallic iron is the only reduced solid product and can catalytically decompose  CH4, 
causing carbon deposition. Carbon deposition/formation may be avoided by reducing the extent of metal oxide reduc-
tion by increasing the [O]:CH4 ratio. Conversely, increasing this ratio results in an increase in  CO2 and  H2O levels to more 
than 30 mol%, lowering the syngas selectivity and yield. Thus, the use of single metal oxide material poses challenges 
in syngas quality control.

The ITCMO oxygen carriers possess a better equilibrium property toward syngas generation. With proper iron oxide 
and titanium oxide ratio, the effective reduced compounds can be  FeTiO3 and/or  Fe2TiO4. As shown in Fig. 5b, ITCMO with 
a Fe to Ti ratio of 2 can partially oxidize  CH4 to syngas with minimal byproducts such as C,  CH4,  CO2 and  H2O. Unlike single 
metal oxide materials such as FeO, the syngas composition produced using ITCMO is very stable and of high concentra-
tion (> 90% CO selectivity) when the [O]:CH4 ratio varies in a wide range between 1.5 and 4. Without any steam injection, 
the  CH4 reaction with ITCMO can produce syngas at a  H2:CO ratio slightly below 2. The  H2:CO ratio can be improved to 
2 by introducing steam at 10% of the  CH4 molar flow. In the conventional autothermal reforming process, a steam-to-
methane ratio of more than 20% is required to obtain a similar syngas composition. Thus, the ITCMO is promising for 
high-efficiency, high-quality syngas production.

In summary, the diagram of equilibrium oxygen partial pressure can guide the selection of active components and 
estimate the syngas selectivity preliminarily in CLR system. Nevertheless, the syngas selectivity could be also affected by 
the selection of supporter, ionic diffusion and catalytic kinetics, which will be further reviewed and discussed in Sect. 3.

2.3  Reactor system design

The reactor system design plays a critical role in determining the chemical looping process performance. It has been 
widely recognized that the combustor or air reactor should be operated in a fluidized bed mode for better heat and 
mass transfer, and the associated reactions are intrinsically fast and are thermodynamically favored. However, unlike the 
oxidation reaction in the combustor, the reactions with carbonaceous fuel in the reducer are complicated and could be 
limited by thermodynamic equilibrium and be relatively slow. It is therefore necessary to study the gas–solid contacting 
pattern and to optimize the reducer design, targeting high reliability and low capital-intensity while maximizing solid 
and gas conversions.

Based on the feeding mode, chemical looping reactor systems can be categorized into batch reactor system with gas-
switching mechanical valves and circulating bed system with continuous gas and solid flow. A variety of reactor designs with 
different Geldart particle grouping and solid flow behaviors have been developed, including fixed bed, moving bed, and 
fluidized bed [12, 16, 109]. Among these reactors, the fixed bed reactor is simple in its design, and poses the least require-
ments on the mechanical strength of oxygen carrier particles. Thus, fixed bed has been widely used in lab-scale tests and 
was first commercialized in the Lane process for  H2 production [42]. However, fixed bed reactors can only handle gaseous 
fuel and require frequent gas switching at high temperatures, which is not suitable for large-scale operation. In addition, 
the poor heat transfer between gas and solids in the fixed bed reactor could cause hot spots that further lead to sintering 
and deactivation of oxygen carriers. To solve these problems, researchers have developed alternative reactor systems for 
continuous chemical looping operation. Figure 6 shows three major types of gas–solid contacting patterns for chemical 
looping reactors, which include mixed flow, countercurrent flow, and cocurrent flow. The mixed flow pattern mainly occurs 

Fig. 5  Carbon distribution 
with various [O]:CH4 ratio at 
900 °C, 1 bar. a  Fe2O3/Fe, b 
 Fe2TiO5-Fe/Fe2TiO4/FeTiO3. 
Reproduced from ref. [33] 
with permission from the 
Royal Society of Chemistry, 
copyright 2014
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in the single-stage fluidized bed reactor, while the countercurrent and cocurrent flow patterns could be achieved in a mov-
ing bed or a series of interconnected fluidized bed system.

To date, various fluidized bed configurations, such as bubbling-, turbulent- and spout-fluidized bed operations, have 
been applied to provide good mixing characteristics and uniform heat transfer in CLC applications. However, back mixing 
and channelling in a fluidized bed usually results in poor fuel conversion and low product purity, and the separation among 
oxygen carriers, solid fuel and ash remain a major challenge. These aspects are closely related to the reaction kinetics between 
carbonaceous fuels and oxygen carriers as well as the design and operation of chemical looping reactors. Song and Shen 
reviewed the solid fueled CLC reactor system, and suggested proper design of the feeding position and bed internals to 
address operational problems [16]. Zhao et al. [109] recently updated their progress in chemical looping process develop-
ment, and emphasized the importance of numerical simulation in the design, optimization, and scale-up of fluidized bed 
reactors. In the following, the fundamental and design of two iron-based CLR moving bed reactor system, i.e., the STS process 
and the SCL process, are discussed.

The STS process produces syngas from shale gas via the redox cycle of ITCMO oxygen carriers discussed in the previous 
section. To make full use of the thermodynamic properties of ITCMO oxygen carriers, a cocurrent moving bed reducer design 
is adopted [33]. The cocurrent gas–solid contact configuration controls the proper redox time and the extent of the oxygen 
carrier conversion while preventing carbon deposition. At the inlet of the reactor, the concentrated fuel source reacts with 
 Fe2TiO5/Fe3O4, which is highly oxidative and unlikely to catalyze carbon deposition. At the outlet of the reactor, although 
reduced oxygen carriers contain metallic Fe, the atmosphere of diluted fuel and the lattice oxygen in  Fe2TiO4/FeTiO3 could 
help prevent carbon deposition. The reduced ITCMO consisting of Fe and  Fe2TiO4/FeTiO3 yields a corresponding thermody-
namically high syngas purity with a  H2:CO ratio of  ~ 2:1. The cocurrent moving bed reducer is advantageous over a fluidized 
bed reducer in that the moving bed reducer does not suffer a reduced shale gas conversion and/or undesirable syngas 
composition due to gas channelling and back mixing of particles with different oxidation states, which are unavoidable in a 
fluidized bed reactor. A set of experiments was conducted to characterize the ITCMO performance and validate the cocur-
rent moving bed concept [33].

The SCL scheme is shown in Fig. 3d, in which high syngas conversion and high steam-to-hydrogen conversion are two of 
the most important criteria for evaluation. In a fluidized-bed reactor such as a dense-phase fluidized bed, significant gas and 
solid mixing occurs. Thus, in a fluidized-bed reducer, the fresh syngas feedstock is diluted by the gaseous product, which is 
rich in  H2O and  CO2. Table 2 lists the equilibrium compositions between  FeOx and CO/CO2/H2/H2O at 850 °C, indicating that 
the dilution of the syngas by  CO2 and  H2O decreases the reducing capability of the syngas. For example, in order to achieve 
100% conversion of syngas, iron oxides cannot be reduced to an oxidation state lower than  Fe3O4. This indicates that the 

Fig. 6  Gas solid flow patterns 
in chemical looping reactor 
system

Table 2  Equilibrium gas 
compositions with different 
oxidization states of iron at 
850 °C

Redox pair CO2/H2O CO/H2

Fe2O3/Fe3O4 99.9955%/99.995% 45 ppmv/50 ppmv
Fe3O4/FeO 80.3%/78.0% 19.7%/22.0%
FeO/Fe 38.0%/34.8% 62.0%/65.2%
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 Fe2O3 conversion cannot be higher than 11% with 100% syngas conversation in a fluidized bed reducer. Therefore, the gas 
and solid conversions in the fluidized-bed reducer are constrained.

Contrary to the fluidized bed reactor, a moving bed reactor has minimal axial mixing between the gas and solid phases. 
The SCL process uses a moving bed reactor with a countercurrent gas–solid contacting pattern for the reducer design. 
Based on the thermodynamic data shown in Table 2, at the bottom of the moving bed reducer, a fresh syngas feed with 
high  H2 and CO concentrations could react with iron at lower oxidation states. Meanwhile, the partially converted syngas 
with low  H2 and CO concentrations flows upward to meet iron at higher oxidation states. A multistage equilibrium model 
has been developed for the countercurrent moving bed reactor, which predicts that 100% syngas could be converted 
and  Fe2O3 could be reduced by  ~ 50% to a mixture of Fe and FeO [74]. Thermodynamic analysis has attempted to provide 
insight into the operational conditions of the SCL system using a moving bed reducer. The theoretical results confirm 
that the gas–solid countercurrent moving bed reducer with iron oxide oxygen carriers can achieve high fuel conver-
sions to  CO2 and  H2O with a minimal solid circulation rate, is resistant to carbide and sulfide contamination, and has the 
capability of producing high purity  H2.

Furthermore, a one-dimensional dynamic model was developed to simulate the moving bed reducer in the SCL process 
[70, 110]. As shown in Fig. 7a, the bench-scale experimental data validated both the multistage equilibrium model and 
the 1-D dynamic model [70]. Both experimental and modeling results show that the gas and solid conversion profiles 
have opposite trends because of the countercurrent contact pattern. Under the current operating conditions and reducer 
design, an individual particle quickly completes the reduction from  Fe2O3 to  Fe3O4 and then to FeO at the top. The reduc-
tion from FeO to Fe is then limited by thermodynamic equilibrium before the gas profile is changed at the bottom, where 
fresh syngas is introduced. The steady-state simulation results with different reducer heights are shown in Fig. 7b. The 
results suggest that there is a minimal height to achieve the same reducer performance. In summary, the 1-D moving-
bed reactor model provides insights into optimizing the countercurrent moving bed reducer design and operation.

The above examples illustrate the integral approach for the iron oxide based circulating moving bed CLR process 
development. Adanez et al. [2] have reviewed the progress in chemical looping combustion and reforming technologies, 
including various reactor and process development up to 2010. Most existing CLR processes proposed dual fluidized 
bed reactor design for high temperature natural gas reforming applications. In recent years, gas-switching concept was 
also studied to avoid solids attrition and circulation problems in the scale-up process [80]. Such system requires high 
temperature mechanical valves, which is practical for temperatures below 600 °C and could be applied for the CLR of 
oxygenated fuels including methanol [111, 112], ethanol [113, 114], etc. Various reactor configurations and associated 
experimental results are out of the scope of this review, and related discussion could be found from recent reviews [16, 
80, 109].

In summary, the basic schemes and process fundamentals of the CLR system are discussed. The reaction stoichiometry, 
thermodynamic equilibrium, and reactor system configuration are all factors that could affect the gas product yield, and 

Fig. 7  1-D SCL reducer modelling a comparison of the gas and solid conversions between the numerical results and the experimental data 
in the moving bed reducer; b steady overall conversion profiles of syngas and solids when the reducer is shortened. Reproduced from ref. 
[70] with permission from John Wiley and Sons, copyright 2013
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selectivity in the CLR. Besides, the gas–solid contacting pattern should be carefully considered and selected for specific 
CLR applications.

3  Oxygen carrier design

3.1  Reaction principle

The reduction and oxidation of oxygen carriers generally involve the generation and recombination of oxygen ions and 
vacancies, their diffusion in the bulk phase, and their reaction with adsorbed species on the surface. Transition metal 
oxides such as NiO and CuO have been widely studied as oxygen carriers, and the reduced metals are also effective 
catalysts for the conventional reforming processes of various fuels. For example, methane and ethanol reforming could 
be catalysed by metallic Ni at 700–900 °C and 400–600 °C, respectively, while methanol can allow the reforming process 
to operate at a relatively lower temperature around 100–300 °C with Cu catalyst. Suitable oxygen carriers would employ 
active metal for its high reactivity and temperature compatibility with corresponding fuels.

Figure 8 schematically shows the reaction principle of oxygen carriers under a reducing environment. In the first step, 
the metal–oxygen bonds in oxygen carriers are activated by absorbing thermal energy at high temperatures, resulting 
in oxygen ions and vacancies as well as electron–hole pairs. This relates to the thermodynamic property or oxygen 
potential of the metal oxides, as discussed in the previous section. Metal oxides in the CLC and CLR groups of Fig. 4 are 
the active oxygen carrier components, and their oxidizing capability could determine the fuel conversion and product 
selectivity. Foreign metals could be used to modify the thermodynamic properties and facilitate redox reactions at low 
temperatures. The screening and discovery process could be accelerated with computational chemistry methods and 
high-performance computing systems. For example, Li et al. [96] rationally designed  BaMnxFe1-xO3-δ oxygen carriers 
and optimized their redox thermodynamic properties, including equilibrium oxygen partial pressure and  Evac, with the 
assistance of DFT calculations and Ellingham diagrams. The experimental results showed that up to 90% selectivity of 
syngas and  H2 could be achieved in the reducer and oxidizer, respectively, indicating that  BaMnxFe1-xO3-δ oxygen carriers 
are promising for efficient solar-driven CLR process.

In the reducing environment caused by the fuel, the activated oxygen anions diffuse from the bulk phase to the surface 
under the oxygen chemical potential gradient. At the same time, electrons flow inward to maintain the overall charge 
neutrality. The ionic diffusion in the bulk phase determines the release and replenishment rate of lattice oxygen. Most 
oxygen carriers revolve around only a few crystal structure types, such as fluorite and perovskite. In perovskite oxides 
with more open oxygen sublattices, oxygen vacancies can be created more easily than cation defects. Consequently, 
perovskite oxides show high lattice oxygen diffusivities, which is suitable for various CLR processes [32, 95, 115–122]. 
Metal oxides with fluorite structure such as  CeO2 have predominantly oxygen anion defects occupying interstitial sites. 
The removal of lattice oxygen atoms on ceria could lead to the formation of several phases of the type  CeO2−x with a 
range of possible compositions (0 ≤ x ≤ 0.5). This feature can be used to form solid solutions with oxygen vacancies by 
substituting aliovalent ions of the host structure with a higher charge than that of the replacing cation, and has been 
applied in oxygen carrier development for CLR applications [25, 123, 124]. Thus, specific crystal structure and bulk dop-
ing can be used to improve the ionic diffusion rates.

Fig. 8  Reaction principle of 
oxygen carriers under reduc-
ing environment
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Surface reactions take place between the adsorbed fuel species and oxygen species diffused from the bulk phase. 
Catalytic sites could be formed during the reduction of the oxygen carriers or specifically introduced to the surface 
to promote the reaction kinetics. Fuel conversion and syngas selectivity in the CLR reducer could be improved by 
controlling the distribution of oxygen supply from the bulk as well as the types of active oxygen species on the 
surface. It is noted that coke deposition frequently occurs in the reforming process, and if the oxygen supply from 
the bulk is inadequate, coke could be accumulated on the surface of oxygen carriers and lead to deactivation. While 
lattice oxygen atoms participate in the oxidation of carbonaceous feedstock, they do not necessarily result in high 
product selectivity. The selectivity is based on the bond strength between the metal atom and the lattice oxygen 
atom on the surface. If the metal–oxygen bond is too weak, lattice oxygen can be easily released so that the reactant 
adsorbed on the surface may be fully oxidized to yield  CO2 and  H2O. If the metal–oxygen bond is too strong, lattice 
oxygen atoms cannot be released, which could result in a low reactivity. Ideal oxygen carriers with readily mobile 
lattice oxygen and suitable metal–oxygen bond strength have the potential to be both selective and reactive.

3.2  Effects of the promoters

The CLR process requires oxygen carriers to exhibit both high fuel conversion and high syngas reactivity, along 
with low cost and high stability at high temperatures. Extensive efforts have been devoted to catalytically modify-
ing the surface for performance improvement. Fan et al. [125] studied the idea of using metal oxide dopant at a 
very low concentration relative to the total metal oxide oxygen carriers (e.g.,  < 1%) without yielding phase change 
to reduce the energy barrier of carbonaceous feedstock activation and hence facilitate carbonaceous feedstock 
conversion. They modified the  Fe2O3 oxygen carrier using 1% lanthanum dopant and found that it could enhance 
redox reactivity while maintaining the high oxygen capacity and recyclability of oxygen carriers. The reactivity 
of La-doped iron oxide oxygen carriers is higher than that of undoped iron oxide oxygen carriers by 220% for CO 
reduction reactions and 260% for air regeneration reactions. In addition, 1% La dopant led to a 178% increase in 
reduction reactivity and a 156% increase in reoxidation reactivity for  CH4 reforming reactions compared to undoped 
iron oxide. The mechanism for La dopant-based reactivity enhancement stems from the capability of La dopant in 
lowering the barriers of C–O bond and C–H bond activation during metal oxide redox reactions with carbonaceous 
fuels. Furthermore, they found that the low concentration aliovalent dopant modification can more significantly 
improve  CH4 conversion on iron oxide oxygen carriers. Fan et al. [126] doped iron-based oxygen carriers with a small 
amount of cobalt, and the addition of trace amounts of cobalt significantly increased the activity of the oxygen 
carriers in the 600–800 °C range, which is beneficial for low-temperature applications of iron-based oxygen carriers. 
The introduction of cobalt can prompt the formation of oxygen vacancies, which affects the energy barrier of  CH4 
reforming on the surface of the oxygen carriers.

In addition to modifying the active sites on the surface/interface to improve the reactivity and selectivity, pro-
moters also can be adopted for modifying the bulk phase structure to improve oxygen vacancy formation and ionic 
conduction. Chen et al. [127] recently demonstrated that tungsten-based oxygen carriers with nickel modification 
were effective for the CLR of  CH4. Their results indicated that the oxygen availability,  CH4 conversion, and syngas 
yield could be significantly increased over  Ni0.5WOx/Al2O3 compared to  WO3/Al2O3. Further investigations showed 
that there is a strong interaction between surface-grafted nickel species and  WOx species, effectively improving  CH4 
activation and the surface reforming reaction. At the same time, nickel was incorporated into the bulk structure of 
 WO3, which weakened the tungsten–oxygen bond strength and increased the availability of lattice oxygen. As a 
result, the syngas yield was significantly increased by  ~ 2.7-fold in comparison with unmodified  WO3 oxygen carri-
ers. These findings are a pathway to dramatically modify metal oxide properties using relatively simple fabrication 
processes, and they significantly impact future chemical looping oxygen carrier design.

Even though much effort has been taken into the modification of oxygen carriers by different approaches, 
there is still a long way to explore the reaction mechanism more explicitly for CLR applications. The reactions with 
oxygen carriers involve the generation and transfer of different oxygen species from the bulk phase to the surface 
and variation of these parameters determines the specific reaction pathway on the surface, thus resulting in dif-
ferent products. By modifying the bonding energy between adsorptive intermediates and metal–oxygen bonds, 
which are significantly dependent on the distribution and diffusion of various oxygen species, the distribution of 
products can be modulated.
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3.3  Oxygen carrier deactivation

The deactivation of oxygen carriers remains the major problem for CLR applications [128]. In general, the deactivation 
of oxygen carriers in the CLR process can be analyzed from microscopic and macroscopic aspects. At the microscale, 
the deactivation of the oxygen carrier is mainly caused by the sintering of active components, thermal inactivation, 
oxygen carrier poisoning due to contaminant mineral matter in the fuel, carbon deposition and lattice oxygen deple-
tion, which leads to changes of the surface and bulk phase of the oxygen carrier. At the macroscale, deactivation 
mainly includes changes of textural properties and the decline in mechanical strength.

The high temperature of the CLR process could lead to severe surface sintering of the oxygen carrier, especially the 
supported oxygen carrier. As a result, the crystal grains of the oxygen carrier grow, and the dispersion of the active 
component on the surface decreases, thus reducing the surface area of the active component [4, 129]. In addition, 
sintering could increase the oxygen transmission distance inside the oxygen carrier, causing difficulties in lattice 
oxygen diffusion. Moreover, the number of active sites of the oxygen carrier is also reduced due to the decrease of 
lattice imperfection during sintering. Therefore, it is crucial to solve the irreversible sintering of the oxygen carrier. At 
present, the solution to the sintering problem is mainly realized by optimizing the preparation method and adopting 
the carrier with high specific surface area and excellent pore structure to obtain the oxygen carrier with smaller grain 
size while inhibiting grain growth in the reaction process [4, 130–132]. At the same time, the addition of structural 
promoters could also effectively suppress the sintering of the oxygen carrier.

Thermal inactivation is also a major cause of oxygen carrier deactivation. At high temperatures, the components 
of oxygen carriers undergo solid-phase reactions to produce substances with poor reactivity and low oxygen stor-
age capacity, and oxygen carriers may also undergo phase transition and phase separation. All these factors could 
cause a decrease of the activity of the oxygen carrier and eventually lead to inactivation. For example,  Al2O3 support 
tends to undergo solid-phase reaction with transition metal oxides at high temperatures [133, 134]. Therefore, when 
 Al2O3 is used as the support, it is found that the performance of the oxygen carrier decreases with the increasing 
number of cycles [135, 136]. Most of the literature attributed the decline in activity to the production of aluminate 
because aluminate has a lower oxygen storage capacity and reactivity. In addition, due to the formation of aluminate, 
the metal oxide cannot be completely reduced so that the amount of available oxygen is reduced, resulting in the 
reduction in conversion and syngas yield. To solve this problem, supports with weak interactions between active 
components such as  MgAl2O4 spinel can be selected, or strong oxidants such as oxygen can be used to fully oxidize 
aluminate back to its original form [137–140].

When zirconia is used as the support, the phase change during the high-temperature reaction causes cracks in the 
structure and issues in the mechanical properties [141]. Zirconia can be stabilized by adding additives such as MgO or 
 CeO2, thereby solving the problems caused by its phase transition [128, 142]. For phase separation, titanium and iron 
in the ilmenite structure undergo phase separation. As the reaction progresses, iron oxide gradually accumulates on 
the surface, while titanium dioxide is gradually enriched in the bulk phase, which affects the cycling stability of the 
oxygen carrier. The introduction of an Al-based skeleton can solve the phase separation problem of ilmenite-based 
oxygen carriers [143].

Compared to sintering, carbon deposition is a reversible deactivation because carbon deposition can be elimi-
nated to a certain extent in the oxidation stage. In addition, when  CO2 or steam is selected as the oxidant,  CO2 and 
carbon deposits can be fully utilized to increase the yield of carbon monoxide. The mechanism, pathway, amount, 
and composition of carbon deposition vary with oxygen carriers and CLR reactions. However, the specific surface 
area, pore volume and active center of the oxygen carrier could decrease with the increase of carbon deposition and 
lead to deactivation of the oxygen carrier. The generation of carbon deposition is mainly caused by the acid center 
and slow oxygen migration rate in the oxygen carrier. Therefore, in addition to reducing the acid center in the oxy-
gen carrier to reduce carbon deposition, the formation of carbon deposition can also be inhibited by accelerating 
the transfer of lattice oxygen [144, 145]. The addition of a certain amount of additives, such as adding Sr to the A 
site of the perovskite oxygen carrier to obtain more oxygen vacancies [118, 146], and adding zirconia with a smaller 
ion radius to cerium oxide to cause lattice distortion [147, 148], can reduce the activation energy of the diffusion of 
oxygen ions and is beneficial to the migration and diffusion of lattice oxygen. Therefore, the carbon deposits on the 
surface can be eliminated in time to avoid deactivation of the oxygen carrier. In addition to modifying the oxygen 
carrier, the production of carbon deposits can also be suppressed by optimizing the reaction conditions. Adding an 
appropriate amount of steam or  CO2 to the reactants or immediately entering the oxidation stage after the carbon 
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deposits are generated can avoid carbon deposits or inhibit the deactivation caused by carbon deposits to a certain 
extent. A suitable operation pressure is also desired to alleviate the carbon deposition as pressure has a great influ-
ence on the deactivation of oxygen carriers. High pressure can lead to fast deactivation by accelerating the carbon 
deposition on oxygen carriers especially for Ni- and Fe-based ones [149, 150].

The deactivation of the oxygen carrier at the macroscale is mainly caused by the change of the texture characteristics 
and the decrease in mechanical strength. Both active metal oxides and the support could sinter at high temperatures, 
causing the change in the texture characteristics of the oxygen carrier. With the increase of temperature and the extension 
of reaction time, the micropores of the support undergo sintering, which in turn causes an increase in the average pore 
diameter and decreases in the total porosity and the specific surface area. With the change of the texture characteristics, 
the contact area of the active components with the reactants decreases, which significantly reduces the performance 
of the oxygen carrier. When oxides such as  CeO2 are used as the support, the sintering of the support not only affects 
the macroscopic properties but also reduces the oxygen transport capacity of the support, thereby affecting the overall 
oxygen transport capacity of the oxygen carrier. To maintain the texture characteristics, a series of preparation methods 
have been developed and optimized [151]. The abrasion and spalling of the oxygen carrier are closely related to its 
mechanical strength. For oxygen carriers, the improvement of mechanical strength can be achieved by adding additives 
and supports or optimizing the preparation method [151].

In addition to the deactivation of the oxygen carrier, the low selectivity of the oxygen carrier to the target product 
is also a factor affecting its development. Taking chemical looping methane reforming as an example, when oxygen or 
air is used as the oxidant, the surface oxygen of the oxidized oxygen carrier is restored, and thus, the selectivity of the 
complete oxidation product is increased, which is undesirable. Therefore, in order to solve this problem, the oxygen car-
rier can be selectively oxidized by reducing the oxidation time [132] or using a weak oxidant such as  CO2 [152] to restore 
the oxygen related to partial oxidation, thus increasing the selectivity of the target product. Continuous effort will be 
devoted to improving the long-term redox stability of oxygen carriers.

4  Oxygen carrier development

4.1  Primary material selection

Oxygen carriers are at the heart of chemical looping process development, which can circulate between two or more 
reactors/steps and convert raw materials into target products [9]. Since CLR uses oxygen conveyed by the oxygen carrier, 
they usually consist of metal oxides able to react with fuels such as  CH4. On account of the original purpose of CLR is to 
avoid the inadequacies of conventional steam reforming, partial oxidation, and autothermal reforming technologies, 
and to obtain a synthesis gas with a suitable  H2/CO ratio, the oxygen carrier should have a better fuel conversion rate 
and higher selectivity. In this regard, we can roughly perform a simple screening through the Ellingham diagram. The 
Ellingham diagram classifies and studies the thermodynamic properties of oxides based on their equilibrium oxygen 
potentials. The products of metal oxides reacting with the raw materials and their selectivity can be estimated based on 
their thermodynamic properties from the Ellingham diagram [9]. In addition to the Ellingham diagram, high-throughput 
thermodynamic screening technology can also be used to screen oxygen carriers [153]. The technology adopts the 
Gibbs energy descriptor  [Gδ(T)], which only needs information about the composition, enthalpy of formation and atomic 
density of the material. The descriptor can be used to predict the Gibbs free energy that reacts with  CH4, thus obtain-
ing the corresponding conversion. Since the prediction method is only sensitive to parameters such as temperature, 
and the material category has little influence on it, this method can be widely applied to chemical looping processes 
and has similar accuracy on various materials under equilibrium or near equilibrium situation. Li et al. [154] recently 
reported the oxygen chemical potentials for over 2000 perovskite oxides were simulated as a function of their oxygen 
vacancy concentrations and more than 100 materials were predicted to be applicable. Among the potential candidates, 
intriguingly, "nonobvious". The phase diagram thermodynamic database can be used to computationally study the 
water conversion capability of metal oxides for chemical looping hydrogen generation [155]. In addition to screening 
for suitable oxygen carriers, the DFT method was used to screen for dopants, thus providing a fuller understanding of 
the selection of dopants [156, 157].

Previous studies show that most transition metal oxides agglomerate or sinter rapidly without the addition of addi-
tives or supports, resulting in a loss of available metal oxide sites. Considering that the long-term operation of CLR is to 
realize the industrialization of the process, another requirement is that the oxygen carrier should maintain both physical 
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and chemical stability over multiple cycles under reaction conditions. In addition, the cost, toxicity, thermal stability, and 
attrition resistance of the oxygen carrier are also factors to be considered for industrialization. Specific to the require-
ments of laboratory-scale development for oxygen carriers, we need to maintain a high conversion, a high selectivity of 
 H2 and CO, and a low selectivity of  CO2 and carbon deposition. For chemical or fuel synthesis purposes, the  H2/CO ratio is 
better at around 2. In addition, fresh and spent oxygen carriers can be characterized by XRD and TEM to check whether 
the crystal phase or structure is stable and the variation in the particle size.

Among all transition metals, nickel-, iron-, and cerium-based oxygen carriers are commonly used in the field of CLR 
(Fig. 9). These oxygen carriers have their own advantages and disadvantages. Ni-based catalysts are the most commonly 
used catalysts in the traditional methane reforming field, and thus, researchers first consider Ni-based oxygen carriers for 
CLR. The oxygen carrying capacity of the Ni-based oxygen carrier is excellent, but it faces severe carbon deposits, which 
could cause the  H2/CO ratio to be much higher than 2. At the same time, Ni-based oxygen carriers can only use air as the 
oxidant, and cannot be used for chemical looping hydrogen generation. Ni-based oxygen carriers are more expensive 
and unfriendly to the environment, which is not conducive to further industrialization. Fe-based oxygen carriers have 
the advantages of a wide range of sources and are environmentally friendly. Currently, a considerable amount of work 
has been done on the testing and characterization of iron ore. However, Fe-based oxygen carriers have poor activity and 
are easy to sinter, which results in lower CO selectivity, and reduced Fe could accelerate the methane cracking reaction, 
resulting in serious carbon deposits.

Based on these requirements and problems, we can summarize the recent progress and challenges in the develop-
ment of oxygen carriers. Previous studies have focused on solving the problems of reactivity, carbon deposition, sinter-
ing, and stability. Taking  CH4 as an example, the chemical bond between carbon and hydrogen atoms in  CH4 is a stable 
sigma bond, and its chemical properties are relatively inactive. Therefore,  CH4 can participate in fewer reactions than 
other organic compounds. As a consequence, the high activity of the oxygen carrier is essential for the CLR of  CH4. The 
reactivity of oxygen carriers generally rests on two parts, one is the theoretical conversion of fuel, and the other is oxygen 
transport and reaction kinetics. The theoretical conversion rate is mainly determined by the thermodynamic properties 
of the oxygen carrier. The transport and reaction kinetics are determined by the composition, structure, and texture 
properties of the oxygen carrier. The texture characteristics include pore volume, specific surface area, and porosity.

Ni-based and copper-based oxygen carriers have good reactivity to raw materials such as  CH4, but the activities of 
Fe-, Mn-, Co, and Ce-based oxygen carriers are relatively poor. The addition of promoters or supports is considered to 
contribute to the improvement of activity. For example, the performance of iron oxide doped with 1% La is significantly 
improved compared with that of pure iron oxide [146]. Three-dimensionally ordered macroporous (3DOM) structures 
have been widely used in gas–solid reactions because of their uniform pore size (> 50 nm) and well-defined periodic struc-
ture, which could facilitate the adsorption and diffusion of reactant molecules. Compared with the nonporous  CeO2–ZrO2 
oxygen carrier, the  CH4 conversion of oxygen carriers with different pore sizes can be increased up to approximately 3.6 
times, and the  H2 production rate in the water splitting stage is also increased by 50% thanks to the relatively higher 
specific surface area, higher concentration of oxygen vacancies, and stronger oxygen mobility [158].

The generation of carbon deposits is one of the most commonly discussed difficulties in reforming catalysts. Taking 
methane reforming as an example, in the traditional methane reforming field, carbon deposition is mainly considered to 

Fig. 9  Oxygen carrying capac-
ity, bulk diffusion, surface 
reaction, sintering resistance, 
and  H2/CO selectivity charac-
teristics of Ni-, Fe-, Cu-, Ce-, 
Mn-, Co and W-based oxygen 
carriers
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be generated by methane cracking, and disproportionation reactions, which are also applicable to the chemical looping 
process. In the methane reduction stage, the Ni simple substance in the Ni-based oxygen carrier is reduced, which could 
quickly accelerate carbon deposition.

Generally, for Ni-based oxygen carriers,  CO2 or  H2O is added during the methane reduction stage to suppress carbon 
deposition or promote carbon deposition elimination. When Ni-based catalysts are used in chemical looping steam 
reforming, the TPO profiles of the spent Ni catalysts exhibit two  CO2 peaks, which means that there are two types of 
carbon deposits, one is probably absorbed  CHx or oligomeric carbon that oxidizes at low temperatures (300 °C), and the 
other is polymeric carbon that oxidizes at higher temperatures. The amount of these two types of carbon deposits has 
a great relationship with the type of supports [159].

Different from Ni-based oxygen carriers, Fe-based oxygen carriers can be used in chemical looping methane dry 
reforming and water splitting. The carbon deposits produced during the methane reduction stage can use  CO2 as an 
oxidant to obtain CO during the oxidation stage. However, the existence of obvious carbon deposits could also affect 
the proportion of syngas in the methane reduction stage and the activity of the catalyst. At the same time, the genera-
tion of carbon deposits also affects its application in chemical looping hydrogen generation and the purity of  H2 in the 
steam oxidation stage. For Fe-based oxygen carriers, it is generally believed that  CH4 is first adsorbed on the surface of 
the oxygen carrier, and then activated for dehydrogenation. Next, it is oxidized to  CO2 by oxygen with a strong oxidiz-
ing capacity and to CO by oxygen with a moderate oxidizing capacity in the oxygen carrier. With the consumption of 
lattice oxygen, the supply rate or transmission rate of lattice oxygen cannot match the methane cracking rate, so carbon 
deposits are generated [160]. The cracking reaction of  CH4 on the surface of the Fe-based oxygen carrier starts as active 
phase Fe or  Fe3C formed. Meanwhile, the increase in temperature and  CH4 concentration could promote the reduction 
of Fe-based oxygen, which indirectly promotes the production of carbon deposits.

In addition, the sintering of catalysts under high-temperature reaction conditions is a problem worthy of attention. 
The changes caused by carbon deposits could be reversible, while sintering is generally irreversible. It can be known 
through DFT calculations that the  CH4 adsorption energies and CO formation barriers are related to the particle size 
[130]. Therefore, with the sintering of the oxygen carrier, the particle size becomes larger so that the performance of 
the oxygen carrier changes significantly. The sintering of the catalyst inevitably affects the lattice oxygen transport rate, 
which causes the accumulation of carbon deposits. Suppression of catalyst sintering can be achieved by the confine-
ment effects, that is, the use of nanostructures with specific morphology (3DOM, hydrotalcite and SBA-15 structure) to 
disperse the supported metal particles, thereby significantly improving the anti-sintering performance of the catalyst.

Improving the sintering resistance of the catalyst can also be achieved by adopting supports with large specific sur-
face area or optimizing the preparation method. For copper-based oxygen carriers, the melting point of copper oxide is 
relatively low, so the sintering problem is a major problem in its development. The CuO/CuAl2O4 oxygen carrier prepared 
by the sol–gel method maintained the porous structure, indicating that the sintering could be controlled [161]. The 
performance of different oxygen carriers applied in the CLR is summarized in Table 3.

4.2  Nickel based oxygen carrier

Compared with noble metal catalysts, Ni-based catalysts can exhibit excellent activity while being inexpensive, so they 
have been widely used and industrialized in methane steam reforming and dry reforming processes, and have achieved 
industrialization. With the advent and continuous development of CLR, Ni-based oxygen carriers have also been exten-
sively studied. The supported NiO usually easily loses oxygen and exists in the form of metallic Ni while achieving catalytic 
function. It is well known that when the temperature is higher than the Hüttig temperature or near the Taman tempera-
ture, the sintering rate of metals and metal oxides will be accelerated [207], so the thermal stability of the oxygen carrier 
can be roughly estimated by these two temperatures. According to the melting point of Ni, the Tammann temperature 
and Hüttig temperature of metallic Ni are approximately 863 K and 518 K, respectively. However, the temperature of 
chemical looping steam reforming is usually higher than 923 K, so sintering will always occur during the process. Particle 
size is an important factor affecting the activity and stability of Ni-based catalysts, so various methods have been used 
to suppress sintering, thereby weakening the growth of particle size [208].

To improve the sintering resistance of Ni-based oxygen carriers, the first thing that comes to mind is to add struc-
tural promoters with a higher Taman temperature and better thermal stability, such as  Al2O3 [91, 159, 209, 210],  ZrO2 
[159, 210, 211],  TiO2 [159],  SiO2 [159, 212], and  MgAl2O4 [137]. Such structural promoters provide a large surface area, 
which can play a positive role in dispersing Ni particles. At the same time, the interaction between Ni particles and the 
support also inhibits the migration of Ni particles on its surface, thus exerting anti-sintering effects. For example, Lasa 
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et al. [209] introduced an  Al2O3 support for NiO-based oxygen carriers and found that the size of Ni particles stabilized 
at approximately 50 nm after several cycles, proving that no significant sintering occurred in the extended redox pro-
cess. Temperature-programmed reduction (TPR) results showed that the interaction between Ni particles and the  Al2O3 
support decreased with increasing Ni loading. In the mean time, Adánez et al. [213] suppressed the sintering of oxygen 
carriers by changing the types of  Al2O3 and the preparation methods. The specific surface area of the Ni-based oxygen 
carrier prepared by using γ-Al2O3 and the incipient wet impregnation method after a 50-h test decreased by 65%, while 
the oxygen carrier adopting the α-Al2O3 support and hot incipient wet impregnation method remained substantially 
unchanged after 100 h of testing [213].

When using  Al2O3 as the support, the appearance of  NiAl2O4 spinel is inevitable. Although  NiAl2O4 spinel may weaken 
the sintering of Ni particles, its oxygen carrying capacity and reaction performance are poor compared to NiO. Therefore, 
 NiAl2O4 [214, 215] and  MgAl2O4 [216, 217] spinels could be directly used as support to suppress the formation of  NiAl2O4 
spinel. DFT calculations showed that the adsorption energy of Ni particles on the surface of  ZrO2 is − 4.89 eV and that the 
oxygen in NiO could bond with Zr atoms on the surface of  ZrO2, which meant that NiO could be easily attached to the 
surface of  ZrO2, forming a stable oxygen carrier [218]. The  Evac of the Ni–Zr oxygen carrier was also calculated at 2.94 eV, 
and the oxygen carrier activity of  ZrO2 as a support was better than that of the  MgAl2O4 spinel support.

The SBA-16 is also applied to Ni-based oxygen carriers [131]. In order to improve the performance of chemical looping 
steam methane reforming, Rahimpour et al. [131, 219–221] carried out a series of studies on the application of Ni/SBA-16 
oxygen carriers in chemical looping steam methane reforming, and conducted in-depth discussions on the properties 
of Ni/SBA-16 oxygen carriers and their modification by Ce and Y. With SBA as the support and the addition of Ce as the 
promoter, the performance of chemical looping steam methane reforming was significantly improved. The confinement 
effect of SBA and the interaction between Ce and Ni ensured the high dispersion of Ni, while the presence of Ce also 
stabilized the stability of the SBA skeleton.

The dispersibility of Ni in the supported oxygen carriers varies with the Ni precursor and the preparation method. 
Therefore, adjusting the type of Ni precursor and preparation method is another strategy method for improving sintering 
resistance [4]. A layered double hydroxide (LDH) precursor with a specific surface area (60.0  m2/g) was used to prepare 
a Ni–Mg–Al–O oxygen carrier, which promoted the dispersion of cations. BET and SEM results showed that the oxygen 
carrier remained porous after 100 cycles, which proved that its sintering was significantly suppressed. In addition, the 
addition of Mg formed a solid solution with Ni, and would also inhibit sintering to a certain extent [222].

For supported NiO-based oxygen carriers, sintering and carbon deposition are the main causes of deactivation. How-
ever, for  NiFe2O4, it is possible that surface sintering is not the main cause of deactivation. The deactivation of  NiFe2O4 is 
more likely due to phase segregation or further sintering due to phase segregation, which aggravates the deactivation. 
Ma et al. [223] found that different phases, such as Ni and  Fe3O4, appeared during the reduction of  NiFe2O4. As the oxy-
gen carrier was further reduced, FeO and NiFe phases appeared and an Fe-enriched needle-like structure was formed 
on the surface of  NiFe2O4 after the first cycle. And the phase segregation and deactivation became more serious after 
that. Ma et al. [224] introduced the  CeO2 into the  NiFe2O4 oxygen carrier to effectively alleviate the phase segregation 
problem. It was shown that the oxygen vacancy in  CeO2 promoted the mobility of lattice oxygen and thus prevented 
the phase segregation.

The stability of  CH4 keeps the reaction temperature at a high level, while reactants (ethanol and glycerol) need a lower 
reaction temperature. Dou et al. [89–91, 162, 225–228] carried out a series of works on the application of nickel-based 
oxygen carriers in ethanol or glycerol reforming. When  Al2O3 was used as the support, the CLR had higher glycerol con-
version and  H2 yield than conventional reforming [91]. When nickel oxide was supported on montmorillonite, the cation 
exchange capability and confinement effect of montmorillonite promoted the dispersion of nickel, thereby improving 
the sintering and coking resistance of the oxygen carrier [90]. At the same time, Dou et al. [227] applied perovskite to CLR, 
and found that nickel can reversibly pass in and out of the perovskite structure during the process, thereby effectively 
suppressing the sintering of nickel particles. The addition of calcium and lanthanum promoters effectively increased the 
reactivity and stability of the oxygen carrier.

The high activity of nickel-based oxygen carriers makes the subsequent carbon deposition problem an obstacle to its 
development, so it is necessary to better understand the existence of carbon deposition and the corresponding solutions. 
The morphology or reactivity of carbon deposits in the reforming reaction depends on the specific reaction conditions 
and the structure of the oxygen carrier. According to the morphology of carbon deposits in previous literature, they 
can be generally classified into coated carbon and filamentous carbon [229]. They can be further divided into α-carbon 
 (Cα), β-carbon  (Cβ) corresponding to steaming reforming [230] and α-carbon  (Cα), β-carbon  (Cβ), and γ-carbon  (Cγ) cor-
responding to dry reforming [231] according to the reactivity of carbon deposits.
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Cα can be oxidized by  CO2, which is considered to be the carbon deposit that is easier to continue to participate in the 
reaction to generate CO.  Cβ and  Cγ are the types of carbon deposits that are more difficult to participate in the reaction.  Cβ 
may be gradually accumulated and transformed from  Cα in the course of the reaction, and  Cγ is graphite-like carbon spe-
cies.  Cβ and  Cγ are generally considered to be the causes of the deactivation of Ni-based catalysts in steam reforming and 
dry reforming, respectively. Some of the carbon deposits formed on the catalyst surface dissolve in Ni, and the remaining 
parts remain on the surface. The carbon deposits on the surface contain an orderly structure through dehydrogenation, 
surface migration and growth, which could encapsulate Ni and cause deactivation. Therefore, it is reasonably inferred 
that the evolution of the carbon deposit of the Ni-based catalyst, i.e., the initial  Cα formation and gradual accumulation 
of  Cα due to gasification imbalance and then transformation to poorly reactive  Cβ, causes its deactivation gradually.

Specifically, for the oxygen carrier, the reason for carbon deposition is that the Ni particle size is too large, or there are 
acid sites or carbon deposition nucleation centers on the surface. A large number of studies have been carried out on 
the causes of carbon accumulation. Certain strategies for enhancing coke resistance in traditional methane reforming 
are suitable for CLR, but some methods, such as adding additives that enhance  O2 or  CO2 adsorption, might not be suit-
able for CLR. Highly dispersed Ni nanoparticles with small particle sizes exhibit excellent coke resistance because the 
Ni particles are small enough to prevent the carbon nanofibers from nucleating on them, and carbon nucleation at the 
step edges and subsequent growth are also suppressed [232]. Hence, the abovementioned method for improving the 
dispersion of Ni particles can not only improve the anti-sintering ability of the oxygen carrier but also effectively alleviate 
the carbon deposition problem of the oxygen carrier.

Immobilizing Ni ions in a stable structure such as perovskite is also a strategy to weaken carbon deposition, as perovs-
kite structures have good oxygen migration capacity and can balance the rate of carbon generation and elimination to 
a better extent. However, the aggregation of perovskite oxygen carriers during calcination results in their small specific 
surface area, which limits their application. Li et al. [164] loaded  LaNiO3 on the montmorillonite (MMT) support, integrat-
ing the strong oxygen migration ability of perovskite with the large specific surface area of MMT. Compared with the 
unsupported perovskite,  LaNiO3/MMT particles had a smaller particle size, and the particle size was mainly distributed 
between 10 and 20 nm. In the ethanol reforming cyclic test, the activity of  LaNiO3/MMT after 10 cycles only decreased 
by 12.4%, which was much lower than that of  LaNiO3.

Metcalfe et al. [163] prepared the Ni-containing perovskite oxygen carrier and controlled the exsolution of nickel 
particles to optimize the reaction process (Fig. 10). By reduction under hydrogen, an oxygen carrier (Ni-rABO3) having 
nickel particles on the surface and within the bulk phase could be obtained. The particle size of the surface particles 
was larger than that of the bulk particles, and the proportion of the bulk particles was higher. By changing the tem-
perature and treatment time of the oxygen carrier, it was found that the interparticle distance and size of the particles 
were correspondingly changed. At the same time, the proportion of the bulk particles and the corresponding oxygen 
capacity increased with increasing treatment time or temperature. For more intuitive analysis, Metcalfe et al. [163] fitted 
the oxygen uptake measurement with a logistic law and plotted the corresponding oxygen capacity (ζG, mol O per mol 
perovskite) and time constant of oxygen exchange (τ,  h−1) in Fig. 10b. It was found that the ζG was directly proportional 
to the bulk nickel content  (NiB, wt.%), and τ was related to the ratio of the average bulk particle diameter (s, nm) to the 
average distance between neighboring bulk particles (d, nm).

In order to prove the superiority of Ni-rABO3, Ni-rABO3 and Ni/Al2O3 were applied to the methane reforming reac-
tion. Ni/Al2O3 showed low selectivity for partial oxidation products and high carbon deposition selectivity. In contrast, 
Ni-rABO3 exhibited excellent selectivity for partial oxidation products with little carbon deposition. To further prove the 
importance of the coexistence of surface and bulk particles, samples with only surface or bulk particles were tested and 
found to be inactive. The operando analysis of oxygen carriers was used to study the mechanism of bulk phases and 
surface particles (Fig. 10c). When the temperature was approximately 550 °C,  CH4 started to be consumed, correspond-
ing to the reduction of surface nickel oxide particles. Next, the bulk nickel oxide was reduced, and as the bulk nickel 
oxide was depleted, the perovskite was reduced. The method of obtaining bulk and surface particles through reduction 
treatment provided important guidance for the development of nickel-based oxygen carriers and perovskite structures.

In addition, the selectivity and anti-carbon capacity of oxygen carriers are also influenced by the properties of the 
particle. In CLR, support with good oxygen carrying capacity and oxygen mobility can be selected to provide oxygen 
for the reaction process of Ni particles while supporting.  CeO2 is added to the Ni-based oxygen carrier due to its good 
sintering resistance and excellent oxygen mobility [165, 167, 233, 234].

In addition to eliminating carbon deposits, chemical looping can be used to utilize the activity of Ni-based oxygen 
carriers to enable the production of  H2 and CO. Tian et al. [235] achieved  H2 and CO production by passing biogas into 
the reaction tube containing two catalyst sections. First, in the  H2 production stage, calcium oxide absorbs  CO2 from the 
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feedstock to produce calcium carbonate, followed by the cracking of methane by the Ni-based oxygen carrier, which 
produces carbon deposition on the Ni-based oxygen carrier. Then, in the CO production stage, the calcium carbonate in 
the reaction tube decomposes to produce  CO2, followed by the reaction of carbon on the Ni-based oxygen carrier at the 
lower end with  CO2 to produce CO. Wang et al. [236] achieved the preparation of  H2 and CO through Ni/La2O3 carriers. 
The  H2 preparation was achieved using the methane cracking ability of Ni, while the carbon accumulation on the cata-
lyst surface reacted with the incoming  CO2 to achieve CO production. These two processes utilize the methane cracking 
ability of nickel-based catalysts to achieve efficient preparation of  H2 and CO, providing a new idea for the development 
of nickel-based oxygen carriers.

4.3  Iron based oxygen carrier

Iron is the most commonly used transition metal and the second most abundant metal in the earth’s crust. The outer 
electron configuration of Fe is arranged as 3d64s2 so that it has  + 3,  + 2, and zero valence. Because of the different oxi-
dizing abilities displayed during the transition between different valence states of iron oxide and the excellent water or 
 CO2 dissociation ability of metallic Fe, Fe-based oxygen carriers have been applied in various chemical looping processes 
with different target products. Because of the various advantages exhibited by Fe-based oxygen carriers, it is a promising 
candidate for the industrialization of chemical looping processes.

Fe-based oxygen carriers can be generally divided into two categories, namely, synthetic Fe-based oxygen carriers and 
naturally occurring iron ore-based oxygen carriers. The application of pure iron oxide to the chemical looping process 
has been previously investigated [237]. Trevisanut et al. [238] applied  Fe3O4 to chemical looping hydrogen generation 
and found that the carbon content of the oxygen carrier was controlled to 1% after 20 cycles. However, during the reac-
tion process, iron oxide may be reduced by bioethanol into unstable iron carbide, which can be decomposed into Fe 

Fig. 10  a 3D model of an oxygen carrier particle with nanoparticles dispersed on its surface and within its bulk. b Parallel axes plot for the 
samples reduced at 900 °C for 0 h (dark grey), 10 h (dark blue) and 30 h (blue) and at 1000 °C for 10 h (light blue). c XRD data acquired dur-
ing the TPR under 5%  CH4 of a system with submerged nanoparticles presented as 2D plot, as a function of diffraction angle, time and cor-
responding temperature; d  CH4 consumed and corresponding products produced during the experiment described in c. e NiO content and 
perovskite unit cell parameter calculated from c. f Schematic of  CH4 conversion mechanism corresponding to the main stages identified 
from c. Reproduced from ref. [163] with permission from John Wiley and Sons, copyright 2020
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and carbon, thus promoting the generation and accumulation of carbon deposits with increasing cycle numbers of the 
redox cycles. Ma et al. [239] studied the morphology and structural changes of iron oxide during the chemical looping 
reaction. After multiple cycles, it can be found that the surface of the oxygen carrier was sintered and reduced due to 
the instability of the iron oxide during its conversion. At the same time, the mechanical integrity and strength were 
decreased due to the continuous migration of Fe ions. Zheng et al. [240] compared the performance of iron oxide and 
nickel-impregnated iron oxide oxygenate carriers. The  CH4 conversion and  H2 yield of iron oxide alone were low, while 
the Ni-impregnated oxygen carriers had high  H2 yield, which may be due to the synergistic effect between nickel and 
iron. The nickel on the surface of the oxygen carrier provides catalytic sites while the iron provides lattice oxygen, which 
promotes  H2 production. Kidambi et al. [241] prepared  Al2O3-supported iron oxide oxygen carriers with different  Fe2O3 
loadings. The particle size of iron oxide was found to decrease with the reducing loading of iron oxide, and the particle 
size of iron oxide with a loading of 100% was 3.3 times larger than that of iron oxide with a loading of 50%.

As mentioned in the section of primary material selection, the performance of the supported iron oxide oxygen carriers 
is closely related to the particle size of the iron oxide, so it is particularly important to obtain iron oxide particles with a 
small particle size. High dispersion of iron oxide particles can be achieved by using the SBA-15 support via the confine-
ment effect. Fan et al. [130] successfully synthesized SBA-15 supported iron oxide with high dispersion (Fig. 11). The 
particle sizes of iron oxide particles confined within SBA-15  (Fe2O3@SBA-15) and unsupported iron oxide particles were 
between 3–5 nm and 50–100 nm, respectively. After redox cycles, the particle size of the  Fe2O3@SBA-15 oxygen carrier 
increased by 5–8 nm, while the particle diameter of the unsupported  Fe2O3 was between 1 and 10 μm. DFT calculations 
showed that the  CH4 adsorption energies and CO formation barriers were related to the particle size. The  Fe2O3@SBA-15 

Fig. 11  a Morphological characteristics of  Fe2O3@SBA-15: a1 Fresh  Fe2O3@SBA-15 and HR-TEM images of two typical  Fe2O3 nanoparticles, 
a2  Fe2O3@SBA-15 after 75 redox cycles and HR-TEM images of two typical  Fe2O3 nanoparticles. b Conversion rate of  Fe2O3@SBA-15 and bulk 
 Fe2O3 during redox at 800 °C. c Calculated energies of  CH4 adsorption.  Ead (kJ  mol−1), on the Fe atop site and O atop site of  (Fe2O3)n nanopar-
ticles as a function of n. d Energy profile of  CH4 partial oxidation on  Fe40O60 nanoparticle and  Fe2O3 (001) surface. Reproduced from ref. [130] 
with permission from Springer Nature, copyright 2019
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oxygen carrier achieved nearly 100% CO selectivity at low temperatures, and the conversion rate was approximately 1.69 
times than that of unsupported  Fe2O3.

Since the oxygen transmission rate and the subsequent reaction performance are also closely related to the particle 
size, iron oxide is generally supported on a support or restricted in a composite oxide. Therefore, synthetic Fe-based 
oxygen carriers are mainly divided into supported and composite oxide oxygen carriers. The metal dispersion degree and 
anti-sintering capacity were the two most concerned factors for supported oxygen carriers, and strategies like changing 
the supports and dopants were employed to conduct surface or bulk phase modification. For composite oxide oxygen 
carriers, taking perovskite as an example, the performance can be optimized by replacing the metal at the A and B sites. 
The natural ore oxygen carriers are mainly hematite and ilmenite [242]. Natural ore generally needs to be calcined at 
high temperature before being applied to the chemical looping process. Although the main component of the ore is Fe-
based oxides, the properties of ores may vary due to changes in other components caused by different ore origins [242].

For supported oxygen carriers, the most commonly used supports are  SiO2 and  Al2O3.  SiO2 has a poor dispersion effect 
on iron oxide during the reaction process, and reacts irreversibly with iron oxide to form iron silicate, so it is less com-
monly used [243].  Al2O3 as a support can better disperse iron oxide and improve the sintering resistance of the oxygen 
carrier [244].  Fe2O3/Al2O3 oxygen carriers have been widely used in chemical looping methane reforming and alcohol 
reforming. Kang et al. [174] used the  Fe2O3/Al2O3 oxygen carrier in the chemical looping dry reforming process. In the 
20 cycles test at 900 °C, the  CH4 conversion and the CO selectivity were all above 95% and remained stable. Meanwhile, 
the  H2/CO ratio of the oxygen carrier was approximately 2.2, indicating that the carbon deposition was not significant. 
Qin et al. [245] successfully applied  Fe2O3/Al2O3 oxygen carriers in chemical looping reforming of ethanol-containing 
organic wastewater. When the ethanol concentration was 5% and the reaction temperature was 800 °C, the carbon 
conversion and syngas yield of the oxygen carrier were 100% and 3.325 L/g, respectively. However, it was found in the 
experiment that  Al2O3 went through a solid phase reaction with  Fe2O3 during the cycle to produce spinel. The effect 
of  FeAl2O4 spinel is contradictory because its formation can reduce the sintering of oxygen carriers while reducing the 
storage capacity of  Fe2O3 [246]. Yüzbasi et al. [247] prepared  Al2O3-supported iron oxide oxygen carriers with a loading 
of 80% by the sol–gel method and used three different Fe salts as Fe precursors. XRD characterization revealed that the 
 FeAl2O4 spinel only existed in the oxygen carrier using ferric chloride as a precursor. In addition, although the oxygen 
carrier using ferric chloride as a precursor possessed no advantage compared with the other two precursors in the per-
formance test, its performance remained stable in 15 cycles. Compared to the other two oxygen carriers, this oxygen 
carrier had the largest proportion of spinel, which played a role in preventing the oxygen carrier from sintering during 
the reaction, thus leading to its good stability.

The existence of  FeAl2O4 spinel is more significant for CLC. First, in thermodynamics, when  Fe2O3 reacts with  CH4 at 
900 °C to produce  Fe2+,  CO2, and  H2O, the Gibbs free energy of  Fe2O3 to  FeAl2O4 is 1.5 times less than that of  Fe2O3 to 
FeO, suggesting that the addition of  Al2O3 thermally results in more oxygen conversion in CLC. Second, it is currently 
believed that only  Fe2O3 to  Fe3O4 produces high purity  CO2. According to the thermodynamic calculation by HSC chem-
istry software, it can be known that at 900 °C, the addition of  Al2O3 causes the oxidation products to have an impact on 
the reduction of  Fe3O4 by  CH4 to FeO, making it more inclined to produce  CO2. Finally, the presence of  FeAl2O4 spinel 
also means that  Fe2O3 is well dispersed on  Al2O3 because the reduction of specific surface area caused by sintering 
could prevent  Fe2O3 and  Al2O3 from contacting closely, thus significantly reducing the amount of spinel produced in the 
reduction process. Wang et al. [248] added different proportions of silicon to the  Al2O3 support to enhance the sinter-
ing resistance of the oxygen carrier. XRD characterization showed that the presence of silica inhibited the conversion of 
γ-Al2O3 to α-Al2O3 to ensure the stability of the specific surface area, and a large amount of  FeAl2O4 spinel was produced 
during the reduction process. The best-performing sample decreased its oxygen transfer capacity by only 6% after sixty 
cycles, indicating that it had good cycle stability. However, in the process of chemical looping hydrogen generation or 
dry reforming, the oxidation ability of water or  CO2 was thermodynamically not strong enough to oxidize the  Fe2+ in 
 FeAl2O4 spinel back to  Fe3+, which meant that the yield of CO or  H2 was decreased.

The formation of  FeAl2O4 spinel can be prevented by the rational design of oxygen carriers. Hafizi et al. [249] added 
5% Mg to the  Al2O3-supported iron oxide oxygen carrier, where the presence of  MgAl2O4 spinel could be found in the 
prepared oxygen carrier without the presence of  FeAl2O4 spinel. Meanwhile, the proportion of  FeAl2O4 spinel in the 
oxygen carrier after 15 cycles decreased significantly. In addition to suppressing the formation of spinel by adding Mg, 
Mg–Al spinel support can also be used directly [138, 140, 243]. In order to maximize the production of CO, Buelens et al. 
[139] developed a super-dry reforming method, which adopted  Fe2O3/MgAl2O4 as an oxygen carrier, Ni/MgAl2O4 as a 
reforming catalyst, and CaO/Al2O3 as a  CO2 sorbent. Unlike other chemical looping processes that directly pass  O2,  H2O 
or  CO2 to oxidize the oxygen carriers, this process used CaO/Al2O3 to achieve the storage of  CO2 in the reduction stage 
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and released  CO2 to oxidize the oxygen carrier in the oxidation stage. The yield of CO is also maximized while achieving 
the in situ removal of  CO2. Through long-term cycle tests, it was found that the  Fe2O3/MgAl2O4 oxygen carrier possessed 
good cycle stability and obtained a high space–time yield of CO. Yttrium was also added to  Al2O3-loaded iron oxide to 
form a uniform garnet structure with Fe and Al when the ratio of  Y2O3 to  Fe2O3 was 1.5 [176]. Moreover, according to 
the [57] Fe Mössbauer spectra, it was found that the sintering was significantly alleviated with the addition of Y because 
iron oxide with low amount of yttrium doping had a smaller particle size than that without doping. With the increase 
of doping amount and the activation of oxygen carriers, more  Fe3+ was found to enter the garnet structure. The CO 
production of the oxygen carrier also improved with increasing doping amount. On the basis of the DFT calculation, the 
reason why the garnet structure was highly selective for CO was that the  Evac of the oxygen carrier doped with yttrium 
was approximately 41% higher than that of the non-doped oxygen carrier.

Fe2O3/Al2O3 oxygen carriers also face problems (carbon deposition, sintering, and poor reactivity) during the CLR 
process. The addition of metallic Ni can effectively alleviate the problem of poor reactivity of iron oxide oxygen carriers. 
Huang et al. [168] added an equal proportion of NiO to the  Fe2O3/Al2O3 oxygen carrier, and found that the conversion of 
 CH4 is up to 3.75 times higher than that of the pure iron oxide oxygen carrier, and the  CO2 selectivity was also reduced 
by 81%. Kang et al. [174] also obtained the Ni-entrapped  Fe2O3/Al2O3 oxygen carrier by the sol–gel method. The addition 
of 1% Ni increased the interaction between the metal and the support, which significantly improved the CO selectivity 
and reduced the  H2/CO ratio. There were two main origins of carbon deposition on the  Fe2O3/Al2O3 oxygen carrier, one 
was that the limited oxygen transport capacity and oxygen migration capacity of iron oxide could not remove carbon 
deposition in time and the other was that  Al2O3 was an acidic support, which promoted the generation of carbon depo-
sition. Therefore, the elimination of carbon deposition is considered from these two aspects. Carbon deposition due to 
the acidity of the support was mitigated by adding a certain proportion of alkali metals. Through DFT calculations, Feng 
et al. [250] found that lithium, sodium, and potassium alkali metals tended to stay on the surface of the oxygen carrier. 
Because alkali metal owned a lower valence state than Fe, the introduction of alkali metal lowered the  Evac on the surface, 
making oxygen carriers more active. Zhu et al. [144] added  K2CO3 to the  Fe2O3/Al2O3 oxygen carrier and applied it to 
chemical looping hydrogen generation. Performance tests showed that the  K2CO3-doped  Fe2O3/Al2O3 oxygen carrier did 
not show significant carbon deposits at a  CH4 concentration of 40% and remained stable, while carbon deposits of the 
undoped  Fe2O3/Al2O3 oxygen carrier increased significantly over time. The purity of  H2 in the steam oxidation stage was 
also improved due to the addition of  K2CO3.  CeO2 with good oxygen migration ability and oxygen storage ability was 
also added to the  Fe2O3/Al2O3 oxygen carrier to inhibit the formation of carbon deposits.  CeAlO3,  Al3Fe5O12, and  AlFeO3 
were formed by adding 5%  CeO2 to the iron oxide oxygen carrier through the sol–gel method, and  CeAlO3 activated 
and decomposed  CO2, thereby providing active surface oxygen for carbon deposition elimination [145]. At the same 
time, the addition of  CeO2 generated more oxygen vacancies to promote the transport of lattice oxygen. The thermo-
gravimetric analyzer test suggested that the coke-resistant ability of the  CeO2-doped  Fe2O3/Al2O3 oxygen carrier was 
enhanced. Meanwhile, in the fixed-bed test, the purities of  H2 and carbon-containing substances in the steam oxidation 
stage were 100% and 0, respectively, which proved that no carbon deposit was generated in the reduction stage. Kang 
et al. [177] prepared the ceria-enhanced  Fe2O3/Al2O3 mesoporous oxygen carrier with a large specific surface area and 
used it for chemical looping dry reforming. Due to the large specific surface area, the reaction gas was in close contact 
with  CeO2. Therefore, compared with the  Fe2O3/Al2O3 oxygen carrier prepared by the wetness impregnation method, 
the  H2/CO ratio and average carbon deposit decreased by 28% and 63%, respectively. In the preparation of catalysts, 
inert carriers are mostly used, and oxygen carriers are no exception. However, Zeng et al. [251] believed that the addition 
of  Al2O3 and other inert materials diluted the active components, which made carbon deposition and other problems 
more serious, and that the addition of ion-conducting supports promoted the transport of oxygen from the bulk phase 
to the surface. Indeed, the addition of the gadolinium-doped cerium oxides (GDC) support allowed the oxygen carrier to 
achieve maximum conversion at a lower temperature and in a shorter time than pure  Fe2O3 and  Fe2O3/Al2O3. Zeng et al. 
[252] conducted long-cycle tests on  Fe2O3/Gd0.3Ce1.7O2−δ and found that the oxygen carrier maintained good activity 
for 30 cycles. Also, it was shown that oxygen ion conductivity is the rate-determining step of the process. Therefore, the 
introduction of  Gd0.3Ce1.7O2−δ support enhanced the oxygen ion conductivity of the oxygen carrier, which is the reason 
for the good reactivity of the oxygen carrier.

During the CLC process, the addition of  La2O3 can significantly inhibit the phase separation of the iron oxide oxygen 
carrier, which makes the oxygen carrier show good reactivity and stability. Tang et al. [180] combined the advantages 
of  La2O3 and  CeO2 and added them together to the iron oxide oxygen carrier. XRD characterization showed that  LaFeO3 
and  CeFeO3 formed during the reaction process and that the dispersion of iron oxide was improved due to the addition 
of La and Ce. The formation of  LaFeO3 perovskite enabled lattice oxygen to be quickly transferred from the bulk phase 
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to the surface, while the formation of  CeFeO3 allowed more oxygen vacancies in the oxygen carrier, thus increasing the 
oxygen migration capacity. Through the cycling test, it was found that although the  Fe2O3/Al2O3 carrier possessed the 
highest CO selectivity in the first cycle, it rapidly decreased, and the carbon deposition increased significantly. For the 
oxygen carrier doped with La, it maintained good stability in 10 cycles, which proved that the addition of La increased the 
stability of the oxygen carrier. When  CeO2 or Zr/La-modified  CeO2 was used as a support for an Fe-based oxygen carrier, 
the oxygen carrier exhibited good chemical looping performance [253–255]. When Zr-doped  CeO2 was used as a sup-
port, no  COx was found in the steam oxidation stage in the chemical looping hydrogen generation, and the presence of 
Zr also prevented the migration of Fe ions, thereby improving the sintering resistance of the oxygen carrier [253]. Xiong 
et al. [256] further modified the  CeO2 support, thus contributing to the formation of oxygen vacancies in the carrier, 
which further affected the oxygen ion conductivity. Meanwhile, the introduction of lanthanum and gallium promoted 
the formation of oxygen vacancies and inhibited the outward migration of iron ions to a certain extent.

Researchers are more concerned about how the oxygen carrier changes during the chemical looping reforming pro-
cess, so the advantages of in situ characterization in determining the reduction path become more prominent. Müller 
et al. [257] found that the reduction path of  Fe2O3/ZrO2 through in situ XANES and ex suit XRD was consistent with the 
existing literature.  Fe2O3 followed the path of  Fe3O4, FeO and Fe, and the process from FeO to Fe was the slowest. Zhou 
et al. [258] also studied the reduction process and the effect of reduced Fe species in chemical looping dry reforming 
of methane. Similarly,  Fe2O3 was reduced to  Fe3O4 at the earlier stage of the reaction, converting  CH4 to  CO2. However, 
the small amount of  CO2 would inhibit the subsequent partial oxidation of methane to syngas. Introduction of reduced 
catalyst with low Fe valent could increase syngas production and it seemed that these reduced pieces, e.g.,  Fe0, could 
consume  CO2 with its ability in catalysing the dry reforming, alleviating inhibition effect of  CO2 generated as result of 
full  CH4 oxidation by  Fe2O3 to  Fe3O4, and facilitating syngas generation. When Cu was added to the iron oxide oxygen 
carrier, Cu existed in the form of  CuFe2O4 in the oxygen carrier. The reduction of  CuFe2O4 and  Fe2O3 in the oxygen car-
rier occurred synchronously, and  CuFe2O4 was reduced to Cu and  Fe3O4. In addition, the addition of Cu accelerated the 
reduction of  Fe2O3 to  Fe3O4, and although there was no change in the reduction path of  Fe2O3, the overlap between the 
two intermediates of  Fe3O4 and FeO was smaller, indicating that the conversion of  Fe3O4 to FeO was faster. Compared 
with the undoped one, the doping of Cu made the oxygen carrier complete reduction in fewer pulses, which proved 
that the addition of Cu changed the reduction path of the original oxygen carrier and obviously promoted the oxygen 
carrier. X-ray absorption spectroscopy (XAS) characterizations can not only judge the reduction path but also understand 
the atomic coordination environment and surface disorder degree of the oxygen carrier. Müller et al. [259] revealed the 
effect of pH on the preparation process more clearly with the aid of XAS characterizations. XANES results showed that 
pH could affect the local coordination environment of Fe atoms on the oxygen carrier, and the octahedral environment 
of iron atoms became more distorted as the pH decreased. At the same time, EXAFS characterization indicated that the 
degree of disorder on the surface also increased with decreasing pH. This high degree of disorder was attributed to the 
insertion of  Fe3+ into  ZrO2.

In order to judge more intuitively the oxygen conductivity of the oxygen carrier and provide more direct evidence for 
oxygen ion conduction, electrochemical testing methods are introduced into the oxygen carrier characterization process 
to show the oxygen ion conductivity of the oxygen carrier [251, 259]. Electrochemical impedance spectroscopy (EIS) and 
electrical conductivity relaxation (ECR) measurements are representative electrochemical tests that are commonly used 
in button batteries and solid oxide fuel cells, and can obtain the conductivity of the tested materials.

The addition of the support generally plays a role in dispersing the active components, but the ECR test shows its 
more important significance. The addition of  ZrO2 support to the  Fe2O3 oxygen carrier increased the conductivity of the 
oxygen carrier, and significantly reduced the activation energy of ion transport, meaning that  ZrO2 enhanced the solid 
diffusion of oxygen anions and electrons in the oxygen carrier [259]. For the EIS test of oxygen carriers, the conductivity 
can be divided into two parts, one is generated by oxygen ions and the other is generated by electrons. From the experi-
mental results, compared with the conductivity of oxygen ions, the conductivity of electrons was negligible, indicating 
that the conductivity of oxide ions was dominant. Moreover, it was found that the addition of ion-conducting supports 
significantly increased the conductivity of oxygen carriers, providing theoretical support for the adoption of perovskite 
and GDC materials with good ion conduction [251]. In addition to revealing the role of the carrier, the ECR test is used 
to detect the effect of doping. Gong et al. [260] adopted ECR to obtain the oxygen bulk diffusion coefficient and surface 
exchange coefficient of the Ce-doped perovskite oxygen carrier, and found that the doping of cerium reduces the activa-
tion energy for lattice oxygen migration. In order to clarify the reason for the increase in conductivity caused by doping, 
Gong et al. [261] conducted an in-depth discussion and found that with the addition of Ce, the degree of distortion of 
the  FeO6 octahedral increased, which might be the reason for its conductivity change.
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In order to understand the phase change of  Fe2O3-La0.7Sr0.3FeO3 during cycling, in situ XRD characterization was 
adopted. Ex situ XRD showed that the oxygen carrier was composed of  La0.7Sr0.3FeO3 and  SrFe12O19 before the reduction 
began [262]. At the beginning of the reduction, perovskite was found to shift to a low angle by in situ XRD, accompanied 
by the disappearance of  SrFe12O19 and the appearance of Fe. After several scans, the Ruddlesden–Popper (RP) structure 
also appeared, and finally,  La2O3 and a small amount of SrO appeared. After water oxidation, it was found that the initial 
state was not fully restored, which meant that the redox cycle was not completely reversible, and the composite mate-
rial was in a dynamic change process. Multilength X-ray computed tomography (X-ray CT) was performed in order to 
observe the overall change in the oxygen carrier more intuitively. Therefore, the surface and phase images of the oxygen 
carrier were visually observed, and the phase and pore structure distribution of the oxygen carrier in the dynamic change 
process were also obtained from the images, which provided a possibility for better observation of the changes of the 
oxygen carrier in the cycling process.

Fe-based composite oxide oxygen carriers are oxygen carriers with specific structures, mainly including spinel ferrite, 
ilmenite, and perovskite. The effect of mechanical mixing of two metal oxides is often the sum of the activities of the 
individual metal oxides. The difference between composite oxides and mechanical mixing is that the added compo-
nents can improve the catalyst’s activity by stabilizing the catalyst structure, changing the catalyst electronic structure, 
and forming defects on the surface. At the same time, composite oxides are mostly nonstoichiometric compounds 
with defects in the crystal structure. Therefore, they exhibit excellent oxygen and electron transfer behaviors in oxida-
tion–reduction reactions.

Spinel composite oxides have been used for a long time in the complete and selective oxidation of hydrocarbons 
because of their low cost, environmental friendliness, high temperature resistance, and stable chemical properties. Zeng 
et al. [263] prepared Co–Mn co-doped iron-based spinel oxygen carriers and applied the oxygen carriers to the chemical 
looping  CO2 splitting process. The test results showed that the  Mn0.2Co0.8Fe2O4 oxygen carrier exhibited the CO yield 
comparable to perovskite oxygen carriers at 650 °C, proving the feasibility of the spinel oxygen carrier application. Huang 
et al. [264] conducted a detailed exploration of the reaction mechanism of spinel oxygen carriers by in situ XPS. They 
found that the reaction process was all carried out on the surface of the oxygen carrier, so the concentration gradient 
drove the gradual transfer of lattice oxygen from the bulk phase to the surface. Evdou et al. [265] tested the performance 
of spinel ferrites with different A-sites in chemical looping, and found that the performance and stability of oxygen carri-
ers change significantly with various A-site metals. The  CuFe2O4 oxygen carrier maintained stability while exhibiting the 
highest  CH4 reactivity and the largest amount of lattice oxygen involved in the reaction. Compared to  CuFe2O4, the initial 
reactivities of  NiFe2O4 and  ZnFe2O4 were moderate, and their deactivation was obvious in five cycles, but the causes of 
Ni and Zn iron spinel deactivation were different. XRD characterization of the oxygen carriers after redox cycles showed 
that  ZnFe2O4 was decomposed into iron oxide and metallic Zn, while  NiFe2O4 showed no phase separation. There were 
aggregates of zinc in  ZnFe2O4 after cycling, and the  NiFe2O4 after cycling showed obvious sintering according to the SEM 
images. However, SEM–EDS showed that Ni and Fe simple substances of  NiFe2O4 were evenly distributed, and the ratio 
of Ni/Fe was 1/2, proving that the cause of deactivation was sintering rather than phase separation.

Solving phase separation and sintering issues is the focus of future research on spinel oxygen carriers. Huang et al. 
[266] investigated the application of  NiFe2O4 oxygen carrier in chemical looping hydrogen generation. Since Ni was 
thermodynamically impossible to decompose water, it was found in the TGA test that the  H2 production capacity gradu-
ally weakened with the addition of Ni. At the same time, it was found in fixed bed experiments that the  H2 production of 
 Fe2O3 and  NiFe2O4 decreased with decreasing reduction time, but spinel reached a deeper reduction degree than iron 
oxide in a short time due to its strong oxidation capability. Therefore, when the reduction time was shortened to 12 min, 
the  H2 yield of spinel exceeded that of iron oxide, illustrating that spinel was suitable for chemical looping hydrogen 
generation. However, Fe was separated in the form of iron oxide after a number of cycles, causing the spinel structure to 
be destroyed. Lee et al. [267] experimentally found that spinel-loaded oxygenates not only face the problem of phase 
separation, but also have the problems of surface grain aggregation and surface densification with the increasing number 
of cycles. These problems were effectively solved by introducing Al into the spinel to form a solid solution between the 
spinel and Al, which is beneficial for the long-term use of spinel oxygen carriers.

As mentioned earlier,  NiFe2O4 spinel faces sintering problems, so  Al2O3 is added to promote the dispersion of Ni 
and Fe to suppress sintering and phase separation. Compared with pure  NiFe2O4 spinel, the addition of  Al2O3 made 
only a small amount of iron oxide appear in the oxygen carrier after five cycles, and the  H2 yield remained stable for 20 
cycles. The reason why  Al2O3 enhanced the anti-sintering ability was that its uniform distribution on the surface of the 
oxygen carrier made the direct contact of adjacent Ni–Fe particles difficult, thus increasing the stability. At the same 
time, although Ni was thermodynamically incapable of being oxidized by steam, the strong phase action of Fe–Ni in 
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 NiFe2O4/Al2O3 enabled part of the Ni to recover in the form of Fe–O–Ni under the steam atmosphere and then existed in 
 Ni0.4Fe2.6O4. On the basis of the  Al2O3 support, Ma et al. [268] applied  CeO2,  ZrO2, and  CeZrO2 supports to  NiFe2O4 spinel 
oxygen carriers. When  ZrO2 and  CeZrO2 were used as supports, oxygen carriers suffered serious phase separation and 
sintering problems. However, the  NiFe2O4/CeO2 oxygen carrier improved the oxygen migration ability while maintaining 
good cycle stability without phase separation.

Naturally occurring ilmenite has shown good performance in CLC. Fan et al. [269] applied it to CLR, and fully analyzed 
the morphological changes of ilmenite during the reaction. According to the SEM characterization results, the Ti–Fe 
composite oxide formed nanobelts on the surface after oxidation treatment at 700 °C, and the oxygen carrier became 
porous with increasing cycle number. The DFT calculation results showed that the formation of surface nanobelts mainly 
composed of iron oxide was due to the fact that the energy barrier of Fe ions migrating to the surface was smaller than 
that of Ti ions. At the same time,  FeTiO3 had a lower  Evac than  Fe2O3, which made it easier to form a porous structure 
on the surface after cycling. The porous structure of ilmenite worsened its mechanical properties, and the formation 
of nanobelts also promoted phase separation. In order to alleviate the problems of mechanical properties and phase 
separation of ilmenite, Fan et al. [143] adopted an Al-based skeleton to the preparation of oxygen carriers. The existence 
of the Al-based skeleton enabled the oxygen carrier to maintain good activity and stability under 3000 cycles.

Perovskite has gained prominence in three-way catalysis, complete oxidation of hydrocarbons, and fuel cells due to 
the variability of its constituent elements, valence states, stoichiometric ratios, and oxygen vacancies [270]. The defects 
in perovskite are mainly oxygen vacancies, which can not only promote the transport of lattice oxygen but also assist 
the activation of many reactions, so perovskite can be well applied in chemical looping. La-perovskite is the most widely 
used perovskite-type oxygen carrier in CLR. Mihai et al. [132] applied  LaFeO3 perovskite to chemical looping methane 
partial oxidation, and investigated the influence of the particle size and oxygen content of the oxygen carrier on the 
reaction process and kinetics. XRD characterization revealed that the particle size of the oxygen carrier changed with 
the complex agent selected during the preparation process, which in turn affected the cycling stability of the oxygen 
carrier. By analyzing the performance of the oxygen carrier, it was found that the recovery time for the oxygen carrier 
in the oxidation stage was much less than the reaction time in the reduction stage. Based on performance data, Mihai 
et al. [132] proposed that the types of methane oxidation products were closely related to the coordination environ-
ment of Fe, and the coordination environment changed dynamically during the redox process. During the reaction, the 
types of Fe could be roughly divided into three categories according to their coordination environment, and different 
types of iron correspond to different product distributions. For example, iron highly coordinated with oxygen atoms 
might be the active site responsible for complete oxidation, and iron with highly coordinated oxygen vacancies may 
be responsible for carbon deposition. UV–vis characterization showed that the absorption edge energy of the oxygen 
carrier with small particle size was larger, which meant a high resistance for O removal from the perovskite. Meanwhile, 
the method of controlling the surface oxygen concentration by controlling the oxidation time was adopted to optimize 
the performance. It was found that when the oxidation time was 95 s, almost pure syngas was obtained. However, due 
to incomplete oxidation, the  H2/CO ratio and carbon deposition increased. Chen et al. [271] carried out a detailed study 
on the coordination environment of iron in perovskites. They found that the reduction process of the oxygen carrier is 
divided into three stages, and the coordination environment of iron in the perovskite is different in these three stages. 
And the coordination environment of iron, that is, the concentration of oxygen vacancies, changes the energy barrier for 
complete oxidation of methane. Therefore, the transition of the oxygen carrier from an oxygen-rich surface to a surface 
dominated by oxygen vacancies implies a transition from complete oxidation of methane to selective oxidation.

For perovskites used in the chemical looping process, it is generally to use different metals to replace the A or B posi-
tions. According to the principle of electrical neutrality, perovskites formed by replacing similar A or B ions with similar 
ions can not only change the original oxidation state and coordination state of A or B but also cause defects in the struc-
ture, especially the concentration of oxygen vacancies, to change significantly. For  LaFeO3 perovskite, the modification 
of the A-site mainly uses Sr or Ce, while the modification of the B-site mainly uses transition metal elements. He et al. 
[118] replaced the A and B sites of  LaFeO3 perovskite, and found that when a part of La was replaced by Sr, the oxygen 
vacancies of the oxygen carrier were increased and the decomposition of  CH4 was suppressed, so the performance of 
the oxygen carrier was significantly improved. When 30% of Fe was replaced by Co, the oxygen-donation ability, anti-
coking performance, and  H2 generation capacity of the oxygen carrier were all improved, and it remained stable for 20 
cycles [116]. Introduced Ni species in  LaNi0.07Fe0.93O3-x were well dispersed on the surface of  LaFeO3 and could play a 
catalytic role in adsorbing and activating  CH4 during the reduction process as revealed through experimental investiga-
tion and DFT calculations, resulting in enhanced activity and lowered reaction temperature for syngas and  H2 generation. 
The reduced Ni species generated in the reduction step could also promote the splitting of  H2O to  H2 at relatively low 
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temperatures. The formation of  H2 started at 302 ℃, which was about 70 ℃ lower than that of reduced pure  LaFeO3 and 
the improved performance was able to remain after 50 successive redox cycles [272]. Li et al. [273] adopted Ce and Ni to 
dope the A- and B-site of  LaFeO3 perovskite, respectively, and investigated the effect of calcination temperature on the 
reaction performance of the oxygen carriers. The experimental results showed that with the increase of the calcination 
temperature, the nickel gradually migrated to the surface of the oxygen carrier, thus making the oxygen carrier more 
prone to carbon accumulation, so that the low calcination temperature may be more favorable for the  LaFeO3 perovskite 
to improve the anti-carbon performance. Wang et al. [274] modulated the A-site of  La1−xSrxFe0.8Al0.2O3 oxygen carriers 
to improve the oxygen content of the oxygen carriers. The experimental results show that after the oxygen carriers were 
reduced by  CH4, the modulation of the A-site causes the rapid formation of  Fe0 and RP structure oxide. The RP structure 
oxide has good oxygen transport properties, so the perovskite and RP structure oxide transferred lattice oxygen rapidly 
to the  Fe0, thus suppressing the generation of carbon deposits.

For the suppression of carbon deposition, in addition to modifying the oxygen carrier to accelerate the transmission 
of lattice oxygen, it can also be achieved by adjusting the reduced properties of the oxygen carrier, such as forming an 
alloy. It can also avoid the contact of simple metal substances with the reactants through physical isolation, which avoids 
the formation of carbon deposits in space. The reason for the carbon deposition on the iron-based oxygen carrier is the 
appearance of  Fe0. Wang et al. [275] introduced Sn in barium iron perovskite so that the Fe–Sn alloy instead of  Fe0 was in 
contact with the reducing atmosphere to achieve this purpose. Wang et al. [276] introduced Al into iron-based perovs-
kites so that the oxygen carrier formed a core–shell structure during the reduction process. The formation of core–shell 
structure after reduction was clearly observed through HRTEM and EDS mapping. The formation of the core–shell struc-
ture was attributed to strong metal-support interactions, and the core–shell structure prevented elemental iron from 
directly contacting  CH4, thus inhibiting the generation of carbon deposits. The addition of Al achieved the in situ coat-
ing of elemental iron, and the resulting double perovskite shell also had good lattice oxygen conductivity. XANES and 
Mössbauer characterization revealed that Al-doped samples had a higher proportion of  Fe4+ and a lower proportion of 
oxygen vacancies, indicating that the addition of Al suppressed the generation of oxygen vacancies. DFT calculations 
showed that Sr and Al co-doped samples could produce two types of oxygen vacancies, namely, Fe-OVac and Al-OVac. 
The  Evac of Fe-OVac was lower than that of Al-OVac, indicating that the addition of Al inhibited the formation of oxygen 
vacancies, thus effectively alleviating the production of methane overoxidation.

In addition to La-perovskite, Zhang et al. [277, 278] studied the application of  SrFe3−δ perovskite in CLR (Fig. 12). Instead 
of directly using perovskite as the oxygen carrier, Zhang et al. [277] dispersed  SrFe3−δ perovskite into the CaO dispersing 
medium to form nanocomposites. By shortening the oxidation time, the average conversion of  CH4 reached 90%, and the 
conversion of  CO2 in the oxidation stage was maintained at 100%. At the same time, Zhang et al. [278] dispersed perovs-
kite into CaO·MnO, and found that manganese oxide reacted with carbon deposits at high temperatures, which effectively 
suppressed the carbon deposit selectivity. On this basis, Zhang et al. [279] also used chlorine dopants for  SrFeO3−δ-CaO 
to improve the performance. The introduction of chlorine promotes the cracking of methane in the reduction process, 
so that the conversion of  CH4 and  CO2 can reach up to 98% and 100%, respectively, with high carbon efficiency.

In addition to spinel, ilmenite, and perovskite composite oxide oxygen carriers discussed in the previous sections, 
hexaaluminate structure oxygen carriers have also received close attention due to their structural specificity and 
high temperature stability [152, 280, 281]. After the Fe-based oxygen carrier is reduced by  CH4 and reoxidized with 
air, electrophilic  O2− or  O− species are enriched on the surface, thereby reducing the overall CO selectivity. In order 
to solve this problem, Wang et al. [152] adopted a similar method mentioned in the previous section to control the 
regeneration extent of oxygen carriers. For the Ba-hexaaluminate oxygen carrier, the oxidation time was shortened, 
which increased the selectivity of CO by 43% during the methane reduction stage [152]. They further discussed the 
active sites of methane oxidation and the reason for the increase in selectivity, i.e.,  Fe3+ in Al(1), Al(2), and Al(3) sites 
of  BaFe3Al9O19 oxygen carrier, which were beneficial to the combustion of methane to generate  CO2, were reduced, 
and the amount of  Fe2+ and  Fe0, which were responsible for CO generation, was increased. Wang et al. [181] further 
studied the La-hexaaluminate oxygen carrier, and found that  O6-Fe3+ (Oh) in the  LaFe3Al9O19 oxygen carrier had a 
high activity to completely oxidize methane in the magnetite structure of oxygen carrier activity, while  O5-Fe3+ (Tr) 
and  O4-Fe3+ (Th) in the  LaFe3Al9O19 oxygen carrier selectively oxidized methane to syngas. Interestingly, when  CO2 
was used as an oxidant,  CO2 only selectively oxidized  O5-Fe3+ (Tr) and  O4-Fe3+ (Th), which effectively improved the 
selectivity of syngas and made effective use of  CO2. Substituting part of Fe with other metals in  BaFe3Al9O19 was 
further studied to optimize the performance of oxygen carriers [282]. Bimetallic  BaFe2MAl9O19 (M = Mn, Ni, and Co) 
only crystallized in β-Al2O3 hexaaluminate due to the existence of Mn, Ni, and Co, with + 2 valence state, and the 
β-Al2O3 structure remained during the  CH4 reduction step. It was found the  CO2 regenerated  BaFe2CoAl9O19 oxygen 
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carriers exhibited improved reactivity and cyclic stability for  CO2 utilization and syngas generation with high  CH4 
conversion, high syngas yield and desirable  H2/CO ratio (~ 2). The performance improvement was attributed to 
the enhanced oxygen-donation ability and the preservation of hexaaluminate phase during successive  CH4/CO2 
redox cycles. The performance of the oxygen carrier is closely related to the crystal structure of the oxygen carrier, 
and the necessary calcination temperature guarantees the formation of the target crystal phase, as is the La-Fe-Al 
hexaaluminate oxygen carrier [281]. When the calcination temperature did not reach the crystal phase formation 
temperature, the oxygen carriers were mainly iron oxide and perovskite. With increasing calcination temperature 
to 1100 °C, the crystal structure of the oxygen carrier was hexaaluminate, and there were no impurities. By testing 
oxygen carriers with different calcination temperatures, it was found that there was a clear difference, which showed 
that the performance of the hexaaluminate oxygen carrier was related to its crystal structure rather than composition. 
The hexaaluminate oxygen carrier also has a relatively special property that it can still maintain the original crystal 
structure after reduction. By comparing the XRD of the fresh oxygen carrier with the reduced oxygen carrier, the XRD 
peak of the reduced oxygen carrier shifted to a low angle due to the reduction of iron, but it still maintained the MP 
structure. This property was due to the charge compensation mechanism of hexaaluminate. At the same time, this 
charge compensation mechanism will also be evident when Al is replaced by different metals [280]. XPS revealed that 
the doped Mn, Ni and Co metals all existed in the form of divalent ions, so that compared with the undoped oxygen 
carriers, the XRD results of these doped oxygen carriers were mainly β-Al2O3 because the ideal valence state of large 
cations in β-Al2O3 was 1.5 and that in MP was 2.4. In most articles, the general focus is on the chemical properties 
of the oxygen carrier, and the physical properties are only concerned with the specific surface area and the like, but 
the mechanical properties of the oxygen carrier are also extremely important to it. Good mechanical properties are 

Fig. 12  a Coproduction of  H2/CO and  CH3OH from  CH4 and  H2O/CO2 by chemical looping reforming. Reproduced from ref. [278] with per-
mission from the American Chemical Society, copyright 2019. b Redox stability of  SrFeO3−δ-CaO at 980 °C during the chemical looping dry 
reforming process. Reproduced from ref. [277] with permission from the American Association for the Advancement of Science, copyright 
2017. c Redox stability of  SrFeO3−δ/CaO·MnO at 900 °C during the chemical looping steam reforming process. Reproduced from ref. [278] 
with permission from the American Chemical Society, copyright 2019
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the prerequisite to ensure the normal operation of the oxygen carrier. The mechanical properties of hexaaluminate 
oxygen carriers doped with different metals were tested, and it was found that the mechanical properties were also 
related to the doped metals.

The advantages of low price and wide sources of iron ores have made the wide applications of Fe-based oxygen carriers 
more feasible. At present, iron ores have been used in various chemical looping processes, with ilmenite as one successful 
example for CLC. Lu et al. [283] applied ilmenite and nickel-impregnated ilmenite to the CLR process, and the iron species 
in ilmenite was also gradually reduced from  Fe3+ to  Fe0 during the reduction process. And when nickel was introduced, 
the oxygen carrier was reduced to form Ni or Ni–Fe so that syngas was prepared in the presence of  CO2. Different from 
the introduction of transition metal oxides, Gu et al. [284] modified natural iron ore with rare earth metals, and found that 
the introduction of  CeO2 and  La2O3 both promoted the reactivity of iron ore, and no carbon deposits were found during 
the reduction process. The introduction of  La2O3 causes the formation of  LaFeO3 after the oxygen carrier is oxidized, 
which is beneficial to the  H2 production. Lu et al. [285] used magnetite for chemical looping methane reforming and 
explored the changes of magnetite during the reaction. TGA tests showed that magnetite required a longer induction 
period to obtain better performance, which was probably related to the dense structure of magnetite. And the presence 
of only a small amount of  CO2 during the performance test indicated that magnetite oxidized methane to syngas with 
high selectivity. XRD characterization showed that the crystal phases of magnetite after the reaction were basically the 
same as those after calcination, which proved the stability of iron ore during the reaction. Further study was conducted 
and it was found that the temperature of the reduction as well as reoxidation process exerted a great influence on the 
reactivity and purity of  H2 [286]. Increasing temperature from 800 to 1000 ℃ was beneficial to the reduction of iron oxide 
which took part in methane activation, and controlling the reoxidation temperature under 650 ℃ would eliminate the 
effect of carbon impurities (C and  Fe3C) generated during the reduction process on the purity of  H2. When the reoxida-
tion was higher than 650 ℃, the steam would react with carbon deposit to form CO and  CO2, resulting in lower purity 
of  H2. Besides, pre-treatment of iron ore was responsible for performance improvement. Iron ore generally needs to be 
calcined at high temperatures to remove moisture and volatiles before engagement in redox cycles. At the same time, 
metal hydroxides and carbonates are decomposed, and stable metal oxides are formed after calcination. Therefore, the 
 H2 yield in the steam oxidation stage of the calcined oxygen carrier was slightly improved compared with that of the 
original oxygen carrier [285]. Li et al. [287] concluded that ultrasonic treatment also leads to the enhancement of the 
performance of iron ore, the reason being that ultrasonic action promotes the interaction between the active fractions 
in iron ore and between the active fractions and the inert material, thus increasing the activity of iron ore. It was also 
found that during the reduction process of magnetite, the reduction occurs first at the boundary between the active 
fraction and the inert material, and then gradually spreads to the surrounding area.

Hematite has good activity and stability in the process of methane chemical looping combustion [288], and Gu et al. 
[289] applied it for CLR and modified it with sunflower straw ash. The results proved that the  H2 yield of the modified iron 
ore is increased by approximately 1.1 times, and has a better stability. The reason for the good performance was that the 
sunflower straw ash contained a certain proportion of potassium carbonate, and the addition of potassium carbonate 
weakened the Fe–O bond. In addition to  CH4, hematite has also been used in the process of producing  H2 from vegeta-
ble oil with desirable performance [290]. Although iron ore has achieved promising results in the application of CLR, 
problems (low reactivity, sintering, agglomeration and changes in mechanical properties) caused by cycling have also 
occurred in the process. Huang et al. [291] used hematite for biomass to syngas, and found that the presence of hema-
tite increased the gas yield and carbon conversion by approximately 41%. However, as the number of cycles increased, 
hematite sintering and abrasion became serious problems. Therefore, the application of iron ore in the chemical looping 
process needs further research on these aspects.

Although the supported oxygen carrier is more convenient to prepare, it is correspondingly faced with more seri-
ous sintering and carbon deposition problems, and the activity of iron oxide needs to be further improved. Although 
composite oxide oxygen carriers can combine the effects of multiple metals, they also face the disadvantages of poor 
oxygen storage capacity and structural decomposition. Its application needs further research to obtain oxygen carriers 
with high activity and selectivity. For naturally occurring iron ore-based oxygen carriers, subsequent research should 
focus on inhibiting sintering and agglomeration, and improving mechanical properties.

4.4  Copper based oxygen carrier

Lewis and Gillil proposed to use the redox cycle between CuO and  Cu2O for producing food grade  CO2, which is 
a typical example of CLOU [48, 292–294]. The equilibrium oxygen partial pressure with CuO could be as high as 
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0.01 bar at 900 °C, which is much higher than that of other types of oxygen carriers and could dramatically pro-
mote the carbonaceous fuel gasification and combustion process. Cu-based oxygen carriers have the advantages 
of high reactivity, high oxygen storage capacity, and low price [133, 136]. However, the sintering problem under 
high-temperature reaction conditions is one of the main reasons limiting its future development in the field of CLR. 
The literature shows that the reactivity with  CH4 of Cu-based oxygen carriers, although less than that of Ni-based 
oxygen carriers, was stronger than that of Fe-based and Mn-based oxygen carriers, which proves its potential for 
development [295]. Therefore, solving the sintering problem of Cu-based oxygen carriers has been the main direc-
tion of its further development in chemical looping applications. Both supports and promoters have been tested to 
alleviate the sintering problem. The addition of inert supports such as  Al2O3 [133, 296–298],  TiO2 [133, 297, 299], and 
 MgAl2O4 [300] can slow down the sintering problem of copper oxide, but the addition of  Al2O3, an acidic support, 
leads to the aggravation of carbon deposition [301]. As a result, Alirezaei et al. [193] incorporated  ZrO2 into  Al2O3, 
which promoted the dispersion of copper oxide and adjusted the mechanical properties of oxygen carriers. Such 
modification also effectively suppressed carbon deposits, with the maximum reduction of carbon accumulation by 
approximately 94%. Instead of alleviating the sintering problem at high reaction temperature, it is an alternative to 
enhanced oxygen transport capacity of Cu-based oxygen carriers under a lower temperature with alkaline metal 
oxides, e.g., MgO. Researchers tested the impact of alkaline earth metal oxides, i.e., Mg and Ca, as well as the alkali 
metal oxides, Na and K oxides, on the enhancement of oxygen uncoupling at lower temperatures. A series of CuO 
oxygen carriers with 5 wt% of alkali oxides addition were synthesised and studied with thermogravimetric analyzer 
regarding the oxygen uncoupling behaviour. The results showed that MgO had a positive effect while  Na2O and  K2O 
showed an opposite trend and CaO did not show sensible change on the uncoupling rate at temperature lower than 
850 ℃. The clear enhancement of MgO addition was ascribed to its ability to enhance the chemical stability that 
allows steady oxygen uncoupling [294].

The relatively lower reforming temperature of alcohols can alleviate the sintering problem of copper-based oxygen 
carriers to some extent. Besides, the excellent performance of Cu–Zn–Al catalysts in traditional alcohol reforming 
processes for  H2 generation has inspired the exploration of Cu-based oxygen carriers in chemical looping alcohol 
reforming. For the as-proposed chemical looping oxidative steam reforming of methanol, the  Ca2Fe2O5 was utilized 
to support copper oxide to tune the redox activity and achieve a relatively stable catalytic activity. The lattice oxygen 
concentration is one of the dominant factors determining the methanol conversion pathways and a pathway from 
formaldehyde intermediate to methyl-formate intermediate was observed with decreasing lattice oxygen concen-
tration by in situ drifts characterization. The introduction of  Ca2Fe2O5 was aimed at regulating the lattice oxygen’s 
redox activity and mobility, achieving the homogenous release of lattice oxygen. Also, the active copper species 
were also kept at an appropriate oxidation state to provide compatible active oxygen species for methanol oxidative 
reforming. The  Cu2O–Cu looping was accomplished by regulating the reaction temperature and airflow rate, and this 
proposed lower-valence looping could prevent the excessive oxidation of methanol. During the performance tests, 
the copper-based catalyst,  Cu2O–Ca2Fe2O5, showed high catalytic activity with a  H2 production rate of 37.6 µmol  H2/
(gcatalyst·s) under a temperature of 240 °C, as well as an acceptable redox durability within 60 cyclic tests [93]. Wang 
[113] loaded copper oxide on  Al2O3 and used it for ethanol reforming. It was found that the oxygen released by 
copper oxide promoted the elimination of carbon deposition, and the carbon deposition gradually decreased with 
the increase of copper oxide when the reaction temperature reached 500 °C. Instead of avoiding carbon deposition, 
to generate high-purity  H2 with a low concentration of CO, the bi-functional material CuO–MgO was adopted for 
sorption-enhanced steam methanol reforming. CuO served as an active catalytic site for methanol reforming to  H2 
and  CO2, and  CO2 was removed by MgO sorbent with high-purity  H2. Also, it was found that the appropriate amount 
of  Cu2+ entering in MgO lattice could enlarge  CO2 adsorption capacity and enhance  CO2 desorption. Simultaneously, 
Cu species were significantly dispersed and stabilized due to the existence of MgO [195]. On this basis, sorption-
enhanced chemical-looping oxidative steaming reforming of methanol was further proposed and simulated with the 
Cu–Mg based bifunctional catalyst. In the study, copper species existed in oxidized state and underwent a reduction 
process in the fuel reactor. Hence, the gradually reduced CuO provided not only catalytic site but lattice oxygen 
while Mg-based sorbent continued to go through  CO2 adsorption and desorption reactions. The simulation results 
revealed that CuO and MgO could shift the equilibrium of the WGS reaction and suppress CO generation. And the 
proposed process achieved auto-thermal operation after operation parameters such as water to methanol ratio and 
temperature of reactors being analysed and optimized [111, 194]. With further addition of  Ga2O3, the catalyst showed 
strong resistance to particle sintering and agglomeration as the particle size of Cu showed no conspicuous change 
as evidenced by XRD and TEM characterization after cycles [112]. Without severe sintering problem under a relatively 
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lower alcohol reforming temperature, it could be anticipated that the integration of chemical looping and SER could 
be a promising strategy to address the carbon deposition issue and achieve high-purity  H2 production from alchols 
[195]. Fundamental and applied research on copper oxide for low-temperature reforming deserves further effort.

4.5  Cerium based oxygen carrier

CeO2 is a typical representative of the oxygen carrier of fluorite structure. It has been extensively studied in the reactions 
of CO oxidation,  CO2 hydrogenation, and reforming of methane and alcohols, and has also been successfully applied 
in three-way catalysts [302, 303]. The rapid generation and elimination of oxygen vacancies in  CeO2 makes it a suitable 
oxygen carrier material [304].  CeO2 was originally used as an oxygen storage material in automotive three-way catalysts, 
and the first generation of commercial  CeO2 oxygen storage materials came out in 1989 [305]. The role of  CeO2 is to make 
the three-way catalyst adapt to different working conditions through the reversible transformation between  Ce4+ and 
 Ce3+. At the same time, it can also promote metal dispersion, enhance support stability, and facilitate water gas shift 
and steam reforming reactions. The role of  CeO2 in this process is similar to that of oxygen carriers in CLR. Then, Otsuka 
et al. [306] applied  CeO2 catalyst to the field of methane oxidation and successfully obtained a synthesis gas with a  H2/
CO ratio of 2. The successful application of  CeO2 in three-way catalysts and methane oxidation has made it promising 
for CLR. For  CeO2, the good oxygen storage capacity and oxygen migration ability render  CeO2 a good choice as dopant 
or support for oxygen carriers, but when it is used as an oxygen carrier alone, its poor reactivity, low reduction degree, 
and sintering problems at high temperatures are exposed.

In the three-way catalyst,  ZrO2 was added to  CeO2 to improve the stability and oxygen storage capacity. Although the 
reactivity of  ZrO2 is not good, temperature programmed reduction and other characterizations show that  CeO2 doped 
with  ZrO2 improves the oxygen storage capacity, stability, and reducibility of  CeO2 [147]. Therefore, for cerium-based oxy-
gen carriers,  ZrO2 is typically considered to be added to  CeO2. Otsuka et al. [307] conducted methane reforming test on 
 CeO2 doped with different proportions of  ZrO2. The results show that when the doping amount of  ZrO2 was 20%, the yield 
of  H2 and CO was approximately 1.7 times that of pure  CeO2, indicating that the addition of  ZrO2 significantly enhanced 
the reactivity of  CeO2. On this basis, Zheng et al. [148] prepared  CeO2-ZrO2 oxygen carriers with a porous structure at 
different calcination temperatures. 3DOM structures have been shown to be more likely to form under low-temperature 
calcination and to enhance the reducibility and activity of  CeO2–ZrO2 oxygen carriers. Performance tests showed that 
the low-temperature calcined oxygen carrier had the highest  CH4 conversion and  H2 yield, and maintained an ordered 
structure after multiple cycles. Meanwhile, Raman characterization revealed higher  I603/I463 ratios of porous  CeO2–ZrO2 
solid solution compared to nonporous samples, indicating that the porous samples had a higher concentration of oxygen 
vacancies. Furthermore, the concentration of oxygen vacancies decreased with increasing pore size, proving the effect 
of pore structure on the oxygen vacancy concentration and reactivity of the  CeO2–ZrO2 oxygen carrier [158].

Directly supporting  CeO2 on a support having a 3DOM structure is also an alternative. Macroporous  LaFeO3 loaded 
with  CeO2 is prepared with the aim of combining the advantages of  CeO2 and  LaFeO3 perovskite to obtain an oxygen 
carrier with excellent performance, as well as providing a new way to combine Ce-based and Fe-based oxygen carriers 
[99]. TEM images showed that  CeO2 with particle sizes of 2–3 nm was evenly dispersed on the  LaFeO3 perovskite. Mean-
while, the activity tests showed that the performance of the oxygen carrier remained stable in 30 cycles and that the 
crystal phase of the oxygen carrier did not change after multiple cycles. Simultaneously, after  CeO2 was supported on the 
 LaFeO3 perovskite, the reducibility of the oxygen carrier was significantly improved. Fe in the perovskite was inclined to 
 Fe2+ with the interaction of  CeO2 and the perovskite. Doping with a small amount of Fe causes more oxygen vacancies 
in  CeO2 while forming a solid solution, which helps improve the activity and stability of  CeO2. Concerning the develop-
ment of Ce–Fe oxygen carriers, Li et al. [142] and Zhu et al. [308] have elaborated on it in detail, which is not described 
here. In addition to doping  CeO2, analogous to the presence of noble metals in the three-way catalysts, transition metals 
such as Ni, Fe and Co with suitable catalytic ability can be added to  CeO2 to improve its reactivity [86, 114, 133, 167, 174, 
309–311]. Ni has a high methane activation capacity, and its introduction into  CeO2 greatly increased the reactivity so 
that the conversion of  CH4 was maintained at 95% with 100% syngas selectivity at 800 °C during the 60 cycles test [165].

Different from doping or loading metals with  CeO2, Wang et al. [312] introduced tin oxide applied in the oxygen ion 
conductor to achieve water splitting through the circulation between  CeO2–SnO2 and  Ce2Sn2O7 pyrochlore. Compared 
with the nonstoichiometric cycle of pure  CeO2,  CeO2 and  SnO2 were used to generate pyrochlore reversibly, which 
achieved the goal of  Ce4+ to trivalent cerium, thereby increasing the reduction degree of  CeO2. On the basis of the 
 Ce2Sn2O7 pyrochlore. Wang et al. [166] further explored pyrochlore-type oxides, catalyzed the reaction by using Ni on 
the surface, and provided lattice oxygen through the reversible cycle of  CeO2–TiO2 and  Ce2Ti2O7 pyrochlore (Fig. 13). 
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The synergistic effect between the surface metal and the oxide support significantly increased the yield of CO and  H2. 
High-resolution transmission electron microscopy (HRTEM) and scanning transmission electron microscopy combined 
with energy-dispersive X-ray spectroscopy (STEM-EDX) results showed that in the fresh and circulating oxygen carri-
ers, NiO was supported on  CeO2 and  TiO2, but the  CeO2 and  TiO2 were not uniformly mixed. However, after the oxygen 
carrier was reduced by methane, the distribution of Ce and Ti was uniform, and the lattice fringes were consistent with 
pyrochlore, which proved the reversible cycle of  CeO2–TiO2 and  Ce2Ti2O7 pyrochlore. According to DFT calculations, the 
 Evac of Ti-doped  CeO2 was lower than that of pure  CeO2 or  TiO2. The introduction of  TiO2 weakened the Ce–O bond and 
promoted the oxygen migration ability of  CeO2. At the same time, calculations showed that the addition of Ni and the 
corresponding metal-support interface also promoted methane activation and dissociation of  H2O or  CO2. By combining 
the reversible transformation of  CeO2–TiO2 and a specific structural oxide, the catalytic effect of the metal was also fully 
exerted while  Ce4+ was converted to  Ce3+, which provided a new design idea for Ce-based oxygen carriers.

4.6  Other oxygen carrier

Mn-based oxygen carriers not only have the advantages of low price and environmental friendliness like Fe-based 
oxygen carriers but also have various valence states (+ 2,  + 3, and  + 4). Johansson pointed out that the reactivity order 
of transition metal-based oxygen carriers with  CH4 was Ni > Cu > Mn > Fe, while the crushing strength was opposite, 
and many studies on Mn-based oxygen carriers have been carried out [295]. Although Mn has many valence states, 
the available valence states for practical use are very few because  MnO2 and  Mn2O3 decompose at 460 and 820 °C, 
respectively [313]. At the same time, MnO is difficult to be reduced even at elevated temperatures. Therefore, for 
Mn-based oxygen carriers, the transformation of  Mn3O4 to MnO is typically used to achieve the target product. Sup-
ported  Mn3O4 oxygen carriers are mainly used in the CLC process, and the irreversible salts produced by the reac-
tion between manganese oxide and commonly used supports are the main reason for their limited development. 
By applying  Mn3O4 oxygen carriers with different supports to the CLC process, it is found that although  Mn3O4/ZrO2 
faces structural crack problems due to the phase transition of  ZrO2, the weak interaction between  Mn3O4 and  ZrO2 

Fig. 13  a STEM image, b1–b4 the corresponding element-mapping images and c HRTEM images of as-synthesized 5Ni/CeO2–TiO2. d STEM 
image, e1–e4 the corresponding element-mapping images and f HRTEM images of 5Ni/CeO2–TiO2 after the  CH4 reduction half cycle. g 
Schematic of the reaction mechanism for chemical looping steam reforming of methane and chemical looping dry reforming of methane 
processes over the 5Ni/CeO2–TiO2 oxygen carrier. Reproduced from ref. [166] with permission from the Royal Society of Chemistry, copyright 
2019
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makes the oxygen carrier possess high activity and good resistance to carbon deposition [141, 314–316]. For CLR, Zr-
modified  Al2O3 also performed well as a support for Mn-based oxygen carriers [197]. Through XRD characterization, 
it was found that Zr was possibly inserted into  Al2O3 or highly dispersed on  Al2O3 and that the formation of  MnAl2O4 
spinel was restricted. At the same time, by adding  CO2 in the same proportion as  CH4 at the reduction stage, the 
conversion of  CH4 in the 16 cycles of the optimal oxygen carrier at 650 °C was above 95%, and the carbon deposition 
was reduced by approximately 50%.

In addition to changing the supports, the introduction of promoters could improve the performance of Mn-based 
oxygen carriers. Bazhenova et al. [317] theoretically explained and analyzed the influence of Fe doping on  Mn2O3 at the 
atomic level by DFT calculations. Since Fe–O bonds were more stable than Mn–O bonds, the addition of Fe made the 
oxides more stable and changed the electronic structure of the oxides. At the same time,  Evac increased with the addition 
of Fe atoms, and the diffusion barrier changed with the concentration and distribution of Fe atoms. Although a series 
of explorations have been made on the application of manganese-based oxygen carriers in CLR, it has low selectivity 
to syngas and needs to increase the reactivity. Shen et al. [318] applied B-substituted  LaMn1−xBxO3+δ (B = Fe, Co and Ni) 
perovskites to the chemical looping steam reforming process and investigated the effect of different B-substitutions 
on the reactivity of oxygen carriers. The experimental results showed that different B-site substitutions promoted the 
oxygen release rate of  LaMnO3 to a certain extent, with the most obvious effect of nickel. However, nickel-doped oxygen 
carriers have the problem of carbon accumulation. Meanwhile, Fe and Co substitutions provide more active sites for the 
reaction, matching the bulk phase lattice oxygen migration rate, so the oxygen carriers show good performance. On this 
basis, Shen et al. [319] doped the A and B sites of  LaMnO3 perovskite with Sr and Co. The introduction of Sr promoted 
the migration of lattice oxygen through the generation of oxygen vacancies, while Co in the B-site could provide active 
sites for the reaction, so that the surface reaction and bulk phase lattice oxygen migration were well matched and the 
oxygen carrier showed good reaction performance. Research also showed introduction of Cu to B-site was featured with 
improved performance on carbon formation resistance. Catalysts with various amount of Cu showed different trend 
for  H2 productivity and resistance for carbon deposition. With increasing Cu content,  H2 productivity saw a rise at first 
and then dropped, while the amount of carbon deposition displayed a steady upward trend. An appropriate substitu-
tion of Cu for La was beneficial for promoting  H2 productivity and reducing carbon deposition and it was attributed to 
the enhanced reducibility and changes of oxygen species obtained from  H2-TPR and  CH4-TPR. [320]. One should also 
be aware that the amount of doping metal as well as calcination temperature are essential optimization parameters. 
Yang et al. [321] prepared two series of Fe-doped  LaMnO3 oxygen carriers calcined at temperatures ranging from 700 to 
850 ℃. The series of  La0.85MnFe0.15O3 showed better structural and porous properties, and samples exhibiting higher  CH4 
conversion and syngas productivity were with a higher concentration of oxygen vacancies and better oxygen mobility. 
For both series,  La0.85MnFe0.15O3 and  LaMn0.9Fe0.1O3, different calcined temperature resulted in the shift and intensity of 
reduction peaks in  H2-TPR and  CH4-TPR results, which implied the reducibility degree and oxygen mobility. It was found 
that two samples,  La0.85MnFe0.15O3 and  LaMn0.9Fe0.1O3, with calcination temperature at 800 ℃, presented ideal ratios of 
 H2/CO in the isothermal reaction and larger amount of  H2 during the water splitting step.

The applications of cobalt oxide in chemical looping reported in the literature are mainly as an auxiliary agent to 
increase the activity and stability of oxygen carriers, including inhibiting the interaction between metal and  Al2O3 sup-
port, increasing the dispersion of metal to enhance the activity of oxygen carriers, and forming alloys with metal to 
suppress sintering [126, 313]. Although the oxygen carrying capacity of  Co3O4 is much higher than that of NiO,  Fe2O3, 
 Mn2O3 and CuO, there are relatively few reports on  Co3O4-based oxygen carriers. Leaving aside its high price,  Co3O4 is 
less active at low temperatures. Its decomposition at 890 °C also limits the increase of reaction temperature because the 
CoO produced after decomposition has poor reactivity to reactants such as  CH4, and its reaction with supports  (Al2O3, 
 TiO2, and MgO) is also considered to be one of the reasons for the degradation of oxygen carriers’ performance [134]. 
With concerns on the reoxidation of cobalt in the cycling process and the reactivity, the development of cobalt oxide 
oxygen carriers is limited [322]. A deeper understanding of the phase and surface properties that influence the particle 
stability and reactivity of  Co3O4 during the reaction could help promote its application in chemical looping. On the basis 
of optimizing the properties of unsupported  Co3O4 oxygen carriers, Alalwan et al. [323] carried out a detailed study of 
the changes in the surface and bulk properties during the reaction process and proposed that the interface between the 
metal and metal oxide might be helpful to improve Co-based oxygen carriers. The Oxygen carrier was reduced through 
the path of  Co3O4 to CoO and finally to Co, and its performance was enhanced with increasing temperature and decreas-
ing space velocity in the test temperature and gas hourly space velocity range. Importantly, it was found through XRD 
and XPS characterization showed that the reduction process of CoO to Co followed the nucleation and nuclei growth 
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mechanism within the particle bulk. It was mainly because of the lower cohesive energy of oxygen atoms at the interface 
of these phases that CoO and Co mixtures had better performance.

The aluminate or titanate produced through the reaction between cobalt oxide and support during the reduction 
stage can also be directly used as the oxygen carrier. Wong et al. [200] and Rios et al. [324] took advantage of the stabil-
ity of aluminates and titanates in Co-based oxygen carriers, and directly applied  CoAl2O4 and  Co2TiO4 oxygen carriers to 
chemical looping dry reforming and partial oxidation, respectively. They found through performance tests that although 
there were some deficiencies in the two oxygen carriers, the results proved the possibility of their applications in CLR. 
Perovskite structure has also been used in Co-based oxygen carriers due to their excellent high-temperature stability 
and oxygen migration ability [202, 203, 325, 326].  BaCoO3-δ/CeO2 and  Ba1-xSrxCoO3-δ/CeO2 oxygen carriers were used 
in chemical looping steam methane reforming to investigate the effect of support and A-site doping on the proper-
ties of Co-based perovskite oxygen carriers [202, 203]. Compared with the  BaCoO3-δ oxygen carrier, the addition of 
 CeO2 increased the syngas and  H2 yields. During the reduction process,  CeO2 mainly played two roles: one was to form 
 BaCeO3 with the consumption of  BaCoO3-δ, and the other was to provide oxygen for methane partial oxidation while 
being reduced to  CeO1.675. Both of these processes promoted the production of syngas, and the presence of  CeO1.675 
also increased the production of  H2 in the steam oxidation stage. After Sr doping, the A-site metal interacted with  CeO2 
to reversibly form  BaCeO3 and  SrCeO3, which was beneficial for the production of syngas and  H2.

Lee et al. [327] applied B-site substituted  LaCo0.6B0.4O3 (B = Fe, Mn, Ni) oxygen carriers to the chemical looping steam 
reforming process and investigated the effects of different B-site substitutions on the performance of oxygen carriers. 
The experimental results showed that the introduction of iron promoted the oxidation of the oxygen carrier by steam and 
promoted the migration of lattice oxygen from the bulk phase to the surface oxygen vacancies, so that the  LaCo0.6Fe0.4O3 
oxygen carrier has good reactivity and cyclic stability. Previous studies have shown that Co and Mn-based oxygen car-
riers are promising candidates, however, their corresponding oxygen partial pressure is more suitable for full oxidation 
applications, and how to tune their structures and properties for CLR remains challenging.

Tungsten oxides are located in the partial oxidation zone of the Ellingham diagram in Fig. 1, which proves that it is 
thermodynamically feasible to obtain syngas under a chemical looping fashion. The polyvalent state of  WO3 and its 
high melting point make it suitable for application in the field of chemical looping. Compared with  Fe2O3,  SnO2,  V2O5, 
and  MoO2 oxide, the methane reforming test in a fixed bed at 900 °C found that  WO3 had the highest CO selectivity 
and the lowest  CO2 selectivity [328]. Both calculations and experiments have proven that W-based oxygen carriers are 
potential candidates, but the main reasons for the lack of related research are their poor activity and the problem of 
carbon deposition. To solve these problems, researchers have conducted in-depth studies on the effects of supports and 
promoters on activity and stability. The activity of  WO3 on supports  (Al2O3,  SiO2, and  ZrO2) was tested, and it was found 
that the performance of  WO3/ZrO2 was significantly improved [204, 329]. Further research was carried out on  WO3/ZrO2, 
and it was found that  WO3 would also be reduced by the syngas produced in the methane reforming stage and that 
the proportion of  H2 reduction would be greater [330]. Chen et al. [205] introduced NiO to modify  WO3 and improve its 
reactivity. Bulk doped Ni weakened the strength of the W–O bond to increase the oxygen transfer rate, and surface Ni 
form reduction was used as the active site for the catalytic methane reaction. The reaction mechanism of  WO3 with  CH4 
was obtained through XRD and other characterizations.  WO3–WO2.96 and  WO2.96–WO2.72 were responsible for full oxida-
tion, and  WO2.72–WO2 and  WO2–W were responsible for partial oxidation. Methane cracking and carbon deposition were 
caused by metallic Ni and W. The modification of the surface and bulk made its performance much better than that of pure 
 WO3. However, its performance and structure gradually changed during ten cycles, which needed further improvement 
on the stability. In order to improve the activity of the tungsten oxide oxygen carrier and maintain the structural stability 
of the oxygen carrier during cycling, Liu et al. [206] prepared the  FeyWOx/SiO2 oxygen carrier and applied it to CLR. The 
addition of iron greatly improved the performance of the oxygen carrier, and during the reduction process, the strong 
interaction between iron and tungsten resulted in the formation of the iron-tungsten alloy so that no phase separation 
occurred, ensuring structural stability. The TPR characterization showed that the reduction temperature of tungsten 
oxide decreased with the addition of iron, which proved that the addition of iron weakened the W–O bond and made 
tungsten oxide contribute more oxygen to participate in the reaction. The existence of the form also improves its selec-
tivity. Iron existed in the form of  Fe2+ in the oxygen carrier, which was also beneficial to the improvement of selectivity. 
The addition of iron to tungsten oxide provided a new strategy for the development of tungsten oxide oxygen carriers.

With the gradual maturity of the chemical looping reforming process, composite metal oxides are currently the main-
stream development trend. After extensive literature review and analysis of the XRD data of the oxygen carrier after 
reduction, it was found that the composite metal oxide can be classified not only according to the active component 
but also according to its reduced state. The reduced state of the composite metal oxide can be roughly divided into the 
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following six categories. The first type is the solid solution formed after the reduction of oxygen carriers, mainly includ-
ing Ce–Fe oxygen carriers [191]. The second type is the alloy formed after reduction, including Ni–Fe oxygen carriers 
[168] and spinel oxygen carriers [266], as well as  BaFe1−xSnxO3−δ perovskite [275]. The third type is phase separation after 
reduction, and the phase separation can be further subdivided into two cases. One case is that the initial state can be 
recovered after oxidation, which mainly includes perovskite and double perovskite oxygen carriers, and a small part of 
spinel oxygen carriers [183, 184, 186, 199, 268, 331]. Another case is that the initial state cannot be recovered after oxida-
tion, mainly including Ni-W and Fe-Ti oxygen carriers [33, 143, 205]. The fourth type is the composite metal oxide formed 
after the reduction of oxygen carriers, mainly including  CeO2–xSnO2/Ce2Sn2O7,  CeO2–TiO2/Ce2Ti2O7,  Ba1-xSrxCoO3−δ/CeO2 
and  BaCoO3−δ/CeO2 oxygen carriers [166, 202, 203, 312]. The fifth type is the elemental form after reduction, which 
 La0.8Ce0.1Ni0.4Ti0.6O3,  Fe2O3-CaTi0.85Fe0.15O3, and  La0.5Ca0.4Ni0.2Ti0.8O3−γ oxygen carriers are typical representatives of this 
type [163, 332, 333]. This type of oxygen carrier will appear simple substances after reduction, but the main frames that 
are equivalent to the dispersion media remain unchanged. The last type is the oxygen carrier that retains the crystal struc-
ture after reduction. This type of oxygen carrier can still maintain the original crystal structure after the loss of oxygen, 
which is relatively rare, mainly including  LaFe3Al9O19 hexaaluminate oxygen carriers [152, 181, 280, 281, 282]. Although 
some studies do not show XRD characterization of the oxygen carrier after reduction, which makes some studies cannot 
be classified better, most of the classifications are currently representative. And for the oxygen carriers that do not show 
XRD characterization after reduction, it can be judged according to the type of its active material. For example, if the NiO 
oxygen carrier is doped with iron, an alloy may be formed during the reduction process [168]. The reduction state of the 
oxygen carrier is classified according to the representative oxygen carrier, but there are exceptions. For example, most 
of the perovskites undergo phase separation after reduction, but  BaFe1−xSnxO3−δ perovskite forms an alloy [275]. Most 
of the spinel oxygen carriers form alloys after reduction, but  Mn0.5Fe0.5(FeAl)Ox undergoes phase separation [334]. The 
states of the oxygen carriers after reduction are not only to better distinguish the oxygen carrier, but also to predict the 
performance of the oxygen carriers. This classification can give researchers a general research direction before conduct-
ing literature research, for example, the performance advantages of oxygen carriers may be attributed to the formation 
of forming alloys or solid solutions after reduction. For example, most perovskite oxygen carriers can be restored to the 
original crystal phase, so the cycle stability is better. Although composite metal oxides can be classified according to the 
reduced state, at present, there is a lack of research on the mechanism of their different performance after reduction, 
and further research on the reduced state is needed.

5  Conclusions and perspectives

Conventional carbonaceous fuel reforming processes are both capital and energy intensive due to the lengthy unit 
operations. The chemical looping reforming process integrates the reforming reaction and gas–gas separation in one 
unit operation via the redox cycle of metal oxide-based oxygen carriers, which could potentially evolve as an affordable, 
clean and efficient alternative for syngas production. The overall reactions of CLR systems are the same as conventional 
reforming or partial oxidation processes. The rational design of the CLR reactor system could decouple these reactions 
with the circulation of effective oxygen carriers, and directly produce high-quality syngas (high CO/H2 concentrations 
and desirable ratios) without the need for air separation and/or acid gas removal units. The CLR process is also advanta-
geous in terms of exergy efficiency via recuperating the low-grade heat while producing more high-grade heat with the 
redox operation scheme.

Historical development has shown the evolution of oxygen carriers from naturally occurring ores to synthesized 
materials, and the development trend of reactor system from fixed bed batch mode operation to continuous circulat-
ing fluidized bed reactor design. The high cost in the scaling-up and engineering of high-temperature reactors and the 
incomprehension in the design and development of oxygen carriers are the main causes for the slow development of 
these early CLR processes.

The basic schemes of various CLR processes are summarized. The two-reactor autothermal CLR scheme decouples 
the overall reaction of POX or ATR in two reactors. Endothermic CLR schemes require specific considerations on reactor 
design with external heating. The super-dry reforming scheme can directly obtain high CO yield from greenhouse gases 
 CH4 and  CO2. Three-reactor autothermal CLR schemes have also been developed to directly produce high purity  H2 
with in situ  CO2 capture. Such scheme integrates CLC to provide heat for the reforming reaction, thus avoiding external 
heating. The design and operation of three interconnected reactors requires systematic approach. Issues that need to 
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be further addressed include the simultaneous handling of looping particles, oxygen carrier reactivity and recyclability, 
heat transfer and solid/gas leakage among the reactors.

The syngas selectivity in a CLR process could be affected by many factors, including reaction stoichiometry, ther-
modynamic equilibrium, surface reaction path and reactor system configuration. The overall reaction stoichiometry 
determines the syngas selectivity and  H2:CO ratio as well as the heat balance based on the fuel and oxidant input. The 
performance of oxygen carriers, typically metal oxides, can be estimated based on their equilibrium oxygen potential 
at high temperatures. The oxygen potential of various metal oxides could be studied and categorized with ease via 
the Ellingham diagram or the oxygen partial pressure diagram. Metal oxides in the CLR group can be used for syngas 
production from various carbonaceous fuels, which can thermodynamically ensure the stable production of high purity 
syngas while minimizing carbon deposition. Thermodynamic analysis can guide the selection of active components and 
estimate the syngas selectivity in CLR system.

The reactor system design also plays a critical role in determining the chemical looping process performance. Fixed 
bed, fluidized bed and moving bed are widely tested operation modes for the reducer. Fixed bed reactors can handle 
gaseous fuel but require frequent gas switching at high temperatures, which is not suitable for large-scale operation. In 
addition, the poor heat transfer between gas and solids in the fixed bed reactor could cause hot spots that further lead 
to sintering and deactivation of oxygen carriers. Therefore, the gas–solid contacting pattern should be carefully consid-
ered for the reducer design. The mixed flow pattern mainly occurs in the single-stage fluidized bed reactor, while the 
countercurrent and cocurrent flow patterns could be achieved in a moving bed or a series of interconnected fluidized 
bed system. Various fluidized bed configurations, such as bubbling-, turbulent- and spout-fluidized bed operations, have 
been applied to provide good mixing characteristics and uniform heat transfer in CLC applications. Two CLR processes 
have been developed using iron-based moving bed reactor system. The cocurrent moving bed reducer design can help 
achieve high-quality syngas production because the moving bed reducer does not suffer a reduced shale gas conversion 
and/or undesirable syngas composition due to gas channelling and back mixing of particles with different oxidation 
states. The countercurrent moving bed design could maximize both fuel gas and iron oxide conversions, which have 
been proven by various models.

The reaction principle of oxygen carriers generally involves the generation and recombination of oxygen ions and 
vacancies, their diffusion in the bulk phase, and their reaction with adsorbed species on the surface. Oxygen carriers 
can be designed to control the rate of lattice oxygen delivery to the surface catalytic site. This facility permits balancing 
the rate of oxidation and reduction of the catalyst. The properties of the oxygen carrier can be modified to improve its 
catalytic function as well as to regulate the rate of the diffusion of reactants in the oxygen carriers in order to minimize 
byproduct generation. The application of catalytically active oxygen carriers has the potential to drastically increase the 
yield of the reaction products.

The deactivation of oxygen carriers remains the major problem for CLR applications and researchers have made tre-
mendous efforts to solve the problems of sintering, carbon deposition and poor selectivity of oxygen carriers. Supported 
oxygen carriers and composite oxide oxygen carriers are currently common types of oxygen carriers. Supported oxygen 
carriers are vastly used in industrial processes, but inevitably, they face severe sintering and other problems. For com-
posite oxide oxygen carriers, perovskite oxygen carriers are the most widely studied type, and their excellent structure 
leads to high syngas selectivity. Perovskite oxygen carriers, however, have the problem of poor oxygen storage capacity. 
Various supports, promoters and preparation methods have been adopted to optimize CLR performance of supported 
and composite oxide oxygen carriers. The development of oxygen carriers will continue toward the understanding and 
utilization of bimetal- and polymetal-based oxygen carriers. Nevertheless, alleviating the sintering problem and main-
taining the stability of oxygen carries by focusing on the modification merely can be challenging at high temperatures. 
Closer consideration to lowering the reforming temperature with changing feedstocks is an alternative and the devel-
opment of low-temperature reforming has been encouraged for the CLR process. The development of bio-oil/alcohol 
reforming is suggested for low-temperature CLR applications, which reduces the difficulties in maintaining the physical 
and chemical properties of oxygen carriers and engineering the associated reactor system.

At present, research on the reaction mechanism involved in the CLR process is still a challenge. The general explana-
tion of the reaction process is only made by comparing experimental performance or ordinary characterization methods, 
and there is no detailed exploration of the reaction mechanism in the reaction process. The understanding of the CLR 
reaction process needs to be further deepened in combination with catalytic science in order to achieve a clear reac-
tion mechanism and develop new processes. The application of thermodynamics and DFT calculations in the screen-
ing and theoretical research of oxygen carriers is particularly critical. The combination of characterization techniques 
on local structure and DFT calculation could provide a deeper understanding of the oxygen carrier while assisting the 
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experimental research. The difference between the performance of the oxygen carriers and the selectivity of the prod-
ucts is explained theoretically by the analysis of the  Evac and the energy barrier of the reaction involved in the process. 
However, the dynamic nature of the oxygen carrier reaction and the large number of atoms involved have also brought 
challenges to DFT calculations.

With the significant progress made recently in reactor system and oxygen carrier development, CLR technology has 
great potential to achieve clean, efficient and cost-effective utilization of carbonaceous fuels.
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