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Abstract  

Chemical looping combustion (CLC) is a key technology for oxy-fuel combustion with inherent 

separation of CO2 from a flue gas, in which oxygen is derived from solid oxygen carrier. Multi-cycle 

CLC performance and the product selectivity towards CO2 formation was achieved on mixed oxides of 

Cu and Mn (CuMn2O4) (Fd3
_

m, a = b = c = 0.83 nm) as oxygen carrier. CuMn2O4 was prepared by the 

co-precipitation method followed by annealing at 900 °C using copper (II) nitrate trihydrate and 

manganese (II) nitrate tetrahydrate as metal precursors. CuMn2O4 showed oxygen-desorption as well as 

its reducibility at elevated temperatures under CLC conditions. The lattice of CuMn2O4 was altered 

significantly at higher temperature, however, was reinstated virtually upon cooling in the presence of 

air. CuMn2O4 was reduced into CuMnO2, Mn3O4, and Cu2O phases at the intermediate stages, which 

were further reduced into metallic Cu and MnO upon the removal of reactive oxygen from their lattice. 

CuMn2O4 showed the remarkable activity towards methane combustion reaction at 750 
o
C. The 

reduced phase of CuMn2O4 containing Cu and MnO was readily reinstated when treated with air or 

oxygen at 750 °C, confirming efficient regeneration of oxygen carrier. Neither methane combustion 

efficiency nor oxygen carrying capacity was altered with increasing of CLC cycles at any tested time. 

The average oxygen carrying capacity of CuMn2O4 was estimated to be 114 mg g
-1

, which was not 

altered significantly with the repeated CLC cycles. Pure CO2 but no CO, which is one of the possible 

toxic by-products, was formed solely upon methane combustion reaction of CuMn2O4. CuMn2O4 

shows potential as a practical CLC material both in terms of multi-cycle performance and product 

selectivity towards CO2 formation.   
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Introduction 

 Anthropogenic greenhouse gas (GHG) emissions contribute significantly to the increase in 

global surface temperature.
1-4 

 Carbon dioxide (CO2) is one of the major contributors to the GHG effect 

as it represents about one third of the total global anthropogenic GHG emissions.
5,6 The enormous 

increase in CO2 concentration in the atmosphere over the past few decades is due to the extensive use 

of the combustion processes, using fossil fuels for energy power plants, industrial as well as 

transportation activities, natural gas processing, etc.
7-10

 Fossil fuels-based power plants release about 

one third of the total global CO2 emissions and therefore, great efforts have been dedicated during the 

last few years for its effective control.
7,10-12

 The CO2 emissions from the power plants can be reduced 

significantly by (1) improving the energy efficiency, thereby emitting lesser CO2 per unit of the fuels 

consumed. This is a preventive and certainly a lucrative option in terms of fuel savings, however, has 

several practical limitations (2) using alternative cleaner fuels (hydrogen, biodiesel etc.), which can 

reduce the CO2 emissions, however, R&D to achieve these fuels are still under developmental stage and 

are expected to have noticeable impacts on overall energy production only after two to three decades 

(3) capturing and storing/sequestration of CO2, which involves separation of CO2 from its high volume 

sources and subsequent transportation followed by CO2-sequestration.
7,13-15

Although, capture of CO2 

seems to be viable to control the CO2 emissions among the various proposed options, however, the 

separation of CO2 from their high volume sources requires intensive energy as well as high cost. On the 

other hand, obtaining pure CO2 from fossil fuels-based power plants for CO2-sequestration would 

reduce the cost and energy significantly. Thus, the concentrated CO2 can be utilized for various targeted 

applications with relatively less expenditure on its capture, for instance reforming reactions.
16-19

 

      Chemical looping combustion (CLC) is one of the emerging novel techniques with inherent 

tendency to separate CO2 from a flue gas after combustion of fossil fuels for the low-cost CO2-

sequestration.
20-24

 CLC is a type of indirect oxy-fuel combustion process in which, oxygen is supplied 

by solid material for instance metal oxides, which is referred as Oxygen Carrier. Preliminary techno-

economic assessments suggested that CLC holds a great promise for combustion processes, having the 

potential for achieving an efficient and low-cost CO2 separation from the flue gas.
25-27

 CLC was 

initially explored to increase the thermal efficiency in the power generation units, however, later 

identified with inherent advantages of CO2 separation, which consumes solely less energy compared to 

that of conventional CO2-sequestration
 28-31

 CLC has potential for different applications, for instance 

clean energy generation or clean combustion, reforming,
16-19

 hydrogen production,
32,33

 etc. Moreover, 

Page 3 of 23 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



4 

 

CLC has recently become promising technique for the combustion of solid fuels, for instance coal with 

significant advancements in coal gasification.
34-36

 

          Considerable efforts have been devoted in the last few years towards the search of CLC materials 

in terms of the cost, performance, stability, etc. Considering the higher operational temperature as well 

as attrition-resistance requirements, CLC materials should have essentially higher mechanical strength 

to maintain the continuous and long-term CLC performance. Metal oxides of Cu, Mn, Fe, Co, and Ni 

have been widely explored for the CLC applications owing to their favorable reductive/oxidative 

thermodynamics.
21,22,31,37 

Various studies on the feasibility of these metal oxides suggest that individual 

metal oxides have certain practical limitations, thereby restricting their applicability towards the CLC 

applications
38-45 

For instance, Ni-based oxides showed the poor multi-cycle performance, carbon 

formation etc. that restrict their application towards CLC.
40  

Fe-based oxides possess the lower oxygen 

carrying capacity due to their slower reduction kinetics.
43 

Mn-based oxides showed the poor 

performance due to their low reactivity with the fuels.
41,44 

The lower operating temperature of Cu-based 

oxides hinders their utilization as oxygen carriers towards CLC due to the low melting point of 

Cu.
38,39,42

 Although, the above mentioned individual oxides have the limitations towards the CLC 

applications, however, they have certain advantages in terms of their physical and chemical properties 

and therefore, should be exploited for the CLC applications, especially in mixed oxide forms. Thus, it 

can be anticipated that mixed phases of these metal oxides may yield the better, stable CLC 

performance compared to that of individual oxides owing to the changes in their physicochemical and 

thermodynamic properties.
46-48

 

The oxides of Cu and Mn are of particular interest due to their capability of the formation of 

various reductive-oxidative couples. Cu-oxides (e.g., CuO) possess the higher oxygen carrying 

capacity,
49

 CO2-selectivity, and both the oxidation and reduction processes of CuO are highly 

exothermic and thereby avoiding the need of heat supply during reduction process.
50

 Moreover, Cu-

oxides are relatively cheaper than most of the metal oxides, which can be used for CLC applications. 

Mn-based oxides have also been investigated for CLC in recent years, considering its low cost, less 

toxicity and favorable thermodynamic properties. Mn in the form of metal oxides usually possess the 

oxidation states of +2, +3, +2/+3, and +4 in the compounds of MnO, Mn2O3, Mn3O4, and MnO2.
51

 The 

highly oxidized manganese compound, MnO2, decomposes at about 500 °C, whereas the phase 

transformation from Mn2O3 to Mn3O4, which could be observed at 900 °C is of interest for CLC 
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applications.
31,51

 Mn2O3/Mn3O4 couple has the equilibrium pressure of oxygen at 899 °C, which is 

equal to that of the partial pressure of oxygen in air. Thus, it releases oxygen by chemical–looping 

combustion with oxygen uncoupling mechanism, thereby increasing the efficiency of the fuel 

combustion in fuel reactor.
31,51

 Therefore, long-term as well as enhanced CLC performance can be 

anticipated from the mixed oxides of Cu and Mn due to their unique properties by means of the oxygen 

storage of Cu-oxides and the thermal stability of Mn-oxides. Azad et al. reported that Cu-Mn-O spinel 

system and showed multi-cycle CLC performance towards CH4 at 850 °C with maximum combustion 

efficiency as well as better reproducibility.
51

 

         In this study, the mixed copper and manganese oxides, CuMn2O4 in pure form were synthesized 

by co-precipitation method followed by annealing using Cu- and Mn nitrates. The formation of Cu-Mn-

O phase was examined by powder X-ray diffraction (pXRD) technique at various annealing 

temperatures. Temperature controlled pXRD experiments were performed over CuMn2O4 to elucidate 

the changes in their lattice at elevated temperatures. The morphology of CuMn2O4 was observed by 

field emission scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM). 

The CLC performance of CuMn2O4 was evaluated using CH4 as a fuel gas. The structures as well as the 

morphology of CuMn2O4 at the intermediate stages during CH4 combustion as well as the products 

after the removal of oxygen was examined by pXRD, FE-SEM, and TEM. The thermally induced, 

spontaneous desorption of oxygen and chemically forced reduction of CuMn2O4 were examined by 

temperature programmed desorption of oxygen (O2-TPD) and reduction by H2 (H2-TPR), respectively. 

Multi-cycle CLC performance of CuMn2O4 was examined both in terms of the CH4 combustion 

efficiency as well as the oxygen carrying capacity. CO2-selectivity of CuMn2O4 was examined by 

monitoring of the formation of CO2 and CO as shown in the Scheme 1.      

Scheme 1. Schematic representation of multi-cycle performance and CO2-selectivity of CuMn2O4 for 

CLC reaction using methane as a fuel.  
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Experimental  

Materials 

            Copper (II) nitrate trihydrate (99%), manganese (II) nitrate tetrahydrate (98.5%) and sodium 

carbonate (99.9%) were purchased from Merck India Ltd. All the chemicals were of analytical grade 

and used without further purification. The stock solution of 1 M Na2CO3 was prepared and stored for 

the co-precipitation of Cu- and Mn nitrates. The water used for the synthesis was purified using Elix 

Millipore system (BM2HA89061). 

 

Synthesis of copper-manganese mixed oxides 

          Copper-manganese-based mixed oxides were prepared by co-precipitation method. Copper (II) 

nitrate trihydrate (0.015 mol, 3.5617 g) and manganese (II) nitrate tetrahydrate (0.03 mol, 7.3968 g) 

were dissolved each in 120 mL of distilled water separately. The aqueous solutions of copper nitrate 

were slowly added into the aqueous solutions of manganese nitrate under stirring. pH
 
of the mixed 

nitrate solution was observed between 3 and 4. The aqueous solutions of these metal nitrates were 

heated and maintained at 80 °C till the completion of precipitation. The aqueous solution of Na2CO3 (1 

M) was then added drop wise slowly to the aqueous solution of the mixed salts under constant stirring 

in order to co-precipitate the copper and manganese nitrates. The blue color of the mixed salts solution 

changed gradually into blackish brown, which ensures the precipitation of the metal nitrates. pH of the 

solution was thus turned from acidic to basic condition and maintained at pH 8 for the complete 

precipitation. The precipitate was left in the basic medium for 1 h without stirring and then filtered, 

followed by washing with distilled water. The precipitate was then dried at 120 °C for 15 h and 

annealed at 500, 600, 750, and 900 °C for 6 h.   

Characterization 

pXRD analysis of the samples was performed for the structural characterization in 2θ range 

between 10 and 80º using X-ray diffractometer (Rigaku: Miniflex-II-DD34863) using CuKα radiation 

(λ = 0.15418 nm) operated at 30 kV and 15 mA at a scan rate of 1° min
-1

. Temperature controlled 

pXRD analysis of the samples was carried out using X-ray diffractometer (Rigaku: Ultima IV) using 

CuKα radiation operated at 30 kV and 40 mA to study the lattice strains. The samples were heated from 

30 to 750 °C at the ramping rate of 10° min
-1

 under the flow of N2 and periodically recorded the pXRD 
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profiles at various temperatures, where the partial pressure of oxygen, p(O2), as residual impurity was 

estimated in the pXRD sampling compartment to be 0.15 %. The material was then cooled down to 

room temperature in the presence of air and pXRD profile was again recorded at 50 and 25 °C. FE-

SEM observation of the samples was carried out using JEOL instrument (JSM-6340F) operated at the 

acceleration voltage of 10.0 kV to observe the morphology of the samples. TEM observation of the 

samples was carried out using JEOL JEM-1400 instrument operated at the acceleration voltage of 120 

kV. The samples were dispersed in methanol and carefully dropped on carbon coated Cu-grids. O2-

TPD and H2-TPR of the samples were measured using a BEL-CAT instrument (BEL-CAT, BEL 

Japan). The instrument was equipped with a thermal conductivity detector (TCD) to estimate the 

changes in the concentration of O2 and H2 in the gas streams. For both O2-TPD and H2-TPR 

experiments, the flow rate of a gas stream and temperature ramping rate was maintained at 30 mL min
-1

 

and 10 ºC min
-1

, respectively. For O2-TPD analysis, the sample was pretreated at 400 °C in the 

presence of air stream for 30 min followed by cooling down to 50 
o
C. The temperature of the sample 

then increased up to 950 
o
C in the presence of He. For H2-TPR analysis, the samples were pretreated in 

air stream at 200 C for 2 h followed by cooling down to 50 °C. The samples were then heated up to 

700 °C in the presence of N2- balanced H2 (5%) stream. 

Evaluation for oxygen carrying capacity 

            The CLC performance of the samples was evaluated in a fixed-bed, quartz reactor equipped 

with a thermocouple in contact with the sample bed and using 2.5 and 5 % of CH4 as fuel balanced 

with He. Prior to the evaluation, the powdered form of the samples were made into the small pellets 

and then rubbed on the sieve having the mesh size of 1 mm to yield homogeneous granular samples. 1 

g of the granular samples was sandwiched between quartz wool inside the quartz column and the 

temperature was controlled using a temperature-controlled tubular furnace. The experimental set up 

consisted of mass flow controllers (Alborg, USA), gas chromatograph (Shimadzu GC-2014) and a 

mixing chamber. The samples were pre-treated at 200 °C for 30 min in prior to the CLC evaluation 

under the He environment to remove any pre-adsorbed impurities and the residual air. The samples 

were then heated to 750 °C and 2.5 or 5 % of CH4 balanced with He was subjected through the samples 

at a flow rate of 10 mL min
-1

. Pure CH4 was not intentionally used for the CLC evaluation owing to get 

sufficient break through time, which can eliminate the possible measurement errors in break-through 

curves. The effluent stream from the reactor containing various gas components was continuously 
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analyzed by an online gas chromatograph equipped with a thermal conductivity detector using 

porapack Q (Supelco, Product Code - 12469) and the molecular sieve 5A (Restek, product code – 

80473-850) columns. Multi-cycle CLC performance of the samples was further investigated by 

repeating the reduction and re-oxidation cycles. Prior to the multi-cycle CLC performance, the reduced 

copper and manganese samples were re-oxidized in the presence of air for 1 h at 750 °C. The residual 

air was removed by flushing of He gas in the reactor. Four consecutive reduction and re-oxidation 

cycles were performed to evaluate multi-cycle CLC performance. The oxygen carrying capacity of the 

samples was evaluated by the sum of the oxygen is required for methane conversion, which was 

calculated by the ratio of the total and un-reacted CH4 per sampling time, 1.5 min.  

Results and discussion 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. pXRD profiles for the precipitate obtained from Cu- and Mn-nitrates and the products 

obtained after annealing at various temperatures. The simulated XRD lines for pure CuMn2O4 are 

shown as reference. 

 The formation of mixed oxides of Cu and Mn was examined by annealing of the precipitate that 

was obtained from the co-precipitation of Cu- and Mn nitrates followed by oven drying. Figure 1 

represents the pXRD profiles of the precipitate and the products obtained at various annealing 

temperatures. The precipitate showed the characteristic sharp peaks at 24.2°, 31.3°, 37.5°, 41.4°, 45.1°, 

51.6°, 60.1°,63.8°, and 67.7° for the reflection planes of (012), (104), (110), (113), (202), (116), (122), 
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(214), and (300) respectively, which correspond to MnCO3 (R3
_

c, a = b = 0.47 nm; c = 1.56 nm). In 

addition, the precipitate also showed the broad peaks at 35.5° and 38.7° for the reflection planes of (11

1
_

) and (111) respectively, which correspond to CuO (C2/c, a = 0.46 nm; b = 0.34 nm; c = 0.51 nm). 

The co-precipitation of Cu- and Mn nitrates using Na2CO3 followed by oven drying yielded the 

physical mixture of MnCO3 and CuO. In addition to the characteristic peaks of CuO, the products 

obtained after annealing at 500 °C showed the characteristic peaks at 23.1°, 32.9°, 38.2°, 55.1°, and 

65.7° for the reflection planes of (211), (222), (400), (440), and (622) respectively, which correspond to 

Mn2O3 (Ia3
_

, a =  b = c = 0.94 nm). Also, the characteristic peaks at 18.1°, 28.7°, 30.8°, 31.1°, 31.5°, 

31.8°, 36.3, 38.2, 47.8, 57.9, and 66.1 for the reflection planes of (200), (111), (201), (020), (3
_

11), (2
_

20), (2
_

21), (4
_

21), (421) and (2
_

23) respectively, corresponding to Mn5O8 (C2/m, a = 1.03 nm; b = 0.57 

nm; c = 0.48 nm) were also obtained. The precipitate annealed at 600 °C formed solely the physical 

mixture of Mn2O3 and CuO. MnCO3 in the precipitate was decomposed into Mn2O3 and Mn5O8 at 500 

°C and solely into Mn2O3 at 600 °C. The precipitate annealed at 750 °C showed the characteristic peaks 

for Mn2O3 and the mixed oxides of Cu and Mn, CuMn2O4 (Fd3
_

m, a = b = c = 0.83 nm) as observed at 

18.4°, 30.3°, 35.7°, 37.3°, 43.4°,53.8°, 57.4°, 63°, and 74.6° for the reflection planes of (111), (220), 

(311), (222), (400), (422), (511), (440), and (533) respectively. These results infer that the solid-state 

reaction between Mn2O3 and CuO were occurred at 750 °C and therefore Cu-Mn-O phase (CuMn2O4) 

was formed. The products obtained after annealing the precipitate at 900 °C showed solely the 

characteristic peaks for CuMn2O4 (designated hereafter as CM).
52

 These results suggest that the 

physical mixture of Cu- and Mn oxides were formed from the precipitate between 500° and 600 °C and 

the mixed oxides were obtained through solid-state reaction at 750 °C. CuMn2O4 phase was achieved 

without forming any by-products or impurities at 900 °C from the precipitate of Cu- and Mn-nitrates.  

 Figure 2a shows the FE-SEM image of CM having the particles of various sizes and shapes 

including octahedral structures. The particle size of CM is of the order of several micrometers due to 

the agglomeration of the particles at higher synthesis temperature. In addition, the tubular structures 

were also formed on the dense surfaces of CM marked as arrows in the image. The TEM image of CM 

shows the tubular structure having several hundreds of nm in length and ~70 nm in diameter (Figure 

2b). The thickness of the wall of CM ranged between 10 and 15 nm. 
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Figure 2. FE-SEM (a) and TEM (b) images of CuMn2O4. 

  Temperature controlled pXRD analysis of CM was performed at various temperatures in order 

to understand the changes in the lattice at elevated temperatures. It has been reported that the lattice of 

oxide materials would induce the strains in their lattice, which is strongly dependent on the 

temperatures.
53,54

 Therefore, the dependence of lattice constant of CM at various temperatures would 

give the essential information about the possibility to utilize them for CLC reaction. CM was heated 

from room temperature to 750 °C in the presence of N2 and performed pXRD analysis periodically to 

observe the changes in the lattice. Figure 3a shows the pXRD profiles at various temperatures in the 

presence of N2 and air. CM showed a characteristic peak at 35.7° for the reflection plane of (311), 

which was shifted progressively to the lower diffraction angles with increasing temperature and 

observed at 35.2° at 750 °C in the presence of N2. Interestingly, the peak position of the reflection 

plane of (311) was retained virtually when CM was cooled down to 25 °C in the presence of air. These 

results indicate that the lattice of CM is most likely altered upon heating and cooling of CM in the 

presence of N2 and air. It was ensured, however, that the structure of CM was not decomposed upon 

heating in the presence of N2, as shown in the supporting information (Figure S1). As can be seen in 

more detail in Figure 3b, the lattice constant  of CM (a = 0.8317 nm at 30 °C) was gradually increased 
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with increasing of temperature up to 300 °C and then steeply increased between 300 and 400 °C. The 

lattice constant further increased progressively with increasing of temperature and reached to 0.8450 

nm at 750 °C. The lattice constant was virtually retained again to their original value upon cooled down 

to room temperature in the presence of air. The observed trend is consistent with the reported results of 

mixed oxides.
55

 It has been reported that CuMn2O4 exists two ionic configurations of 

Cu
+
[Mn

3+
Mn

4+
]O4 and Cu

2+
[Mn

3+
2]O4 as low and high temperature ionic configuration, respectively.

56
 

The transformation of low-temperature ionic configuration in to the high-temperature ionic 

configuration can be observed at 328 
o
C, which may likely induce the changes in the lattice of CM.  

The steep enhancement in the lattice constant between 300 and 400 may be ascribable the change from 

low-temperature to high temperature ionic configuration upon heating.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (a) Temperature controlled pXRD profiles of CuMn2O4 at various temperatures in the 

presence of N2 and air (b) The dependence of lattice constant of CuMn2O4 as a function of temperature. 

CuMn2O4 was heated in the presence of N2 (closed circle) up to 750 °C and cooled down to 25 °C in 

the presence of air (open circle). 
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  The redox behavior of CM is an important property to discuss its CLC performance. Therefore, 

the thermally induced, spontaneous desorption of oxygen and chemically forced reduction were 

examined by O2-TPD and H2-TPR, respectively (Figure 4). The O2-TPD profile (Figure 4a) shows two 

desorption peaks at 555 and 765 
o
C with desorption amounts of 0.061 and 0.295 mol-O2 mol-CM

-1
, 

respectively. CM after O2-TPD experiments was analyzed by pXRD that showed a mixture of Mn3O4 

and CuMnO2 (Figure S2), and therefore the following reaction was most likely occurred during the 

desorption of oxygen from CM; CuMn2O4   CuMnO2 + 1/3Mn3O4 + 1/3 O2. According to the 

reaction, the amount of desorbed oxygen is to be 0.33 mol-O2 mol-CM
-1

, which is reasonably closer to 

the sum of two desorption peaks (0.356 mol-O2 mol-CM
-1

). The reason, why two desorption peaks 

were observed is not clear, however,  one possibility is that nano-tubular and well-crystallized CM may 

get decomposed at lower and higher temperature, respectively (Figure 2). Overall, TPD results indicate 

tendency of CM to loose oxygen at higher temperatures. 

 

 

 

 

 

 

 

 

 

 

                                Figure 4. O2-TPD (a) and H2-TPR (b) profiles of CuMn2O4. 

 H2-TPR experiments were also performed over CM to investigate their reduction behavior 

(Figure 4b). CM showed a characteristic peak with high intensity in the region of 250 and 500°C 
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centered at 440 °C due to the reduction of oxygen released from CM. The consumption of H2 was 

calculated by the integration of the peak is to be 2.2 mol-H2 g
-1

, which is reasonably closer to the 

stoichiometry of the reduction reaction of CM; CuMn2O4 + 2 H2  Cu(0) + 2MnO + 2 H2O. The 

formation of metallic Cu and MnO as the final products was confirmed after reduction of CM by 

methane through CLC reaction (see Figure 6 for the details).   

 

 

 

 

 

 

 

 

Figure 5. The CH4 combustion efficiency of CuMn2O4 as a function of time. 

The CH4 combustion efficiency of CM was evaluated through combustion reaction at 750 °C 

using a fixed bed reactor. The oxygen from CM as oxygen carrier reacts with CH4 to form pure CO2. 

Figure 5 represents the CH4 combustion efficiency as a function of time. Approximately 70% of the 

CH4 combustion efficiency was achieved solely up to 40 min by CM at the earlier stages. 100% CH4 

combustion efficiency, however, was not realized due to the higher quantity of CH4 in the stream or 

relatively insufficient amounts of CM material to release more oxygen. The un-reacted CH4 was 

confirmed in the effluent stream from the outlet of the reactor, as shown in the supporting information 

(Figure S3). Interestingly, 100% CH4 combustion efficiency was realized when the concentration of 

CH4 in the stream reduced into half (2.5 %) of their original concentration (Figure S4).  It should be 

noted that the CH4 combustion efficiency increased steadily with increasing time and reached up to 

80% at 54 min. The enhancement in the CH4 combustion efficiency after 40 min was due to the 

formation of intermediates of CuMnO2 (Figure S5) of CM which can likely release the oxygen more 

effectively at 750 °C. The CH4 combustion efficiency decreased progressively at the later stages with 

increasing time and reached virtually 0% at 150 min due to the exhaustion of reactive oxygen from 

CM, i.e., CM become reduced phase under the present reaction condition (designated as CMR).  
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Figure 6. pXRD profiles for the intermediate products at 80 min and the reduced products of CH4 

combustion reaction on CuMn2O4. Mn3O4 ( ), Cu ( ), MnO ( ), Cu2O ( ). 

  pXRD analysis were performed further to identify the structures of CM at the intermediate 

stages at 20 (Figure S5) and 80 min and CMR. The CH4 combustion reaction was intentionally 

terminated at 80 min and the materials were recovered to perform pXRD analysis to identify the 

intermediate products. Figure 6 shows the pXRD profiles for the intermediate products at 80 min and 

CMR. The pXRD profile for the intermediate products showed the characteristic peaks for the oxides 

of Cu and Mn as well as Cu-metal. The intermediate products showed the characteristic peaks at 18°, 

28.9°, 31°, 32.3°, 36°, 36.4°, 44.4°, 50.7°, 58.5°, 59.8°, 64.6°, and 74.1° for the reflection planes of 

(101), (112), (200),(103), (211), (202), (220), (105), (321), (224), (400), and (413) respectively, which 

correspond to Mn3O4 (I41/amd, a = b = 0.57 nm; c = 0.94 nm) and also showed the characteristic peaks 

for Cu2O (Pn3
_

m,  a = b = c = 0.42 nm) observed at 29.6°,36.5°, 42.4°, and 61.5° for the reflection 

planes of (110), (111), (200), and (220) respectively. Moreover, the intermediate products showed the 

characteristic peaks at 34.9°, 40.5°, and 58.6° for the reflection planes of (111), (200), and (220) 

respectively, which correspond to MnO (Fm3
_

m, a = b = c = 0.44 nm). The characteristic reflection 

peaks for Cu-metal (Fm3
_

m, a = b = c = 0.36 nm)was also observed from the intermediate products at 

43.2°, 50.4°, and 74.1° for the reflection planes of (111), (200), and (220) respectively. pXRD analysis 

of CMR revealed the characteristic sharp reflection peaks for MnO and Cu-metal, indicating that MnO 

and Cu-metal  are the final products after releasing of oxygen from CM. It should be noted that MnO 
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was not reduced further to form Mn-metal due to the thermodynamic limitations. MnO is a very stable 

phase having higher free energy of formation (∆Gf) of 104 Kcal mole
-1

. This is a distinct advantage of 

present Cu-Mn based oxygen carrier, since MnO can provide structural stability to the reduced CMR 

phase, as many single metal oxide based oxygen carriers show inferior structural stability on reduction 

to metallic state. Therefore, pXRD results at various stages of the CLC reaction suggest that CM was 

reduced in to CuMnO2 and Mn3O4 during the earlier stage of CLC through the reaction of CuMn2O4  

CuMnO2 + 1/3Mn3O4 + 1/3 O2. However, a mixture of CuMnO2 and Mn3O4 was reduced further in to 

MnO and Cu(0)
  
through the reaction of CuMnO2 + 1/3Mn3O4  Cu(0) + MnO + 2/3 O2  in the later 

stage of CLC.  The consumption of oxygen during the initial stage of methane combustion (up to 40 

min) was about one third of the total consumption (Figure 5). Therefore, an increase in CH4 

combustion efficiency after 40 min is most likely due to the decomposition of CuMnO2 that formed 

metallic Cu and MnO. 

            

 

 

 

 

 

 

 

 

Figure 7.  FE-SEM images of the intermediate products at 80 min (a) and the reduced products (c). 

TEM images of the intermediate products at 80 min (b) and the reduced products (d). 

FE-SEM observation over CMR-80, samples recovered at 80 min of reduction and CMR after 

four successive reduction and re-oxidation cycles was performed to study the changes in their 

morphology. The large-sized particles of CM (Figure 2a) were decomposed after 80 min of reduction 

due to the decomposition of CM into the metal oxides and metal as shown in Figure 7a. The dense 

surface of the materials can also be observed due to the incomplete reduction (i.e., removal of reactive 

oxygen) at 80 min. The TEM image of CMR-80 showed the particles having tubular and semi-spherical 

structures (Figure 7b). The long tubular structure of CM (Figure 2b) is decomposed into the small 

tubular and semi-spherical structures. Figure 7c shows the FE-SEM image of CMR after complete 
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removal of reactive oxygen from CM. The dense and smooth surface of CM was almost completely 

changed due to the removal of reactive oxygen and the particles of CM were agglomerated at 750 °C. 

Figure 7d shows the TEM image of CMR. The dense surfaces of CM were further decomposed in to 

spherical shaped particles as a result of the complete removal of reactive oxygen. The tubular structure 

was no longer observed due to the complete decomposition of CM.  

         

                                         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Multi-cycle performance of CuMn2O4. (a) CH4 combustion efficiency as a function of cycles 

(n) at two different time interval of 30 min ( ) and 75 min ( ). (b) oxygen carrying capacity as a 

function of cycles (n). 

 Multi-cycle CLC performance was examined for CM material, which is one of the essential 

requirements to realize the practical CLC materials. CMR was re-oxidized in the presence of air at 750 

°C (designated as CMO hereafter). The formation of Cu-Mn-O phase of CuMn2O4 and the 

morphological structures of CMO after re-oxidation were confirmed by pXRD analysis and FE-SEM 

(Figure S6). The pXRD pattern of CMO (Figure S6a) was virtually consistent with that of CM 

(CuMn2O4), confirming the regeneration of CM by the air treatment at 750 
o
C. Multi-cycle CLC 
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performance of CM was evaluated in terms of the CH4 combustion efficiency as well as the oxygen 

carrying capacity. CM was subjected to four successive reduction and re-oxidation cycles and both the 

CH4 combustion efficiency (Figure S7) and the oxygen carrying capacity were estimated at 750 °C 

using 5% CH4 as fuel. The observed CH4 combustion efficiency trends are virtually same indicating 

their inherent behavior of CM. Figure 8a shows the CH4 combustion efficiency at 30 min and 75 min 

as a function of number of cycles, which showed the constant and the stable CLC performance. The 

CH4 combustion efficiency of CM is estimated to be 67% and 80% at 30 and 75 min, respectively for 

1
st
 cycle, which is retaining almost the same efficiency for the successive cycles at any tested time. The 

oxygen carrying capacity of CM for 1
st
 cycle was also estimated to be 107.79 mg g

-1
 which is again 

retaining almost the same capacity for the successive cycles within the error limit as shown in Figure 

8b. The calculated average oxygen carrying capacity of CM is to be 114 mg g
-1

 which is approximately 

85% of the theoretical oxygen carrying capacity (134.9 mg g
-1

) of the CLC reaction of CM.  The small 

loss of oxygen carrying capacity than that of its theoretical value is due to likely the removal of reactive 

oxygen from CM during heating of CM up to 750 
o
C before methane combustion reaction. It should be 

noted that the oxides of Cu and Mn release oxygen through chemical–looping combustion with oxygen 

uncoupling mechanism.
[51]

 Unambiguously, these results suggest that CM possesses the stable CLC 

performance and shows good potential as a practical material for the CLC applications.    

 

                            

             

 

 

 

 

 

 

 

               

Figure 9. The dependence of the formation of CO and CO2 of methane combustion reaction on 

CuMn2O4. 
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 The formation of pure CO2 from oxygen carrier is one of the essential requirements to realize 

them as practical oxygen carrier for the CLC applications. Therefore, the selectivity of CM towards the 

formation of CO and CO2 was also examined during CH4 combustion reaction. Figure 9 represents the 

selectivity of CM towards the formation of CO and CO2 as a function of time. CO2 was formed solely 

from CM with increasing of reaction time. It should be noted that the trend for CO2 formation of CM is 

consistent with the CH4 combustion efficiency trend (Figure 5). Surprisingly, no CO, which is one of 

the possible toxic by-products was formed during CH4 combustion reaction as shown in the Figure 9. 

These results suggest that CM possesses high selectivity towards the formation of CO2 upon CH4 

combustion reaction.  

 

Conclusion 

The mixed oxide of Cu and Mn, CuMn2O4, was prepared through co-precipitation method 

followed by annealing at 900 °C using the nitrate salts of Cu and Mn as the precursors. CuMn2O4 

showed high activity towards methane combustion reaction. The lattice constant of CuMn2O4 increased 

significantly with increasing temperature, however, can be virtually retained after re-oxidation of 

reduced-CuMn2O4. CuMn2O4 was partially reduced into Mn3O4 and Cu2O phases at the intermediate 

stages and further reduced into metallic Cu and MnO upon complete removal of reactive oxygen. The 

dense solid surface of CuMn2O4 was decomposed into small-sized particles due to the removal of 

oxygen and further agglomerated at elevated temperatures. The reduced CuMn2O4 phase containing Cu 

and MnO can be readily reinstated by treating at 750 °C in the presence of air. CuMn2O4 showed the 

stable multi-cycle CLC performance in which, the methane combustion efficiency is not altered with 

increasing of CLC cycles at any tested time. No significant changes in the oxygen carrying capacity of 

CuMn2O4 were observed with increasing of CLC cycles. Moreover, CuMn2O4 showed the product 

selectivity towards CO2 formation. Pure CO2 was solely formed during methane combustion reaction of 

CuMn2O4. CuMn2O4 may be utilized as the practical materials for CLC applications. Formation of 

thermodynamically stable MnO phase on reduction of CuMn2O4 under CLC conditions with its 

chemical compatibility to Cu metal to get re-oxidized in to original phase, as well high reactivity with 

methane makes this binary oxide system very potential for CLC applications. 
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Electronic Supplementary Information (ESI) available: [Temperature-controlled pXRD profiles of 

CuMn2O4; pXRD profile of CuMn2O4 after O2-TPD experiments; Time dependence of un-reacted 

methane in the effluent stream of the outlet of the reactor; CH4 combustion efficiency for CuMn2O4 at 

the concentration of 2.5 % of CH4; pXRD profile of the intermediate product at 20 min; pXRD profile 

and FE-SEM images of re-oxidized CuMn2O4; Multi-cycle CH4 combustion performance of 

CuMn2O4.]. See DOI: 10.1039/b000000x/  
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Mixed oxides of Cu and Mn (CuMn2O4) showed stable, multi-cycle performance and CO2-selectivity 

for chemical looping combustion reaction. 
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