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A B S T R A C T   

The self-sustained catalytic combustion is one of the most effective ways to remove high concentration CO at low 
temperature. In this paper, Cu2O micro/nanocrystals with different morphologies were successfully synthesized 
by changing the precursor concentration using liquid phase reduction method. The obtained Cu2O were char
acterized using SEM, XRD, XPS, H2-TPR and O2-TPD, and the relationship between the catalytic performance and 
morphology was analyzed based on CO-TPD-MS and activity evaluation results. It was found that high precursor 
concentration leads to more exposure of active crystal planes of Cu2O. Compared with Cu2O-1 exposing only 
(100) crystal planes, Cu2O-5, the precursor concentration of which is 5 times of Cu2O-1, exposes (100) and 
(110) crystal planes. Cu2O-9, with 9 times of precursor concentration of Cu2O-1, exposes (100), (110) and 
(111) crystal planes simultaneously. All the obtained Cu2O with different precursor concentrations can achieve 
self-sustained CO catalytic combustion, and the catalytic activity increases with increasing precursor concen
tration (Cu2O-1 < Cu2O-5 < Cu2O-9). The results prove that unsaturated coordination of Cu and O on the (111) 
and (110) planes can enhance the corresponding reducibility, adsorption and activation of gaseous oxygen, 
consequently promoting the CO oxidation to CO2 over Cu2O-9.   

1. Introduction 

A large amount of converter exhaust gas (CO ≤ 35%, O2 ≥ 2%) 
produced in the process of steel-making with industrial converter which 
does not meet the recovery standard, is often discharged into atmo
sphere by methane combustion in the exhaust tower. The released gas 
accounts for about 20% of the total gas volume and consumes 1.3 
million m3 of CH4 per year, leading to serious energy waste and envi
ronmental pollution. According to the characteristics of discharged gas, 
such as intermittent, periodic, great fluctuation of concentration and 
flow, self-sustained catalytic combustion technology has been adopted 
by our research group to achieve efficient removal of high concentration 
of CO at low temperature in the released gas. CO can maintain the 
sustainable combustion on the catalyst surface with complete conver
sion when the heat released from the reaction itself is greater than the 
heat emission of the reactor. The CO combustion over the catalyst is 
flameless, and the risk of explosion caused by flame propagation can be 

avoided. Furthermore, the heat from CO self-sustained catalytic com
bustion can be recovered. Therefore, the self-sustained catalytic com
bustion has become a highly competitive technology for CO removal 
with industrial application potential, owing to the advantages of high 
conversion rate and energy utilization rate, low initial investment and 
high economic benefit [1–4]. 

The catalyst is the key factor for the self-sustained catalytic com
bustion technology [1,5]. Our previous results of in situ infrared ex
periments confirmed that Cu (I) is the main site for CO adsorption in the 
process of CO oxidation on Cu based catalysts [3]. Cu2O micro/nano
crystalline possesses a large number of binding sites for CO adsorption 
due to the exposure of Cu (I) providing 4s1 empty orbit on its surface 
[6]. Hua et al. [7] found that the distribution and arrangement of atoms 
on the different Cu2O crystal plane are also different, which plays an 
important role in the catalytic activity. Zhang et al. [8] further found 
that the contribution of the crystal plane exposed at the surface, edge 
and corner positions in the CO catalytic oxidation varies with the 
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particle size of Cu2O crystals. Cu2O micro/nanocrystal can be synthe
sized by many methods, including solid phase method, liquid phase 
method [9–11] and electroreduction method [12]. Among them, the 
liquid phase reduction method is widely used because of the regular 
morphology, uniform particle size, high crystallinity and good disper
sion of Cu2O. The process of preparing Cu2O by liquid-phase reduction 
method can be simplified as follows. Precipitant is added into Cu (II) 
solution at a specific temperature to precipitate Cu (II) in the form of Cu 
(OH)2. After a period of reaction, a weak reducing agent is added to 
reduce Cu(OH)2 to Cu2O [9]. In this process, the different concentration 
of precursor in the reaction system may influence the morphology, 
crystal structure, surface chemical properties and catalytic performance 
of Cu2O [13]. However, there is no relevant literature report on this 
aspect. 

In this study, Cu2O-1, Cu2O-5 and Cu2O-9 catalysts were prepared by 
controlling the precursor concentration with liquid phase reduction 
method. The activities of the catalysts were investigated by CO self- 
sustained catalytic combustion. SEM, XRD, XPS, H2-TPR, O2-TPD and 
CO-TPD-MS were used to characterize and analyze the morphology, 
crystal structure, chemical states, reduction ability and oxygen species. 
Furthermore, reaction pathways on the different planes of Cu2O were 
proposed. This study will provide experimental data for the self- 
sustained catalytic combustion technology to control the converter 
exhaust gas. 

2. Experimental section 

2.1. Catalyst preparation 

The CuCl2⋅2H2O, NaOH and ascorbic acid were obtained from 
Sinopharm Chemical Reagent Co. (China). All reagents as analytical 
grade were used directly without further purification, and an ultrapure 
water (18.25 MΩ) was used throughout the study. The procedure for the 
preparation of Cu2O micro/nanocrystals is illustrated in Fig. 1. 
CuCl2⋅2H2O (1.7 g, 0.01 mol) was first dissolved in 1.2 L ultrapure water 
(18.25 MΩ). After stirring the resulted solution for 30 min at 55 ◦C, 
NaOH (8.0 g, 0.2 mol) and ascorbic acid (10.6 g, 0.06 mol) was added 
into the solution, and the addition of both is as 30 min intervals. Then 
the mixture was stirred for 5 h at 55 ◦C. The brick-red color solid pre
cipitate was gradually formed in the liquid phase reaction system. When 
the reaction was finished, the precipitates were washed with ultrapure 
water until the solution was neutral, and then were dried in vacuum at 
60 ◦C for 12 h to prepare fresh Cu2O-1 micro/nanocrystals [7]. Cu2O 
micro/nanocrystals prepared under different precursor concentrations 
are represented by Cu2O-x, where x is the precursor concentration. With 
increasing the addition of CuCl2⋅2H2O, NaOH and ascorbic acid to 5 
times and 9 times, the obtained catalysts were recorded as Cu2O-5 and 
Cu2O-9, respectively. 

2.2. Characterization 

The morphology of catalysts was observed with a field-emission 
scanning electron microscope (SEM, Hitachi S4800) at the 

accelerating voltage of 30 kV. X-ray powder diffraction (XRD) mea
surements were performed with a Rigaku D/MAC/max 2500 v/pc 
diffractometer using the Cu Kα radiations (λ = 1.54059 Å) (X-ray tube 
was operated at 40 kV and 40 mA) in the 2θ range at room temperature 
with a scanning step size of 0.02◦. XRD data were analyzed by the 
HighScore Plus program to identify XRD patterns according to JCPDS 
data base. The chemical state and surface components of the catalysts 
was analyzed by X-ray photoelectron spectroscopy (XPS) on a Perkin- 
Elmer PHI-1600 using Mg Kα excitation. The reference binding energy 
was chosen to match the C1s binding energy of electrons in alkyl group 
equal to 284.8 eV with the accuracy of the peak position at 0.2 eV. 
Temperature programmed reduction of hydrogen (H2-TPR) and tem
perature programmed desorption of oxygen (O2-TPD) were carried out 
on a TP5080B chemisorption analyzer. With respect to H2-TPR, each 
sample (15 mg) was first treated at 300 ◦C for 30 min in N2 and cooled to 
room temperature in the same atmosphere, then swept with 5% H2/Ar 
mixture (30 mL/min) until the base line on the recorder remained un
changed. Finally, the sample was heated at a rate of 10 ◦C/min to record 
the TPR spectra. For O2-TPD, each sample (50 mg) was heated in a N2 
flow of 30 mL/min and maintained at 300 ◦C for 30 min. After that, an 
O2 flow of 30 mL/min was switched to purge the sample for 30 min. 
Finally, the O2-TPD experiment was carried out at a heating rate of 15 
◦C/min. The temperature-programmed desorption of CO (CO-TPD-MS) 
was performed on the same apparatus as that in H2-TPR and O2-TPD, 
coupling with a quadrupole mass spectrometer (Pfeiffer PrismaPlus). 
High purity CO was adsorbed on the sample for 30 min at room tem
perature and then was exposed to N2. After the baseline was stable, the 
reactor was heated at a rate of 10 ◦C/min until reaching 600 ◦C and the 
TPD spectra were taken with the mass spectrometer. 

2.3. Catalytic activity test 

The catalytic activity was evaluated in a flow-type apparatus 
designed for continuous operation (Fig. 2). Specifically, about 50 mg of 
fresh catalyst, mixed with quartz sand as the same weight of catalysts, 
was packed into a quartz tube reactor with an inner diameter of 6 mm, 
an outer diameter of 8 mm and pretreated in a high purity N2 atmo
sphere at 300 ◦C for 1 h to blow impurities before switching to the gas 
mixture. The length of catalyst bed was about 7 mm. During each tem
perature programmed oxidation (TPO) run, the heating/cooling rate 
was set at 5 ◦C/min. A constant feed composition was used, 10% CO, 
21% O2, with 69% N2 balance, with a space velocity of 60,000 h− 1. The 
flow rates (0.2 L/min) were controlled by mass flow controllers with a 
full-scale measurement accuracy of ±1%. An online gas measurement 
system was employed to monitor the effluent CO, O2 and CO2 (QGS-08C 
for CO/CO2 and BJYX-YX-306B for O2, Maihak). The conversion rates of 
CO was obtained by the average of three experiments and calculated 
based on the concentrations of inlet and outlet gas. A K-type thermo
couple (0.5 mm thick) was inserted near the catalyst bed to monitor the 
furnace temperature along the gas flow direction. After the CO con
version reaches 100%, the electric furnace can be removed in the 
experimental system. Then the temperature distributions on the reactor 
surface around the catalyst bed was acquired by an infrared camera 
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Fig. 1. Schematic illustration for the preparation process of Cu2O micro/nanocrystals.  
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(FLIR T640) with a measurement accuracy of ±2%. 

2.4. Calculation of activation energy 

The activation energy (Ea) of CO oxidation reaction was calculated 
by kinetic experiments on the activity evaluation device. The amount of 
catalyst and the composition of reaction gas were the same as those of 
activity evaluation. The catalyst was heated to the desired reaction 
temperatures at a rate of 5 ◦C/min and then kept there for 30 min until 
the catalytic reaction reached a steady state. The conversion of CO was 
calculated as 

XCO =
[CO]in% − [CO]out%

[CO]in%
(1)  

where [CO]in and [CO]out are the CO concentrations in the inlet and 
outlet gas, respectively. XCO was used to calculate the reaction rate via 
the following equation: 

rCO =
NCO × XCO

Wcat
(2)  

where NCO is the CO molar gas flow rate in mol/s, Wcat is the catalyst 
weight in grams, and rCO is the reaction rate in molCO/(gcat⋅s). 

k = Aexp
(
− Ea

RT

)

(3)  

lnrCO = lnA − Ea/RT (4)  

where k is the reaction rate constant in s− 1, A is the pre-exponential 
factors in s− 1, R is the molar gas constant in kJ/(mol⋅K), and T is the 
reaction temperature in K. The Ea can be evaluated from the slope of the 
plot lnrCO versus 1000/T [3,13]. 

3. Results and discussion 

3.1. CO self-sustained catalytic combustion 

Fig. 3A shows the activity curves of CO self-sustained catalytic 
combustion over the Cu2O-9, Cu2O-5 and Cu2O-1 catalysts, which can be 
roughly divided into three stages with the increase of temperature. The 
first stage exhibits a slow induction of CO conversion ≤5%, where re
action gases (CO + O2) are adsorbed and activated on the catalyst sur
face, and then converted slowly into the CO2 that is removed via the 
exhaust gas. The consumed reactants can be quickly replenished by in
ternal diffusion. In this stage, the CO reaction rate is mainly controlled 
by the intrinsic reaction kinetics. The second stage can be ascribed as the 
transient light-off step (5% < CO conversion < 100%): with further 
increasing the temperature, the number of activated molecules in the 
reaction gas increases, leading to the CO conversion and reaction rate 
enhancing significantly. In this case, the chemical heat released by the 
oxidation of high concentration CO is greater than that of the reaction 
system. Then the actual temperature of the catalyst bed is not limited by 
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Fig. 2. Schematic diagram of the experimental set-up for CO self-sustained combustion (adapted from Ref. [4]).  
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Fig. 3. Activity curves of CO self-sustained catalytic combustion (A), CO conversion and catalyst bed temperature within 5 h (B) over Cu2O-9, Cu2O-5 and Cu2O-1 
catalysts, and typical 2-D temperature field of the reactor outer surface during CO self-sustained combustion over Cu2O-9 catalyst (C). 
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the temperature programmed. The instantaneous runaway reaches the 
ignition temperature of CO, resulting in CO spontaneously igniting on 
the catalyst surface. The conversion of CO is close to 100% at that time. 
Entering the third stage, the conversion is no longer affected by the 
temperature variation and the reaction mainly depends on the diffusion 
rate of reactants to the catalyst surface, external diffusion as well as 
catalyst activity. The Cu2O-9 exhibits the highest low-temperature ac
tivity among all the catalysts tested according to the ignition tempera
tures T50 of 130 ◦C (defined as the temperature at 50% CO conversion), 
followed by the Cu2O-5 (138 ◦C) and then Cu2O-1 (185 ◦C). The results 
obtained show that the CO oxidation activity of the catalysts increases 
with precursor concentration. 

The T50 of CO oxidation over different catalysts under different re
action conditions are summarized in Table 1. The ignition temperature 
of CO on Cu based catalysts is related to CO concentration and catalyst 
activity [1,4,14]. Compared with the catalysts prepared in the past 
[1,3], the activity of the Cu2O micro/nanocrystals catalyst is between 
CuO/Ce0.75Zr0.25O2-δ and Ce0.75Zr0.25Oδ. It can be explained by the fact 
that the activity of the Cu2O micro/nanocrystals mainly depends on the 
exposing crystal planes, and lack of highly dispersed CuO on the surface 
[3]. Compared with the noble metal catalysts (polycrystalline Pt, Rh) 
[15–18], the obtained Cu2O micro/nanocrystals exhibit relatively low 
T50 under the specific experimental conditions. 

Under the experimental conditions, once ignition occurs, even if the 
reactor temperature drops to room temperature, the conversion of CO 
can be maintained at 100% by using the chemical heat released from the 
CO oxidation reaction on the three catalysts. It can be seen from Fig. 3B 
that, within 5 h, the CO conversion is always maintained at 100%, and 
the maximum temperature of the catalyst bed center is 193 ◦C detected 
by a thermocouple wire in the center of the catalyst bed. Fig. 3C shows 
the two-dimensional temperature field distribution of CO self-sustaining 
combustion on Cu2O-9 catalyst collected by an infrared camera (FLIR 
T640). The blue background is room temperature (16.4 ◦C). The tem
perature in the front and end of the catalyst bed is lower, and the tem
perature in the middle part is higher. The reason may be that the 
reaction gas at room temperature hardly reacts before reaching the front 
of the catalyst bed. After approaching the catalyst bed, the CO and O2 
are quickly adsorbed and activated on the catalyst surface, and then CO2 
is generated to desorb from the catalyst surface, leading to a large 
amount of chemical heat released, which makes the temperature in the 
middle of catalyst bed significant rise. Except for part of the heat 
generated used to maintain the continuous CO oxidation reaction, the 

rest of the heat is lost to the surrounding environment through heat 
transfer. However, there is not enough chemical heat to maintain the 
temperature at the end of catalyst bed because the CO in the gas phase 
has been completely converted into CO2 along the pipe. Moreover, due 
to heat and mass transfer, the exhaust gas takes away part of the heat, 
resulting in the decrease of the temperature at the end of the catalyst 
bed. 

The Ea value calculated by Arrhenius equation usually indicates the 
difficulty of the reaction of reactants on the catalyst [3]. The lower Ea of 
CO oxidation reaction on the catalyst results in the easier reaction oc
curs, and the better activity of the corresponding catalyst [8]. Fig. 4 
presents the Arrhenius plots of the CO reaction rates in the kinetic region 
over the Cu2O-1, Cu2O-5 and Cu2O-9 catalysts. The activation energies 
(Ea) of CO oxidation for these catalysts are calculated as 84 ± 2 (Cu2O- 
9), 92 ± 1 (Cu2O-5) and 103 ± 2 kJ/mol (Cu2O-1), which are similar to 
the range of activation energies previously reported for CO oxidation 
over CuO/o-Cu2O (73.4 ± 2.6 kJ/mol), CuO/c-Cu2O-34 (82.3 ± 4.2 kJ/ 
mol) and CuO/c-Cu2O-1029 (118.5 ± 3.1 kJ/mol) catalysts [8,13]. 
These activation energies of CO oxidation reveal that the catalytic ac
tivities follow the order of Cu2O-9 > Cu2O-5 > Cu2O-1, which is 
consistent with the results of the activity evaluation. 

3.2. Morphology and structure 

The morphologies of Cu2O-1, Cu2O-5 and Cu2O-9 were clarified by 
SEM, as shown in Fig. 5. It can be seen from Fig. 5A that Cu2O-1 is cubic 
exposing six (100) crystal planes [19–21]. When the precursor con
centration increases to 5 times of Cu2O-1 (Fig. 5B), the morphology of 
Cu2O-5 is developed to polyhedron with six (100) and twelve (110) 
crystal planes [22]. With further increase of precursor concentration to 9 
times of Cu2O-1 (Fig. 5C), Cu2O-9 exhibits polyhedron with six (100), 
twelve (110) and eight (111) crystal planes [10]. Consequently, the 
precursor concentration in preparation process influences the 
morphology evolution of Cu2O micro/nanocrystals significantly. It is 
suggested that changing the precursor concentration is an effective 
method to control the morphology of Cu2O micro/nanocrystals. 

Fig. 6 shows the XRD patterns of Cu2O-1, Cu2O-5, Cu2O-9, Cu2O-9-u 
and Cu2O-9-H2-TPR. The diffraction peaks of Cu2O micro/nanocrystals 
appearing at 29.57◦, 36.42◦, 42.31◦, 62.46◦, 73.52◦ and 
77.37◦correspond to (110), (111), (200), (211), (311) and (222) of 
standard cubic phase of Cu2O (JCPDS No. 99-0041) [13,23], respec
tively, and no other diffraction peak of impurity is found. The intensity 
and sharpness of the diffraction peak increase with increasing precursor 
concentration, indicating a continuous enhancement of the crystallinity 
of Cu2O. After activity evaluation, the diffraction peaks of Cu2O-9-u at 
36.42◦, 62.46◦ and 73.52◦ are attributed to the (111), (211) and (311) 
crystal planes of cubic Cu2O (JCPDS card No. 99-0041), and the peaks at 
35.40◦ and 38.96◦ are ascribed to (002) and (200) crystal planes of CuO 
(JCPDS card No. 45-0937) [20,21,24]. The appearance of CuO in Cu2O- 

Table 1 
The ignition temperature (T50) of CO oxidation over different catalysts under 
different reaction conditions.  

Samples Reaction gas 
mixture 

GHSV 
(h− 1) 

T50 

(◦C) 
Reference 

CuO/Ce0.75Zr0.25O2-δ 1% CO + 1%O2/N2 60,000 127 [3] 
Cu2O-9 10% CO + 21%O2/ 

N2 

60,000 130 This work 

Cu2O-5 10% CO + 21%O2/ 
N2 

60,000 138 This work 

Cu0.07Ce0.75Zr0.25O2- 

δ 

1% CO + 1%O2/N2 60,000 175 [3] 

Cu2O-1 10% CO + 21%O2/ 
N2 

60,000 185 This work 

CuCe-Z 5% CO + 20%O2/N2 30,000 189 [1] 
CuCe-Z 3% CO + 20%O2/N2 30,000 198 [1] 
Cu-Z 5% CO + 20%O2/N2 30,000 227 [1] 
CuCe-Z 1% CO + 20%O2/N2 30,000 235 [1] 
Polycrystalline Pt 6.1% CO + 30.2% 

O2/N2 

120,000 237 [17] 

Polycrystalline Pt 14% CO + 27.7% 
O2/N2 

120,000 267 [17] 

Polycrystalline Rh 14.2% CO + 30.9% 
O2/N2 

120,000 267 [18] 

Ce0.75Zr0.25Oδ 1% CO + 1%O2/N2 60,000 290 [3]  
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Fig. 4. Arrhenius plots for CO oxidation over Cu2O-1, Cu2O-5 and Cu2O- 
9 catalysts. 
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9-u can be explained by the proportion of O2 in mixed reaction gas for 
the CO catalytic activity testing, which is excessive compared with the 
stoichiometric ratio of CO oxidation (see experimental section). Gener
ally, Cu (I) catalysts are unstable and can be oxidized to Cu (II) [13]. And 
the Cu2O surface can be gradually oxidized to CuO during the temper
ature programmed process. The unlabeled diffraction peaks of Cu2O-9-u 
belong to the diffraction peaks of quartz sand (SiO2) doped in the 
catalyst. After H2 reduction, the peaks at 43.32◦, 50.45◦ and 74.12◦ of 
Cu2O-9-H2-TPR are attributed to the (111), (200) and (220) crystal 
planes of cubic Cu (JCPDS card No. 85-1326) [23,24], and no other 
diffraction peaks of impurities are found, indicating that all the Cu el
ements in Cu2O-9-H2-TPR exist in the form of metal Cu. 

3.3. Chemical states 

Fig. 7 shows the XPS spectra of Su, O 1s and Cu 2p for Cu2O-1, Cu2O- 
5, Cu2O-9 and Cu2O-9-u, and the corresponding surface atomic ratios 
are summarized in Table 2. It can be seen from Fig. 7A that the binding 
energies at 962 ~ 928, 535 ~ 526 and 284.8 eV are attributed to Cu 2p, 
O1s and C1s, respectively [3,26]. The relative intensity of Cu 2p peak 
decreases in the order of Cu2O-1 > Cu2O-5 > Cu2O-9, indicating that the 
relative content of Cu species on the catalyst surface decreases with the 
increasing precursor concentration. After activity evaluation, the in
tensity of O 1s peak in Cu2O-9-u is significantly enhanced, suggesting the 
increase of oxygen species on the catalyst surface. 

As shown in Fig. 7B, the binding energy at 532.5 eV, 530.7 eV and 
529.5 eV can be attributed to chemically adsorbed oxygen (OC), hy
droxyl oxygen (OOH) and lattice oxygen (OL), respectively [3,25,26]. As 
seen in Table 2, the relative content of surface OC in the three fresh 
catalysts decreases in the order of Cu2O-9 (24.0%) > Cu2O-5 (21.4%) >
Cu2O-1 (11.7%). After activity evaluation, the oxygen species on the 
Cu2O-9-u surface are mostly in the form of OC, and the relative content 
of OL reduces to 24.8%. 

Fig. 7C shows that, with increasing precursor concentration, the half 
peak width of Cu (I) 2p1/2 and Cu (I) 2p3/2 at the binding energy of 
952.7 eV and 932.7 eV gradually widens with greater asymmetry 
[25,26]. For Cu2O-5 and Cu2O-9, satellite peaks in the range of 938 ~ 
942 eV and 960 ~ 963 eV attributed to Cu (II) are observed [23]. By 
fitting the peaks of Cu (I) 2P3/2, it is found that the Cu 2p spectra of 
Cu2O-5 and Cu2O-9 contain Cu (II) peaks attributed to Cu(OH)2 [23] and 
Cu(I) peaks attributed to Cu2O [13], while Cu2O-1 consist of only Cu2O. 
This phenomenon can be explained by the fact that the alkalinity of the 
precursor increases with the concentration, and the same proportion of 
ascorbic acid cannot reduce all Cu(OH)2 to Cu2O, leaving a small 
amount of Cu(OH)2 in the Cu2O. Table 2 shows that the contents of Cu 
(OH)2 in Cu2O-1, Cu2O-5 and Cu2O-9 are 0, 17.4% and 20.6%, respec
tively, demonstrating that the enhanced basicity of the precursor is the 
main reason for the morphology evolution of Cu2O micro/nanocrystals. 
Only Cu (II) belonging to CuO is discovered in the XPS spectra of Cu 2p 
for Cu2O-9-u, owing to the residual Cu(OH)2 in the catalyst which de
composes into CuO and H2O with the increasing temperature [23,26]. 
On the other hand, the amount of O2 in the reaction gas is excessive 
compared with the stoichiometric ratio of CO oxidation reaction, and 
the catalyst surface tends to be oxidized into CuO [13]. Therefore, the Cu 
species on Cu2O surface after activity evaluation mainly exists in the 
form of CuO. However, the XRD results show that a large amount of 
Cu2O still exists in Cu2O-9-u, which verifies that only surface Cu2O is 
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Fig. 5. SEM images of Cu2O-1 (A), Cu2O-5 (B) and Cu2O-9 (C).  
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Fig. 7. XPS patterns of Su (A), O 1s (B) and Cu 2p (C) for the Cu2O-1, Cu2O-5, 
Cu2O-9 and Cu2O-9-u catalysts. 

Table 2 
Surface atomic ratios of catalysts obtained by XPS quantitative analysis.  

Catalyst Cu/O (%) OC/O (%) OL/O (%) Cu(II)/Cu (%) 

*Cu2O-9-u  29.1  72.1  24.8 100 
Cu2O-9  69.0  24.0  50.1 20.6 
Cu2O-5  77.1  21.4  49.4 17.4 
Cu2O-1  138.0  11.7  50.5 0 

*Cu2O-9-u is Cu2O-9 after activity evaluation. 

P. Ma et al.                                                                                                                                                                                                                                      



Fuel 289 (2021) 119776

6

oxidized during the CO catalytic reaction [8,13]. 

3.4. Reducibility and oxygen species 

The H2-TPR profiles of Cu2O-1, Cu2O-5, Cu2O-9 and Cu2O-9-Oxi cata
lysts are shown in Fig. 8. As shown in Fig. 8, the H2-TPR profile of the Cu2O- 
9 catalyst is characterized by three partially overlapping peaks at 195◦ C (α 
peak), 226 ◦C (β peak) and 290 ◦C (γ peak), which are lower than that of the 
Cu2O-5, centered at 235 ◦C (β peak), 305 ◦C (γ peak) and 360 ◦C (δ peak). 
Only one reduction peak, labeled at 288 ◦C (γ peak) for Cu2O-1 and 255 ◦C 
for Cu2O-9-Oxi, can be observed, respectively. Based on the SEM results, 
Cu2O-1 exposes only (100) crystal planes, while Cu2O-5 exposes both (100) 
and (110) crystal planes, and Cu2O-9 exposes (100), (110) as well as (111) 
crystal planes at the same time, which thus confirms that the reducibility of 
different catalysts is related to the exposure of typical crystal planes. As 
such, the α, β and γ peaks can be assigned to the reduction of (111), (110) 
and (100) crystal planes, respectively. 

The central temperature and H2 consumption of α, β and γ peaks are 
shown in Table 3. According to the ratio of different peaks H2 consump
tion to total H2 consumption, combined with the crystal planes exposure 
of catalysts, the contribution of different crystal planes in different cata
lysts to catalyst reducibility was obtained. Hence with respect to Cu2O-1, 
the contribution of (100) crystal planes to reducibility is 100%; as for 
Cu2O-5, the contribution of (110) to reducibility is 69%, and that of (100) 
is 23%; for the Cu2O-9, the contribution of (111) to reducibility is 8%, 
that of (110) is 69%, and that of (100) is 23%. The experimental results 
are in a good agreement with the exposure ratio of crystal planes in SEM 
characterization. Combined with activity test results discussed above, the 
reducibility and activity of the three catalysts follow the order of Cu2O-9 
> Cu2O-5 > Cu2O-1, corresponding to the reducibility order of different 
crystal planes: (111) > (110) > (100). To verify the effect of CuO on the 
reducibility of catalysts, the reducibility of Cu2O-9-Oxi is tested after the 
Cu2O-9 was oxidized in air at 300 ◦C for 30 min, with the results indicating 
that the reduction temperature shifting toward high temperature direction 
compared with the Cu2O-9. It can be speculated that the CuO phase pre
sents to be inactive to the CO oxidation. 

O2-TPD is used to investigate the oxygen species in all catalysts. As 
shown in Fig. 9, all the catalysts display desorption peaks < 100 ◦C, 
assigned to the desorption of physisorbed oxygen (OP, α peak). The 
Cu2O-5 and Cu2O-9 exhibit a desorption peak (β peak) attributed to 
surface chemically adsorbed oxygen (OC) centered at 550 ◦C and 580 ◦C 
respectively, while no β peak is observed in the O2-TPD profile of Cu2O- 
1. Therefore, the adsorption capacity of catalysts follows the order of 
Cu2O-9 > Cu2O-5 > Cu2O-1, which can be related to exposed crystal 
plane of the catalyst. The (111) and (110) planes exposed by Cu2O-9 

and (110) crystal planes exposed by Cu2O-5 have many coordination 
unsaturated Cu atoms and strong adsorption capacity for O2. At the high 
temperature range > 600 ◦C, the desorption peaks (γ peaks) attributed to 
lattice oxygen. The oxygen species on the catalyst surface is crossed, 
because the chemisorbed oxygen and lattice oxygen on the surface of 
transition metal oxides can be transformed into each other, and thus it is 
difficult to distinguish them strictly. To qualitatively verify the attri
bution of β and γ peak, the Cu2O-1-Oxi is oxidized at 300 ◦C for 30 min 
under air condition before O2-TPD. The O2-TPD profile of Cu2O-1-Oxi 
presents no desorption peak in the β peak temperature range (300 ~ 780 
◦C), but two desorption peaks (γ1 and γ2) belonging to lattice oxygen 
appear in the temperature range of γ peak. It is verified that O2 can be 
hardly adsorbed on the surface of Cu2O-1, and the β and γ peaks are 
attributed to the desorption of OC and OL. 

According to the semi quantitative results of O2 desorption peak in 
Table 4, the contribution of different oxygen species to the O2 desorption 
is as follows. With respect to Cu2O-1, the contribution of OC to O2 
desorption is almost 0, and that of OL to O2 desorption is 90%; As for 
Cu2O-5, the contribution of OC to O2 desorption is 15%, and that of OL to 
O2 desorption is 82%; For Cu2O-9, the contribution of OC to O2 
desorption is 32%, and that of OL to O2 desorption is 61%, respectively. 
As expected, the OC with high ratio, which can be related to the strong 
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Fig. 8. H2-TPR profiles of the Cu2O-1, Cu2O-5, Cu2O-9 and Cu2O-9- 
Oxi catalysts. 

Table 3 
H2 consumption of the Cu2O-1, Cu2O-5, Cu2O-9 and Cu2O-9-Oxi catalysts.  

Catalyst Temperature (◦C) H2 consumption (mmol/g) 

α peak β peak γ peak α peak β peak γ peak Total 

*Cu2O-9- 
Oxi 

– 255 – – 4.66 –  4.66 

Cu2O-9 195 226 290 0.35 2.95 0.96  4.26 
Cu2O-5 – 235 305 – 3.05 0.99  4.40 
Cu2O-1 – – 288 – – 4.49  4.49 

*Cu2O-9-Oxi is the catalyst for oxidation of Cu2O-9 at 300 ◦C for 30 min in air. 
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Fig. 9. O2-TPD profiles of the Cu2O-1, Cu2O-5, Cu2O-9 and Cu2O-1- 
Oxi catalysts. 

Table 4 
O2 consumption on the Cu2O-1, Cu2O-5, Cu2O-9 and Cu2O-1-Oxi catalysts.  

O2 desorption (μmol⋅g− 1) 

Catalyst α peak β peak γ peak Total 

*Cu2O-1-Oxi 153 – 396 549 
Cu2O-9 116 579 1099 1794 
Cu2O-5 87 505 2720 3312 
Cu2O-1 80 – 708 788 

*Cu2O-1-Oxi is the catalyst for oxidation of Cu2O-1 at 300 ◦C for 30 min in air. 
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adsorption capacity of O2, is beneficial to promote the adsorption and 
activation of gaseous oxygen on the catalyst surface, thus accelerating 
the CO oxidation reaction. Also as shown in Fig. 9, the contribution of OC 
to the O2 desorption follows the order: Cu2O-9 (32%) > Cu2O-5 (15%) >
Cu2O-1 (0). This result indicates that the O2 adsorption capacity of 
Cu2O-9 and Cu2O-5 is significantly higher than that of Cu2O-1, which 
can be attributed to the effect of exposed crystal planes. As such, the O2 
adsorption capacity of different crystal planes decreases in the order of 
(111) > (110) > (100). 

3.5. CO-TPD-MS analysis of catalysts 

In heterogeneous catalysis, both the surface structure of catalysts and 
molecule surface adsorptions play an important role in the catalytic per
formance. In this study, CO-TPD-MS is applied to detect the CO adsorption 
on the Cu2O-x catalysts, where the CO2 as the only desorption product 
tracked by mass spectrometry in the tail gas. According to the CO2 
desorption peak and the corresponding desorption temperature, the CO- 
TPD-MS profiles of Cu2O-9 and Cu2O-5 catalysts (Fig. 10) can be 
divided into α and β peak, respectively. The catalytic activity for CO 
oxidation is mainly related to the low temperature desorption peak of CO2 
(α peak), and also consistent with the order of catalyst activity and 
reducibility detected from CO-TPO and H2-TPR. For the Cu2O-9, the initial 
temperature of α peak is 120 ◦C, which is 40 ◦C lower than that of α peak of 
Cu2O-5 (160 ◦C), and 140 ◦C lower than that of β peak of Cu2O-1 (260 ◦C). 
Combined with the results of SEM characterization and the paper pub
lished by Hua et al [7], the ideal surface structures of (111), (110) and 
(100) crystal planes are as follows: (111) as the outermost layer of the 
crystal plane is composed of three coordination unsaturated O atoms, and 
the Cu atoms in the second layer account for 25% of the total Cu atoms in 
this layer; (110) crystal plane, the outermost layer of which is composed 
of two coordination saturated Cu atoms and three coordination unsatu
rated O atoms simultaneously; (100) the outermost layer of crystal plane 
is the termination surface of O atoms, which is composed of two coordi
nation unsaturated O atoms. Due to the open surface structure of (111), 
the Cu2O (111) exhibits the excellent catalytic activity for CO oxidation 
because of its easy contact with foreign reactants. Hence the CO oxidation 
activity of the three crystal planes follows the order of (111) > (110) >
(100). Compared with Cu2O-1, the (110) crystal planes exposed by Cu2O- 
5 improves the CO oxidation, and the (111) crystal planes exposed by 
Cu2O-9 on the basis of Cu2O-5 further enhances its catalytic activity. 

3.6. Reaction pathway of CO oxidation 

The CO-TPD-MS experiments in this study show that the CO adsorbed 
on the catalyst surface combines with the OL and the formation CO2 is 
closely related to the CO oxidation activity of the catalysts, hence OL of 
Cu2O participated in the CO oxidation, indicating the possibility of Mars- 

van-Krevelen (MvK) mechanism. In the process of CO oxidation catalyzed 
by Cu2O micro/nanocrystals, the adsorption and dissociation of reaction 
gases (O2 and CO) induced by different exposed crystal planes play a key 
role in the catalytic activity. However, according to the experimental re
sults of O2-TPD and CO-TPO, the activity of OL in different crystal planes 
decreases in the order of (111) > (110) > (100), and OC is more active 
than OL. According to the O2-TPD and XPS O1s results, the O2 adsorption 
capacity of Cu2O-9 and Cu2O-5 is significantly higher than that of Cu2O-1, 
in accordance with O2 adsorption capacity of (111) > (110) > (100). 
Furthermore, based on the exposure of Cu2O crystal planes, the activation 
energy of CO oxidation reaction on (111) crystal plane is the lowest, 
followed by (110) and (100). Hence the enhancement of O2 adsorption 
capacity on (111) and (110) promoted the CO oxidation activity. Ac
cording to the DFT calculation and partial pressure experiment published 
by Zhang et al. [8], it is proved that CO follow the MvK mechanism on the 
(110) plane of Cu2O, and the reaction between CO and the active oxygen 
species adsorbed and activated by catalyst surface are very facile and 
proceed very fast. Therefore, MvK mechanism can explain the behaviors of 
CO self-sustained catalytic combustion on Cu2O micro/nanocrystals with 
different morphologies. Based the above analysis, the reaction pathways of 
CO oxidation on different crystal planes of micro/nanocrystals are sup
posed to be different, as shown in Fig. 11. On the (100) crystal planes, the 
possible elementary reactions of CO oxidation are as follows: 

Cu(I)+CO→[Cu(I) − CO ] (5)  

[Cu(I) − CO ] +OL→CO2 +OV +Cu(I) (6)  

OV +O2→OL +OC (7)  

[Cu(I) − CO ] +OC→CO2 +Cu(I) (8) 

From Fig. 11, CO is adsorbed on Cu (I) site of the (100) crystal planes 
and reacts with OL to produce CO2, which is then desorbed from the 
catalyst surface and produces an oxygen vacancy (OV). After O2 chem
isorption on the catalyst surface, one oxygen atom fills the previous OV 
to form OL, and the other oxygen atom (OC) continues to react with CO 
to generate CO2, thus completing the whole process of catalytic cycle. 

It has been confirmed by O2-TPD that the (111) and (110) crystal 
planes of Cu2O have stronger ability for O2 adsorption and activation 
than that of (100). Therefore, the possible elementary reactions of CO 
oxidation on the (110) and (111) planes are supposed as follows: 

OV +O2→OL +OC (9)  

Cu(I)+CO→[Cu(I) − CO ] (10)  

[Cu(I) − CO ] +OC→CO2 +Cu(I) (11)  

[Cu(I) − CO ] +OL→CO2 +OV +Cu(I) (12) 

The reaction pathway of CO on (110) and (111) crystal planes is 
similar. That is, O2 is first adsorbed on OV on the catalyst surface, and 
then the chemisorbed CO on Cu (I) sites reacts with O atom suspended 
outside to generate CO2, which is subsequently desorbed from the 
catalyst surface. And the following reaction steps are the same as those 
on (100) crystal planes. Owing to the higher activity of OC than OL [8], 
the activation energy of [Cu(I) − CO ] +OC→CO2 +Cu(I) is lower than that 
of [Cu(I) − CO ] + OL→CO2 + OV + Cu(I). Compared with (100), the 
(111) and (110) crystal planes of Cu2O can promote the adsorption and 
activation of gaseous O2, consequently optimizing the pathways of CO 
oxidation reaction. This is believed to be the main reason for the 
increased activity of Cu2O-9 exposed (111) and (110) crystal planes. 

4. Conclusions 

The morphology of Cu2O micro/nanocrystals can be effectively 
controlled by simply changing the precursor concentration using the 
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Fig. 10. CO-TPD-MS profiles of the Cu2O-1, Cu2O-5 and Cu2O-9 catalysts.  
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liquid phase reduction method. And the increase of precursor concen
tration results in more exposure of active crystal plane of Cu2O. Cu2O-1 
exposes only (100) crystal planes, while Cu2O-5 exposes (100) and 
(110) crystal planes, and Cu2O-9 exposes (100), (110) and (111) 
crystal planes simultaneously. The results further show that the CO self- 
sustained catalytic combustion is achieved on all the Cu2O micro/ 
nanocrystals prepared with different precursor concentrations. The 
catalytic activity increases in the order of Cu2O-1＜Cu2O-5＜Cu2O-9, 
indicating that the activity of CO oxidation is positively correlated with 
the low temperature reducibility of the catalyst. Compared with (100), 
some Cu and O coordination unsaturated on the (111) and (110) crystal 
planes enhance the ability to adsorb and activate the gaseous oxygen, 
thus promoting the oxidation of CO to CO2 over Cu2O-9. The obtained 
results provide experimental data for the CO self-sustained catalytic 
combustion technology and will benefit converter exhaust gas 
controlling. 
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