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• Effects of reducing agent on catalytic 
properties is greater than that of copper 
salt. 

• High concentration CO can achieve self- 
sustained catalytic combustion on ob-
tained Cu2O. 

• Glucose enhances unsaturation of Cu 
atoms contributing to high activity. 

• Chemically adsorbed oxygen on Cu2O 
surface promotes CO ignition.  
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A B S T R A C T   

Cubic Cu2O micro/nanocrystals were successfully synthesized by liquid-phase reduction using copper salt of 
CuSO4 or CuCl2⋅2H2O, and glucose or ascorbic acid as reducing agent, respectively. The activity of the catalysts 
was evaluated by light-off curves of CO self-sustained catalytic combustion via temperature-programmed 
oxidation of CO (CO-TPO), with the results showing the activity of catalysts following the order of Cu2O–Cl- 
GLU > Cu2O–S-GLU > Cu2O–S-AA > Cu2O–Cl-AA, (Cl denotes CuCl2⋅2H2O, GLU denotes glucose, S denotes 
CuSO4 and AA denotes ascorbic acid, respectively), corresponding to the ignition temperature of 109 ◦C, 122 ◦C, 
137 ◦C and 186 ◦C, respectively. The crystal structure, elemental valence, morphology and redox property of the 
prepared catalysts were analyzed by using various characterization techniques. Combined with in situ infrared 
spectrum, the CO self-sustained catalytic combustion over Cu2O catalysts mainly follows the Mars-van-Krevelen 
(M-v-K) mechanism: the adsorbed and activated CO reacts with lattice oxygen to yield CO2 and oxygen vacancy, 
and then the oxygen vacancy can be replenished by gaseous oxygen. Combined with catalytic performance of 
high-concentration CO, it is found that the catalysts prepared using glucose as reducing agent are more angular 
compared with ascorbic acid. The Cu2O–Cl-GLU synthesized with glucose and CuCl2⋅2H2O exhibits the best 
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catalytic activity among all the catalysts tested, attributing to its more obvious edge and rough crystal surface. 
The unique structure of Cu2O–Cl-GLU leads to the high exposure rate and coordination unsaturation of atoms on 
the cubic Cu2O micro/nanocrystals that can improve the ability of activating gaseous O2 and low temperature 
reducibility, and consequently facilitating the catalytic activity.   

1. Introduction 

The emergence of energy crisis has triggered awareness focused on 
the clean and efficient utilization of energy and explores new ways to 
improve the utilization rate of existing energy and waste energy (Kang 
et al., 2021; Bin et al., 2015, 2019). In the field of steel-making field, a 
large amount of off-gas containing high concentration CO is often dis-
charged into atmosphere by methane combustion in the exhaust tower, 
leading to serious energy waste. Such a simple treatment can also 
generate secondary pollutant of thermal NOx, and lost the sensible heat 
of off-gas and chemical heat of CO that should have been recovered. This 
awkward problem can be solved if the high concertation of CO in the 
steel-making off-gas can be employed as fuel with medium calorific 
value, and then the recycling, as an alternative strategy to methane 
combustion-supporting flare burners, exhibits high economic value (Bin 
et al., 2015, 2019; Kang et al., 2020). 

The catalytic combustion has been proved as an effective method to 
the treatment and recycling of the released gas of steel-making (Kang 
et al., 2018, 2020, 2021; Bin et al., 2015, 2019; Ma et al., 2021). A high 
level of CO can be ignited over a catalyst under a CO/O2/N2 atmosphere. 
When the catalytic converter warms up to its ignition temperature, the 
sudden self-acceleration of the surface rate leads to a thermochemical 
runaway, followed by a rapid transition to self-sustained catalytic 
combustion. Copper-based heterogeneous catalysts are used as an 
alternative to noble metals. In recent years, benefiting from the rapid 
development of inorganic synthesis, nano-structured Cu2O materials 
with rational shape control and superior redox properties have been 
synthesized, which exhibits good application prospects in many research 
fields, such as CO oxidation reaction, photocatalytic reaction (Liu et al., 
2013; Jiang et al., 2017; Muthukumaran et al., 2019; Shang et al., 2012), 
solar cell (Xu et al., 2018), gas sensing material (Wu et al., 2016), 
photocathode material (Qin et al., 2022) and so on (Bao et al., 2011; 
Feng et al., 2014; Yoon et al., 2015; Li et al., 2013; Zhang et al., 2019a, 
Zhang et al., 2019b; Karapetyan et al., 2015; Ng and Ngan, 2013; Ahmed 
et al., 2021; Shi et al., 2012; Fan et al., 2012). 

The synthesis methods of Cu2O micro/nanocrystals include solid- 
phase method, liquid-phase method (Luo et al., 2015) and 
electro-reduction method (Yoon et al., 2015), etc (Liu et al., 2013; Feng 
et al., 2014; Karapetyan et al., 2015; Ng and Ngan, 2013; Zhu et al., 
2011; Kumar et al., 2016; Yang et al., 2017). The Cu2O prepared by 
liquid phase reduction method has several advantages such as easy 
regulation of morphology and good particle size uniformity (Ma et al., 
2021; Li et al., 2013; Zhu et al., 2011; Chang et al., 2013; Liang et al., 
2009), where the process of preparing Cu2O by liquid phase reduction is 
simple and can be divided into the following steps. A certain amount of 
NaOH is added into the copper salt precursor solution at a certain 
temperature, then the copper species precipitate in the form of Cu(OH)2. 
After a period of time, a certain amount of weak reducing agent is added 
to reduce Cu(OH)2 to Cu2O (Chang et al., 2013). Generally, copper salt 
precursors include CuSO4, CuCl2, Cu(NO3)2, Cu(CH3COO)2, etc. (Bao 
et al., 2011; Li et al., 2013; Hua et al., 2013, 2014), and weak reducing 
agents include glucose, ascorbic acid, xylitol, etc (Shang et al., 2012; 
Ghosh et al., 2016). Our previous studies (Ma et al., 2021) have found 
that changing the concentration of precursor can effectively adjust the 
morphology of Cu2O micro/nanocrystals catalyst, exposing more active 
crystal planes and thus decreasing the ignition temperature of CO. Be-
sides, the morphology, physicochemical properties and catalytic per-
formance of the catalyst may also be related to the types of copper salt 
precursors (Park et al., 2009) and reducing agents (Shang et al., 2012; 

Ghosh et al., 2016), and in this case the excellent activity optimized is 
beneficial for practical application. 

In this study, the copper salts (CuCl2⋅2H2O or CuSO4) and reducing 
agents (ascorbic acid or glucose) were used as precursors to prepare 
Cu2O micro/nanocrystals catalysts. The activity of the catalysts was 
evaluated by light-off curves of CO self-sustained catalytic combustion 
via temperature-programmed oxidation of CO (CO-TPO). The crystal 
structure, element valence and crystal morphology of the catalysts were 
analyzed by conventional characterization technologies, such as X-ray 
powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and 
scanning electron microscopy (SEM). Through temperature- 
programmed reduction of H2 (H2-TPR), temperature-programmed 
desorption of O2 (O2-TPD), temperature-programmed desorption of 
CO coupled with mass spectrum (CO-TPD-MS) experiments, the rela-
tionship between catalytic activity and the reducibility, adsorption of 
reaction gas and the difficulty of lattice oxygen (OL) participating in CO 
oxidation are analyzed here, and then the activity induced by the 
sensitivity of catalyst structure is pointed out in detail. This paper pro-
vides the outstanding contribution here: the reducing agent of glucose 
can promote the formation of sharper edges and corners, and 
CuCl2⋅2H2O can attribute to the rough crystal surface of cubic Cu2O 
micro/nanocrystals, which leads to the high exposure rate and coordi-
nation unsaturation of atoms on the catalyst surface. In this case, 
abundant lattice oxygen that activates gaseous O2 in the sharp edges, 
corner of Cu2O micro/nanocrystals are the main reasons for the 
improvement of the CO oxidation. These results obtained are conducive 
to the accurate design of catalyst surface/interface structure and the 
clean/efficient utilization of waste energy. 

2. Experimental section 

2.1. Catalyst preparation 

CuCl2⋅2H2O, CuSO4, NaOH, ascorbic acid and glucose are provided 
by Sinopharm Chemical Reagent Co. (PR China), which were used 
directly in the following experiment. The schematic diagram of catalyst 
preparation process is shown in Scheme 1. 0.01 mol of copper salt 
(CuCl2⋅2H2O or CuSO4) was dissolved in 1 L of ultrapure water, and 
stirred at 55 ◦C for 30 min at constant temperature. Then 100 mL of 
NaOH (2 mol/L) and 100 mL of ascorbic acid solution (0.6 mol/L) or 
glucose solution formed by dissolving 34.2 g of glucose in 300 mL of 
ultrapure water were added in the reaction system. After stirring at 
constant temperature for 5 h, dark red powder precipitates were grad-
ually formed in the mixed system. The powder solid catalyst was ob-
tained after centrifugal washing for 5 times, and vacuum drying at 60 ◦C 
overnight. The catalysts prepared with ascorbic acid using CuCl2⋅2H2O 
and CuSO4 were recorded as Cu2O–Cl-AA and Cu2O–S-AA, respectively. 
The catalysts prepared with glucose using CuCl2⋅2H2O and CuSO4 were 
identified as Cu2O–Cl-GLU and Cu2O–S-GLU, respectively. As shown in 
Scheme 1, Cu2O micro/nanocrystals are formed in an alkaline liquid 
environment, and the growth and formation process can be described by 
the following equations:  

Cu(II) + 2OH− → Cu(OH)2                                                              (1)  

2Cu(OH)2 + C6H8O6 → Cu2O + C6H6O6 + 3H2O (Chang et al., 2013)   (2)  

2Cu(OH)2 + C6H12O6 → Cu2O + C6H10O6 + 3H2O                             (3) 

When ascorbic acid is employed as reducing agent, the reaction 
follows the reaction processes of (1) and (2). When glucose is used as a 

P. Ma et al.                                                                                                                                                                                                                                      



Chemosphere 314 (2023) 137720

3

reducing agent, the reaction follows the reaction processes of (1) and 
(3). 

2.2. Characterization 

Powder X-ray diffraction (XRD) measurements were performed with 
a Rigaku Smart Lab SE Automated Multipurpose X-ray Diffractometer 
using the Cu Kα radiations (λ = 1.54059 Å) with a scanning speed of 2◦/ 
min. The chemical state and surface components of the catalysts was 
analyzed by X-ray photoelectron spectroscopy (XPS) on a PerkinElmer 
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. The particle size and morphologies of the catalysts were 
obtained by field emission scanning electron microscope (SEM, Gemini 
SEM 300). Temperature-programmed reduction of hydrogen (H2-TPR) 
and temperature 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− 1) until the base line on the 
recorder remained unchanged. Finally, the sample was heated at a rate 
of 10 ◦C min− 1 to record the TPR spectra. The amount of H2 consumed 
for the reduction was measured with a thermal conductivity detector 
(TCD). For O2-TPD, each sample (50 mg) was heated in a N2 flow of 30 
mL min− 1 and maintained at 300 ◦C for 30 min. After that, an air (O2/N2 
(1: 4)) flow of 30 mL min− 1 was switched to purge the sample for 30 
min. Finally, the O2-TPD experiment was carried out by increasing the 
temperature (10 ◦C min− 1) up to 1000 ◦C. The temperature- 
programmed desorption of CO (CO-TPD) is also carried out on the 
TP5080B chemisorption analyzer, and the quadrupole mass spectrom-
eter (Pfeiffer PrismaPlus) is connected at the exhaust port. High purity 
CO was adsorbed on the sample for 30 min at room temperature and 
then was exposed to Ar. After the baseline was stable (about 30min), the 
reactor was heated at a rate of 10 ◦C min− 1 until reaching 600 ◦C and the 
TPD spectra were taken with the mass spectrometer. In-situ infrared 
spectrum was collected by the FOLI10-R instrument (INSA Optics In-
struments (Shanghai) Ltd.) coupled with a self-designed magnetically 
driven transmission cell, where approximately 5 mg of catalyst and 50 
mg KBr were mixed and pressed into a self-supporting wafer. Prior to 
recording IR spectra, the sample was pretreated in an Ar flow at 500 ◦C. 

2.3. Catalytic activity test 

The catalytic activity evaluation was carried out in a fixed bed 
reactor (Ma et al., 2021; Kang et al., 2020). Specifically, 50 mg of fresh 
catalyst and 50 mg of quartz sand were evenly mixed, loaded into a 
quartz tube reactor, and pretreated in a high-purity Ar atmosphere at 
300 ◦C for 1 h to blow out impurities. A constant feed composition was 
used with 10% CO, 21% O2, and 69% N2 as balance. The flow rate was 
0.2 L min− 1 and the gas hourly space velocity (GHSV) of the reaction 
was maintained at 60,000 h− 1. Online gas analyzer (QGS-08C for 
CO/CO2 and OGS-10 T for O2, Maihak) was used to monitor the outlet 

concentration of CO, O2 and CO2. A K-type thermocouple was inserted 
into the catalyst bed to monitor the internal temperature. During each 
temperature programmed oxidation run, the heating rate was set at 
10 ◦C min− 1. The conversion rate of CO was obtained by the average of 
three experiments, and it was calculated as 

CCO =
[CO]in% − [CO]out%

[CO]in%
(4)  

where CCO is the CO conversion rate, [CO]in is the CO concentrations in 
inlet gas and [CO]out is the CO concentrations in outlet gas. RCO was used 
to calculate the reaction rate via the following equation: 

RCO =
NCO × CCO

Wcat
(5)  

where RCO is the reaction rate in molCO/(gcat ⋅s), NCO is the CO molar gas 
flow rate in mol/s and Wcat is the catalyst weight in grams. The tem-
perature distributions of the reactor surface were detected by a forward- 
looking infrared radiometer (FLIR, T640, USA) after realizing CO self- 
sustained combustion, with a certain glass emission rate (0.87). 

3. Results and discussion 

3.1. CO self-sustained catalytic combustion 

Fig. 1a shows the light-off curves of CO self-sustained catalytic 
combustion using Cu2O–Cl-AA, Cu2O–S-AA, Cu2O–S-GLU and Cu2O–Cl- 
GLU catalysts, considering the heating and cooling feeding conditions, 
respectively. Upon the heating feeding, the catalytic ignition of CO is a 
complex process including kinetics and heat generation because the heat 
produced is governed by the reaction rate, which in turn is determined 
by the reaction kinetics. Correspondingly, a transition from low- 
reactivity steady state to high-reactivity steady state can be observed 
due to heat transfer limitation, which exhibits different reaction pro-
cesses. Take the Cu2O–Cl-GLU for example, the first step can be 
described as a slow induction process that begins at 60 ◦C and then 
continues, at a relatively slow rate until 108 ◦C. Here the temperature of 
catalyst bed close to the controlled temperature suggests that the reac-
tion is kinetically controlled. The second step is the ignition process 
induced at gas–solid phase interface, with the reaction rate determined 
by internal diffusion. The CO oxidation rate is so fast as to induce a 
strong increase of the local temperature which consequently accelerates 
the external diffusion and mass-transfer. The third phase concerns 
temperatures well above the ignition region, corresponding to CO con-
version rate reaching 100%. Entering this step means the reaction rate 
becomes controlled by external diffusion. As such, when the furnace 
stops heating but the CO conversion rate is maintained at 100% without 
obvious decrease for several hours. Such a phenomenon is called as CO 
self-sustained catalytic combustion since the heat loss of the reaction 
system and the temperature of CO catalytic combustion are well main-
tained when the chemical heat is released by the complete oxidation of 
CO. 

Scheme 1. Schematic diagram of catalyst preparation process.  
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Upon the cooling feeding (Fig. 1a), the conversions of CO for all the 
catalysts tested maintain 100% when the furnace temperature 
decreasing to 60 ◦C by 10 ◦C min− 1 cooling rate, indicating that CO self- 
sustained catalytic combustion system cannot be interfered from 
external temperature. The lower the temperature required to achieve the 
same CO conversion, the better the activity of catalysts. Here, the igni-
tion temperature is defined as the temperature (Ti) for which 50% CO 
conversion is achieved, corresponding to Ti of 109 ± 2 ◦C, 122 ± 2 ◦C, 
137 ± 2 ◦C and 186 ± 2 ◦C for Cu2O–Cl-GLU, Cu2O–S-GLU, Cu2O–S-AA, 
Cu2O–Cl-AA, respectively. Among them, the Ti temperature of Cu2O–Cl- 
GLU with the best activity is about 77 ◦C lower than that of Cu2O–Cl-AA 
with the worst activity. Meanwhile, compared with the relevant samples 
reported in the literature, Cu2O–Cl-GLU catalysis has the better activity 
those of the related samples reported in the literature shown in Table 1. 
Fig. 1b shows the relationship between reaction rate and temperature. 
Under the same temperature, faster reaction rate suggests better activity 
of catalysts. Obviously, the reaction rates increase with temperature. At 
a temperature of 70 ◦C, the reaction rates of Cu2O–Cl-GLU and Cu2O–S- 
GLU are higher than those of Cu2O–Cl-AA and Cu2O–S-AA. Meanwhile, 
the reaction rate of Cu2O–Cl-GLU was higher than that of Cu2O–S-GLU. 
With further increasing the temperature, the order of CO reaction rate 
over catalysts decreases, following the order of Cu2O–Cl-GLU > Cu2O–S- 
GLU > Cu2O–S-AA > Cu2O–Cl-AA, and this trend becomes more and 
more obvious with temperature. Energy activation values calculated via 

oxidation of CO vs temperature curves reflect the catalyst activity, with 
the Arrhenius plot shown in Fig. 1C. The data was selected under con-
ditions in which CO conversion was less than 10% to minimize the effect 
of mass and heat transfer. The energy activation values decreased in the 
following order: Cu2O–Cl-GLU (72.33 kJ mol− 1) > Cu2O–S- GLU (86.46 
kJ mol− 1) > Cu2O–S-AA (99.76 kJ mol− 1) > Cu2O–Cl-AA (151.13 kJ 
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Fig. 1. Light-off curves of CO self-sustained catalytic combustion over Cu2O–Cl-AA, Cu2O–S-AA, Cu2O–S-GLU and Cu2O–Cl-GLU catalysts (a), and the CO reaction 
rate of catalysts calculated at different temperatures (b). Constant feed composition: 10% CO+21% O2/N2. The flow rate was 0.2 L min− 1 and the GHSV was 
maintained at 60,000 h− 1. CO activity analyzed in the kinetic regime with a converted rate of less than 10%. Constant feed composition: 1% CO+21%O2/N2 (c). CO 
conversion rate and catalyst bed temperature within 5 h (d), and the embedded images as the temperature field of the outer wall of reactors (e). Constant feed 
composition: 10% CO + 21% O2/N2. The flow rate was 0.2 L min− 1 and the GHSV was maintained at 60,000 h− 1. The conversion rate and catalyst bed temperature 
are abbreviated as CR and Temp, respectively. 

Table 1 
The ignition temperature (T10) of CO oxidation over different catalysts under 
different reaction conditions.  

Samples Reaction gas 
mixture 

GHSV 
(h− 1) 

T10 

(◦C) 
Reference 

LaCoO3 1% CO + 2%O2/N2 30,000 181 Yang et al. 
(2022) 

Cu2O-9 10% CO + 21%O2/ 
N2 

60,000 113 Ma et al. (2021) 

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

60,000 110 Ma et al. (2021) 

AgCeO 1% CO + 5%O2/N2 30,000 120 Rao et al. (2022) 
Cu2O-1 10% CO + 21%O2/ 

N2 

60,000 102 Ma et al. (2021) 

Cu2O 5% CO + 21%O2/N2 30,000 182 Kang et al. 
(2022) 

Cu2O–Cl- 
GLU 

10% CO + 21%O2/ 
N2 

60,000 107 This work  
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mol− 1). Predictably, the Cu2O–Cl-GLU with the lowest energy activation 
has the best catalytic activity for CO oxidation, consistent with the above 
activity results. 

Fig. 1d shows the stable combustion activity of all the catalysts 
tested. The CO conversion and the axis temperature of catalyst bed do 
not decrease within 5 h during self-sustaining catalytic combustion 
(measured by extending the thermocouple into the catalyst bed), 
exhibiting the good stability of Cu2O (Fig. 1d). Fig. 1e displays the two- 
dimensional temperature distribution of CO self-sustaining catalytic 
combustion process on the outer wall of the reactors. The maximum 
temperature (bright yellow) is about 182 ◦C, and the minimum tem-
perature (dark blue) is about 16 ◦C. Due to heat and mass transfer, there 
can be a large amount of heat loss on the outer surface of reactor, 
resulting in the fact that the experimental value (182 ◦C) observed by 
thermal imager is lower than that fed back by thermocouple (193 ◦C). It 
can be also seen from Fig. 2b that the temperature of catalyst bed for all 
the catalysts tested maintains almost the same values during CO self- 
sustaining catalytic combustion, suggesting that the combustion sys-
tem runs in a stable state. 

3.2. Structure and chemical states 

Fig. 2 shows the XRD patterns of Cu2O–Cl-AA, Cu2O–S-AA, Cu2O–S- 
GLU and Cu2O–Cl-GLU catalysts, with the 2θ angles at 29.57◦, 36.42◦, 
42.31◦, 62.46◦, 73.52◦ and 77.37◦ exhibited corresponding to (110), 
(111), (200), (211), (311) and (222) crystal planes of Cu2O (JCPDS No. 
99–0041) respectively, indicative of standard cubic phase crystal 
structure (Bao et al., 2011; Zhang et al., 2019a; Shang et al., 2012). The 
peaks display sharp without other impurity peaks, indicating that the 
prepared Cu2O crystal exhibits high crystallinity and purity. Cu2O–S--
GLU has the highest relative intensity, which proves that the (111) 
crystal planes of Cu2O are abundant. The low crystallinity of Cu2O–-
Cl-AA leads to a weaker relative content of the (111) crystal planes of 
Cu2O and a lower half-height width at 42.21◦. Furthermore, the average 
crystallite size of the catalysts nanoparticles is ~1.3 μm based on the 
Debye–Scherrer equation. Considering the characteristic diffraction 
peak of XRD pattern with higher intensity leading to higher crystallinity 
of the catalyst crystal, the order of crystallinity of all the catalysts is 
Cu2O–S-GLU > Cu2O–S-AA > Cu2O–Cl-GLU > Cu2O–Cl-AA. 

The chemical states and surficial compositions of catalysts are 
investigated by XPS. Fig. 3a shows the XP spectra of Cu 2p for the cat-
alysts, with characteristic diffraction peaks at 952.7eV and 932.7eV 
binding energies belonging to Cu 2p1/2 and Cu 2p3/2, respectively (Bao 

et al., 2011; Zhang et al., 2019b; Hua et al., 2013). No characteristic 
peaks and satellite peaks of Cu0 species and Cu2+ species are observed, 
suggesting that all the catalysts are pure Cu2O. Fig. 3b shows the XP 
spectra of O 1s for the Cu2O–Cl-AA, Cu2O–S-AA, Cu2O–S-GLU and 
Cu2O–Cl-GLU catalysts. The oxygen species can be divided into chemi-
cally adsorbed oxygen (OC), hydroxyl oxygen (OOH) and lattice oxygen 
(OL), located at 532.7, 531.8 and 530.7 eV, respectively (Kang et al., 
2018; Xu et al., 1999; da Rosa et al., 2019). Table 2 displays the 
simi-quantitative analysis of element ratio on the catalyst surface. The 
proportion of OC on the surface of Cu2O–Cl-GLU exhibits the highest 
values, accounting for 16.3% of all oxygen species. The OC/O on the 

20 30 40 50 60 70 80

Cu2O-Cl-GLU

Cu2O-S-GLU

Cu2O-S-AA

Cu2O-Cl-AA (311)(211)(200)
(111)

).u.a(
ytisnetnI

10000

2 Theta  (°)

JCPDS 99-0041

Fig. 2. XRD patterns of Cu2O–Cl-AA, Cu2O–S-AA, Cu2O–S-GLU and Cu2O–Cl- 
GLU catalysts. 
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Fig. 3. XPS spectra of Cu 2p (a) and O 1s (b) of Cu2O–Cl-AA, Cu2O–S-AA, 
Cu2O–S-GLU and Cu2O–Cl-GLU catalysts. 

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

Catalysts OC/O (%) OOH/O (%) OL/O (%) Cu/O (%) 

Cu2O–Cl-AA 4.8 18.2 77.0 148.0 
Cu2O–S-AA 13.7 11.8 74.5 99.5 
Cu2O–S-GLU 15.4 21.2 63.4 87.7 
Cu2O–Cl-GLU 16.3 27.2 56.5 85.1  
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surface of Cu2O–Cl-AA exhibits the lowest values among the catalysts 
tested, accounting for 4.8%. Then the OC/O for all the catalysts de-
creases following the order of Cu2O–Cl-GLU > Cu2O–S-GLU >

Cu2O–S-AA > Cu2O–Cl-AA. However, the OL/O increases in the order of 
Cu2O–Cl-GLU < Cu2O–S-GLU < Cu2O–S-AA < Cu2O–Cl-AA, where less 
OL corresponds to more oxygen vacancies and the order of coordination 
unsaturation. The CO catalytic activity is positively correlated with the 
content of chemically adsorbed oxygen on the catalyst surface, due to 
more oxygen vacancies existing on the surface of Cu2O prepared with 
glucose as reducing agent than ascorbic acid as reducing agent, which 
enhances the adsorption and activation of gas-phase oxygen and thus 
improves its catalytic activity for CO oxidation. In particular, it can be 
found that the Cu/O ratio for Cu2O–Cl-AA, Cu2O–S-AA, Cu2O–S-GLU 
and Cu2O–Cl-GLU are 148.0%, 99.5%, 87.7% and 85.1%, respectively. 
During the induction process, the copper sites are the adsorption sites for 
the adsorption and activation of CO molecules. CO adsorption on the 
copper sites dominates over O2 adsorption, i.e., self-poisoning of CO. In 
this case, the adsorption of O2 on the catalysts, as the rate determining 
step of CO oxidation during the induction process, tend to be more 
difficult than that of CO. Both adsorbed CO and O2 react to form CO2 
release. 

3.3. Morphology 

Fig. 4 shows SEM images of Cu2O–Cl-AA, Cu2O–S-AA, Cu2O–Cl-GLU 
and Cu2O–S-GLU catalysts. The cubic Cu2O micro/nanocrystals catalysts 
exposing six (100) crystal planes can be prepared with CuCl2⋅2H2O or 
CuSO4 as copper salt, ascorbic acid or glucose as reducing agent (Yoon 
et al., 2015; Hua et al., 2013, 2014). In addition, the crystal planes of 
Cu2O prepared with ascorbic acid as reducing agent are relatively 
smooth and the edges and corner are relatively blunt. Nevertheless, 
Cu2O prepared with glucose as reducing agent has sharp edges, corner 
and slightly rough crystal surface. The reason may be that the Cu2O 
nanocrystals underwent in situ surface oxidation to form CuO films 
during CO oxidation (Zhang et al., 2019a). The reducing agent glucose 
enhances the edge site/surface site density, making it easier for Cu2+

located at the sharp edges to be reduced to Cu+, thus promoting catalytic 
activity. It is obvious that the microstructure of Cu2O 

micro/nanocrystals is not sensitive to the type of copper salt precursor, 
but the different types of reducing agent can influence its microstructure 
(see Fig. 5). 

According to the results of activity test, the catalyst prepared with 
glucose as reducing agent exhibits the higher CO catalytic activity than 
that of the catalyst with ascorbic acid as reducing agent. Combined with 
the SEM results, Cu2O–Cl-GLU with obvious edge and rough crystal 
surface has the higher activity. Taking Cu2O–Cl-GLU with the highest 
activity and Cu2O–Cl-AA with the worst activity for example, the 
Cu2O–Cl-GLU seems to add active sites at edges and corner based on the 
active sites of Cu2O–Cl-AA. Here, the 12 edges of the cube can be 
abstracted into one-dimensional Cu2O nanowires. It is known that the 
atomic exposure rate and coordination unsaturation of one-dimensional 

Fig. 4. SEM images of Cu2O–Cl-AA, Cu2O–S-AA, Cu2O–Cl-GLU and Cu2O–S-GLU catalysts.  
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Fig. 5. H2-TPR profiles of the Cu2O–Cl-AA, Cu2O–S-AA, Cu2O–S-GLU and 
Cu2O–Cl-GLU catalysts. Weight of sample: 15 mg; Gas composition and flow 
rate: 5% H2/Ar mixture (30 mL min− 1); Heating rate: 10 ◦C min− 1. 
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nanomaterial are much higher than that of two-dimensional nano-
material, and two-dimensional nanomaterials are much higher than that 
of three-dimensional bulk materials (Shang et al., 2020; Ji et al., 2020; 
Jiao et al., 2019). Generally, the higher atomic exposure rate and co-
ordination unsaturation lead to the higher atomic utilization rate of 
catalysts and better catalytic activity. These phenomena can well 
explain the highest activity of Cu2O–Cl-GLU. 

3.4. Temperature-programmed thermal analysis 

The redox behavior of the Cu2O–Cl-AA, Cu2O–S-AA, Cu2O–S-GLU 
and Cu2O–Cl-GLU catalysts has been investigated by H2-TPR, with the 
results shown in Figp. 5. During the temperature programmed process, 
H2 combines with OL in Cu2O to yield H2O and then form oxygen va-
cancies (OV), and thus the reducibility of Cu2O is positively correlated 
with the OL shedding. By fitting the H2-TPR spectra of the four catalysts, 
except Cu2O–Cl-AA with only β, γ two peaks, the other three catalysts 
can be fitted with α, β, γ peaks, indicating that the reduction is no longer 
confined to the surface of the material, but extends deep into its bulk, 
which may accelerate the reduction process and consume more 
hydrogen. Table 3 lists the peak temperature and hydrogen consumption 
corresponding to each reduction peak of the catalysts. The redox per-
formance of catalysts depends mainly on their reduction temperature 
rather than on hydrogen consumption. The Cu2O–Cl-GLU exhibits the α 
peak at the lowest temperature of 242 ◦C during H2-TPR although its H2 
consumption (α + β + γ = 4.50 mmol/g) is lower than that of Cu2O–S- 
GLU (5.60 mmol/g), exhibiting the highest excellent reducibility among 
all the catalysts tested. 

By comparing the temperature of the reduction peak of each catalyst, 
the source of the reducibility of catalysts can be inferred. For Cu2O–Cl- 
AA and Cu2O–S-AA, the reduction temperatures of β peaks are 326 ◦C 
and 324 ◦C respectively, with γ the peak reduction temperatures of 
360 ◦C and 352 ◦C. Obviously, the temperature difference is within 10 ◦C 
suggests that the Cu2O–Cl-AA and Cu2O–S-AA have similar reducing 
sites on the catalyst surface. Combined with the SEM results, both 
Cu2O–Cl-AA and Cu2O–S-AA mainly expose (100) crystal planes, indi-
cating that their reducibility mainly comes from the reduction of OL at 
(100) crystal planes. The reduction temperature of Cu2O–Cl-GLU and 
Cu2O–S-GLU is lower than that of Cu2O–Cl-AA and Cu2O–S-AA. Simi-
larly, the reduction β peak of Cu2O–Cl-GLU and Cu2O–S-GLU can be 
attributed to the reduction of OL on the (100) crystal planes of Cu2O 
micro/nanocrystals cube surface. Generally, the increase of catalyst 
surface defects is beneficial to improving catalyst activity (Jiang et al., 
2018). For Cu2O–Cl-GLU and Cu2O–S-GLU, the increase of irregular 
defect sites on the crystal surface, such as step surface and concave 
surface, can explain why the temperature of reduction peaks (α, β and γ) 
decreases, compared with Cu2O–Cl-AA and Cu2O–S-AA. Therefore, for 
Cu2O–Cl-GLU and Cu2O–S-GLU, it can be determined that the α peak 
comes from the reduction of OL exposed at the edges and corner of Cu2O 
micro/nanocrystals cube. Especially for Cu2O–Cl-GLU, the lower 
reduction temperature of α peak (242 ◦C), that is, the higher OL activity 
at the edges and corner of the surface leads to further improving the 
activity of CO oxidation. 

O2-TPD can detect the adsorption strength and capacity of catalysts 

for gaseous oxygen, as shown in Fig. 6, and the desorption curve of O2- 
TPD from low to high temperature is as follows: the desorption of 
physically adsorbed oxygen (OP) (room temperature to 200 ◦C), the 
desorption of chemically OC (200–700 ◦C) and the desorption of OL 
(above 700 ◦C). The difference of the amount of chemisorbed oxygen 
among different samples as shown in Table 4. The Cu2O–S-GLU and 
Cu2O–Cl-GLU catalysts have abundant in OL and Oc, while Cu2O–Cl-GLU 
has the highest total amount of oxygen species among all the catalysts 
tested. As can be seen from Fig. 6, there is almost no chemisorbed ox-
ygen in the O2-TPD curve of Cu2O–Cl-AA, which indicates that the (100) 
crystal of Cu2O exhibits weak adsorption on O2, consistent with the 
reference of Ma et al. (2021). The OC desorption is observed obviously 
for the Cu2O–S-AA, Cu2O–S-GLU and Cu2O–Cl-GLU, indicating that the 
adsorption of O2 on them is better than that of Cu2O–Cl-AA, which is 
agreement with that of XPS analysis of O 1s. 

Fig. 7 shows the CO-TPD-MS profiles of catalysts. Almost all of the 
CO molecules adsorbed on the catalyst surface desorbed as CO2 during 
the heating cycle without remaining CO signal detected. Hence the po-
sition and area of CO2 desorption peak are correlated with the difficulty 
of CO2 desorption and the CO adsorption capacity. Specifically, the 
lower peak temperature demonstrates the easier desorption of adsorbed 
CO in the form of CO2, and larger peak area indicates more CO2 is 
desorbed at this temperature region. The total CO2 desorption peak 
areas of Cu2O–S-GLU and Cu2O–Cl-GLU are larger than those of 
Cu2O–Cl-AA and Cu2O–S-AA, which confirms that more CO adsorption 
binding sites on the surfaces of Cu2O–S-GLU and Cu2O–Cl-GLU than 
those of Cu2O–Cl-AA and Cu2O–S-AA. Besides, the temperature of CO2 
desorption peak (α peak) for Cu2O–S-AA is lower than that of Cu2O–Cl- 
AA, which suggests that some OL on the surface of Cu2O–S-AA catalyst is 
easy to be reduced by CO to form CO2, and also indicates that the CO 
oxidation activity of Cu2O–S-AA is higher than that of Cu2O–Cl-AA. 
Although the amount of highly active lattice oxygen belonging to the α 
peak is relatively small, its role in the ignition stage of high concentra-
tion CO cannot be ignored due to the fast rate of CO exothermic reaction 
(Kang et al., 2021; Bin et al., 2015). Similarly, the CO oxidation ac-
tivity of Cu2O–Cl-GLU is higher than that of Cu2O–S-GLU. As such, the 
properties of CO adsorption and activation for all the catalysts are as 
follows: Cu2O–Cl-GLU > Cu2O–S-GLU > Cu2O–S-AA > Cu2O–Cl-AA, 
which is consistent with the results of activity test. 

Table 3 
H2 consumption of the Cu2O–Cl-AA, Cu2O–S-AA, Cu2O–S-GLU and Cu2O–Cl- 
GLU catalysts obtained from H2-TPR analysis.  

Catalyst Temperature (oC) H2 consumption (mmol/g) 

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

Cu2O–Cl-AA / 326 360 / 3.07 0.82 3.89 
Cu2O–S-AA 300 324 352 1.10 2.30 0.97 4.37 
Cu2O–S-GLU 250 282 308 3.50 1.29 0.81 5.60 
Cu2O–Cl- 

GLU 
242 286 302 1.22 1.98 1.30 4.50  
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Fig. 6. O2-TPD profiles of the Cu2O–Cl-AA, Cu2O–S-AA, Cu2O–S-GLU and 
Cu2O–Cl-GLU catalysts. Weight of sample: 50 mg; Gas composition and flow 
rate: 25% O2/N2 mixture (30 mL min− 1); Heating rate: 10 ◦C min− 1. 
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3.5. In situ infrared spectrum 

In-situ infrared spectra were performed to explore CO adsorption and 
reaction mechanism during CO oxidation using the Cu2O–Cl-GLU, as 
shown in Fig. 8. When pure CO was introduced into the cell for 30 min at 
room temperature (Fig. 8a and b), the absorption bands at 2172 and 
2118 cm− 1 are assigned to the gaseous CO and adsorbed CO (carbonyls, 
Cu+–CO), respectively (Bin et al., 2019; Kang et al., 2022). The adsorbed 
CO on Cu2O–Cl-GLU involves an electron donation from carbon (lone 
pair on 5σ orbital) to d orbitals of the metal cations (Cu+) and an elec-
tron back-donation from d orbitals of the metal cations to 2π*-anti-
bonding of carbon (Wu et al., 2018). The intensity peak for carbonate 
species, related to interaction of adsorbed CO and O2 is quite weak at 
1400-1800 cm− 1 due to the absence of gaseous O2. The in situ infrared 
spectra are also carried out under the 10% CO+ 21% O2/Ar continuous 
stream to identify main active sites during CO oxidation. The IR spectra 
(Fig. 8c and d) also display intense bands at 2172 and 2118 cm− 1 

assigned to gaseous CO and carbonyls, respectively. When the temper-
ature increases from 30 to 300 ◦C, the gaseous CO band (2172 cm− 1) and 
carbonyls (2118 cm− 1) for the Cu2O–Cl-GLU reduces rapidly, but the 
CO2 bands at 2361, 2342 cm− 1 grow fast instead, confirming to CO 
combustion. Owing to the very week interaction of adsorbed CO and O2 
on the Cu2O surface, the intensity peak for carbonate species were 
nearly unobserved at 1400-1800 cm− 1. As such, the copper sites are 
available for the transformation and reaction, and become eventually a 
key aspect in the activity over Cu2O catalysts. 

3.6. Proposed reaction pathway 

It is widely accepted that in a typical heterogeneous catalytic reac-
tion, the adsorption of reactants and the activation of adsorbed species 
are both required for the process to occur (Bin et al., 2014). According to 
the results mentioned above, the CO self-sustained catalytic combustion 
over Cu2O catalysts mainly follows the Mars-van-Krevelen (M-v-K) 
mechanism, i.e., reaction of adsorbed and activated CO with lattice 
oxygen. Scheme 2a shows the reaction cycle path of CO on the surface of 
Cu2O micro/nanocrystals. There are four elementary reaction steps in 
the catalytic cycle in Scheme 2a, as shown below:  

CO + Cu(I) → [Cu–CO]                                                                  (6)  

[Cu–CO] + OL → Cu(I) + OV+ CO2                                                 (7)  

O2 + OV → OL+ OC                                                                        (8)  

[Cu–CO] + OC → Cu(I) + CO2                                                        (9) 

(6) ~ (9) form a catalytic total large cycle, (6) and (7), (6) and (9), (7) 
and (8) form a small cycle, which promote each other. The activity of 
lattice oxygen and the amount of chemically adsorbed oxygen directly 
influence the smooth progress of catalytic reaction. According to the 
analysis of H2-TPR, the surface OL activity of Cu2O–Cl-GLU and Cu2O–S- 
GLU is higher than that of Cu2O–S-AA and Cu2O–Cl-AA, so the oxidation 
activity of Cu2O–Cl-GLU and Cu2O–S-GLU to CO is higher than that of 
Cu2O–S-AA and Cu2O–Cl-AA. CO adsorbed on Cu(I) reacts with OL to 
produce Cu(I), OV and CO2. According to the analysis of O2-TPD profiles, 
the amount of surface OC of Cu2O–Cl-GLU, Cu2O–S-GLU and Cu2O–S-AA 
is more than that of Cu2O–Cl-AA. Therefore, the catalytic activity of 
Cu2O–Cl-GLU, Cu2O–S-GLU and Cu2O–S-AA is higher than that of 
Cu2O–Cl-AA. That is, CO adsorbed on Cu(I) reacts with OC to yield Cu(I) 
and CO2. There is no doubt that the increase of OV can promote the 
whole catalytic reaction cycle by accelerating the reaction rate in step 
(8). From the highly positive correlation between the activity of lattice 
oxygen and the activity of catalytic reaction, and referring to part of our 
previous research work (Kang et al., 2018; Ma et al., 2021), it can be 
inferred that the catalytic reaction of CO on Cu2O follows the 
Mars-van-Krevelen (M-v-K) mechanism reaction model 

To better understand the content of the conceptual diagram, Scheme 
2b is as a diagram of Scheme 2a shows the whole process of CO oxidation 
on cubic Cu2O. Firstly, CO is adsorbed on Cu(I), and the active lattice 
oxygen on the Cu2O crystal surface reacts with CO generating oxygen 
vacancy and CO2, then CO2 desorbed from the catalyst surface. Subse-
quently, the gaseous O2 adsorbed on the oxygen vacancy to supplement 
OV to generate OL and OC. Due to the exposure rate and coordination 
unsaturation of atoms increase in the order of face < edge ＜ corner, the 
catalytic activity of corner is higher than that of edge, and face activity is 
lowest. Owing to the obvious edge and rough crystal surface of Cu2O–Cl- 
GLU, the high exposure rate and coordination unsaturation of atoms in 
Cu2O–Cl-GLU lead to high concentration of oxygen vacancies and OC, 
which consequently facilitate the CO oxidation activity. 

4. Conclusions 

Cubic Cu2O micro/nanocrystals catalysts exposing six (100) crystal 
planes were successfully prepared with different copper salts and 
reducing agents of glucose. It is obvious that the effect of reducing agent 
on the catalytic properties is greater than that of copper salt. The ac-
tivities of self-sustaining catalytic combustion for high concentration CO 
decrease in the order of Cu2O–Cl-GLU > Cu2O–S-GLU > Cu2O–S-AA >
Cu2O–Cl-AA. The reducing agent of glucose can promote the formation 
of sharper edges and corners, which makes easier for gas-phase oxygen 
to be activated by lattice oxygen at the sharp edges of the nanocrystals. 
Meanwhile, compared with ascorbic acid as reductant, the surface of the 
Cu2O nanocrystals with glucose as reducing agent is slightly rougher, 

Table 4 
The difference of the amount of chemisorbed oxygen among samplesa.  

Catalysis Cu2O–Cl-AA Cu2O–S-AA Cu2O–S-GLU Cu2O–Cl-GLU 

Oxygen Species 

OP 72.103 70.509 72.584 48.668 
Oc 58.940 72.523 161.692 211.088 
OL 192.172 635.312 571.766 697.655 
Total 323.215 778.344 806.042 957.411  

a The calculated area is the absolute area. 
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Fig. 7. CO-TPD-MS profiles of the Cu2O–Cl-AA, Cu2O–S-AA, Cu2O–S-GLU and 
Cu2O–Cl-GLU catalysts. Weight of sample: 50 mg; Gas composition and flow 
rate: high purity CO (99.999%, 30 mL min− 1); Heating rate: 10 ◦C min− 1. 
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which significantly improves the CO oxidation activity. The abundant 
lattice oxygen that activates gaseous O2 in the sharp edges, corner of 
Cu2O micro/nanocrystals and the step defects and depression defects on 
the catalyst surface are the main reasons for the improvement of the CO 
oxidation over Cu2O–Cl-GLU. Moreover, the high-CO oxidation activity 
indicates a higher catalytic activity at the corners than that at the edges, 
with the lowest activity at the faces. The relatively abundant chem-
isorbed oxygen on the catalyst surface is the key reason for the rapid 
ignition of CO on the catalyst surface. The study suggests that the 
glucose is very promising in tuning the surface/interface structure of 
catalysts. 
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