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Highly efficient In2O3-Co3O4 catalysts were prepared for 

ultralow-temperature CO oxidation by simultaneously tuning 

the CO adsorption strength and oxygen activation over Co3O4 10 

surface, which could completely convert CO to CO2 at as low 

as -105 oC compared to -40 oC over pure Co3O4, and the 

stability was greatly promoted. 

Low-temperature CO oxidation has drawn great attention due to 
not only its wide applications but also its simplicity as a good 15 

model reaction to develop and test the novel catalyst [1-9]. Gold 
catalyst made a breakthrough in low-temperature catalysis [5, 8-10], 
which could completely convert CO to CO2 even at −89 oC [9]. In 
addition, the research of Co3O4 catalysts significantly advanced 
metal oxides catalysing low-temperature CO oxidation [4, 11-15]. 20 

Recently, it was reported that Co3O4 nanorod with mainly 
exposed {110} planes could completely catalyse CO to CO2 at as 
low as −77 oC [4]. Despite great advances, it is still challenging to 
find an approach to design an improved catalyst to achieve higher 
catalytic activities at low temperatures to broaden the feasible 25 

range to more extreme conditions for CO removal. 
 In general, the whole cycle of CO oxidation undergoes CO 
adsorption, the formation of active oxygen, CO reacting with 
active oxygen, and CO2 desorption. Due to the competition 
between CO adsorption and the formation of active oxygen, an 30 

overwhelming majority of work was concentrated on addressing 
the difficult issue of how to balance or how to separate these two 
factors. For noble metal catalysts such as Pt, the low catalytic 
activity frequently stems from the too strong CO adsorption on its 
surface [16], namely CO poison effect, especially at low 35 

temperatures, which blocks the active sites for oxygen adsorption 
and activation. Unlike Pt catalyst, the nano-Au surface can more 
weakly chemisorb CO, resulting in the excellent catalytic activity 
of the nano-Au for low temperature CO oxidation [5, 8, 17]. In 
addition, a method for providing the extra active sites of oxygen 40 

activation on the catalyst can be adopted to improve the catalytic 
activity of noble metals for CO oxidation. For instance, growing 
FeOx on Pt (111) could supply the extra active sites for O2 
activation for Pt catalyst with the help of FeOx 

[18]. For the metal 
oxide catalysts (e.g. Co3O4) used in the CO oxidation, the 45 

increase of CO adsorption sites or the enhancement of O2 
activation is usually adopted to improve the activity of CO 

oxidation. For instance, the amount of CO adsorption sites could 
be increased by controlling the morphology or particle size of 
catalyst,[4, 19, 20] and the use of pre-treatments on catalysts can 50 

produce more oxygen vacancies [11, 21, 22].  
 However, it should be noted that the coupling of adsorbed CO 
with activated O and the desorption of CO2, which were 
overlooked for the whole process, could also be of key 
importance to the reactivity. In order to make further 55 

breakthroughs on CO oxidation, in this work we take a novel 
approach based on the following rational: except for sufficient 
CO adsorption and effective O2 activation which were 
extensively investigated, a good catalyst for CO oxidation at low 
temperature should also meet the demands: low energy barrier of 60 

CO reacting with active oxygen which requires both low CO 
adsorption energy and active oxygen, and rapid CO2 desorption 
for avoiding the accumulation of surface carbonate species which 
would severely impair the catalytic activity for metal oxide 
catalysts [4, 23, 24]. Both of these demands are correlated to low CO 65 

adsorption strength. Hence, based on the comprehensive 
consideration of the factors above, low but sufficient CO 
adsorption energy and enough active oxygen are crucial to the 
design of the improved catalyst. To this end, we design a novel 
catalyst by weakening the CO adsorption to some extent on 70 

Co3O4 surface and decreasing the formation energy of oxygen 
vacancy simultaneously. 
 The doping of metal cations is a very useful method to 
improve the performances of catalysts [12, 13, 25-28]. For CO 
oxidation, we need to consider the following issues. To improve 75 

the catalytic performance of Co3O4 catalysts, the dopant (M) is 
firstly expected to possess a weaker M-O bonding than that of 
Co-O in order to decrease the oxygen vacancy formation energy. 
Secondly, a cation with relatively larger radius is also desired, 
which could distort the structure to make the formation of oxygen 80 

vacancy easier. Thirdly, it is better that the dopant should make 
Co cations lose less electrons to oxygen, which can lower the d-
band center of Co to decrease CO bonding. With these 
considerations, we suggest that indium may be a promising 
candidate, meeting the demands mentioned above.  85 

 Based on our rational above, we design and prepare In2O3-
Co3O4 catalyst for CO oxidation in this work. Surprisingly, this 
catalyst can achieve complete oxidation of CO at −105 °C and 
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50% conversion at −115 °C. To the best of our knowledge, this is 
the first study reporting CO oxidation breaking through the limit 
of −100 °C, which makes it possible to broaden the feasible range 
to more extreme conditions for CO removal.  
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Fig. 1. The catalytic activity of Co3O4 and In2O3-Co3O4 samples and 

(inset) the catalytic stability of 25 wt.% In2O3-Co3O4 and Co3O4 for 

CO oxidation at 0 °C.  

 Fig. 1 shows the catalytic activity of Co3O4 and In2O3-Co3O4 
samples for CO oxidation under the condition of 20 vol.% O2, 1 10 

vol.% CO and N2 balanced in the dry feed gas and the space-
velocity is 15,000 ml/h•gcat. As expected, the presence of In2O3 
can significantly promote the catalytic activity of Co3O4, and the 
lowest temperature of complete conversion (LTCC) of CO is as 
low as −105 oC over 25 wt.% In2O3-Co3O4 catalyst, while the 15 

corresponding LTCC is −40 °C over pure Co3O4. The TOF value 
at −75 °C over 25 wt.% In2O3-Co3O4 is about 1.7×10−7 mol/s·m2, 
and TOF on the pure Co3O4 is only 3.2×10−8 mol/s·m2. 
Furthermore, the activity of 25 wt.% In2O3-Co3O4 is further 
promoted by increasing the concentration of O2 or decreasing the 20 

concentration of CO. For instance, LTCC of CO can reach −115 

°C when the concentration of CO is 0.5 vol.%, or 30 vol.% O2 is 
used (Table. S1). 
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Fig. 2. The XRD patterns of pure Co3O4 and 25 wt.% In2O3-Co3O4.  25 

 In the XRD pattern of 25 wt.% In2O3-Co3O4 catalyst (Fig. 2), 
only the characteristic peaks of Co3O4 can be detected, which 
shift to lower degrees and become broader. In terms of XRD 
results, the fitted cell parameter of Co3O4 in 25 wt.% In2O3-
Co3O4 (a = 8.100 Å) is larger than that of pure Co3O4 (a = 8.075 30 

Å), which indicates that the In cations with larger radius are 
inserted into the lattice of Co3O4, resulting in the lattice 
expansion. The Raman spectra (Fig. S1) show that, comparing 
with Co3O4, the Raman peaks of tetrahedral sites (CoO4) and 
octahedral sites (CoO6) on 25 wt.% In2O3-Co3O4 sample shift to 35 

the lower wavenumber and are broadened, which also confirms 
the increase of lattice distortion and residual stress of Co3O4 after 
deposition of In2O3 

[29]. Furthermore, the density functional 
theory (DFT) calculation results also show that the lattice 
constant (a = 8.210 Å) of In-doped Co3O4 is larger than that (a = 40 

8.110 Å) of pure Co3O4, and the bulk structure of the In-doped 
Co3O4 is illustrated in Fig. S2. The results mentioned above 
suggest that In3+ cations have entered the lattice of Co3O4.  
 The formation energy of oxygen vacancy in bulk Co3O4 and 
doped-In Co3O4 were studied. The calculated formation energy 45 

(4.68 eV) of oxygen vacancy on OIn (oxygen adjacent to In3+) 
sites is 0.25 eV lower than that (4.93 eV) on OCo (oxygen only 
bonding to Co ion) sites. This implies that the oxygen activity of 
catalyst has been increased due to the presence of In.  
 The effect of doped In cations on the chemisorption of CO was 50 

also investigated. The bader charge analysis shows that OIn 
possesses more negative charges than O in pure Co3O4 by 0.035 e. 
This might be attributed to the higher electronegativity (1.88) of 
Co than that of In (1.78) [30], that is to say the lattice oxygen of 
catalyst can attract more electrons from In cations than substituted 55 

Co cations. Consequently, lattice oxygen in In-doped Co3O4 tends 
to attract fewer electrons from its adjacent Co cations to balance 
its excess electrons due to the doped In3+. It is also found that the 
Co2+ and Co3+ cations adjacent to OIn in In-doped Co3O4 are 
slightly less positive than those in Co3O4. The XPS results also 60 

confirm this result; the 2p binding energies (BE) of Co2+ and Co3+ 
shift to lower BE by 0.40 eV and 0.25 eV, respectively, 
comparing to that of pure Co3O4 (Fig. S3).  
 The FT-IR spectra of CO adsorption (Fig. S4) show that the 
vibration absorption band of C=O bond over In-doped Co3O4 is 65 

blue-shifted, which indicates that the strength of CO adsorption 
and bond strength of C-Co are weakened. These results are in 
good agreement with our DFT calculation results that CO can 
easily adsorb on surface 5-fold Co3+ with a lower chemisorption 
energy (0.58 eV) relative to that on pure Co3O4 (100)-B (1.16 eV). 70 

The results above are also consistent with the change of the C-O 
bond length: the bond length of CO adsorbed on In-doped Co3O4 

(100)-B surface shrinks to 1.156 Å from 1.158 Å of the C-O bond 
length on pure Co3O4 (100)-B surface. Conversely, the Co-C 
bond elongates to 1.779 Å from 1.768 Å on pure Co3O4 (100)-B, 75 

which can be attributed to the downshift of d-band center due to 
more electrons in Co cations after doping In cations. The details 
of adsorption structure are described in Fig. S5, in which the (100) 
facet was selected as the research model, because the (100) facet 
is the mainly exposed active plane for the conventional Co3O4 80 

nanoparticles and the other exposed (111) facet containing only 
inactive Co2+ sites exhibits less activity [23, 31]. The Co3O4 (100) 
surface has two types of terminations denoted as Co3O4 (100)-A 
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and Co3O4 (100)-B, while the latter is much more energetically 
favoured [23]. Hence, Co3O4 (100)-B is used to study the CO 
oxidation.  
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Fig. 3. The CO-TPSR profiles of 25 wt.% In2O3-Co3O4 (a) and pure 5 

Co3O4 (b). 

 Since the previous work[23, 32] has pointed out that CO reacting 
with lattice oxygen is slower step compared to the molecular O2 
activation followed by the formation of oxygen vacancy, the 
energy barrier of adsorbed CO reacting with lattice oxygen on the 10 

catalyst was mainly investigated. The reaction barrier of adsorbed 
CO with the oxygen adjacent to subsurface In3+ cation on In-
doped Co3O4 (100)-B is only 0.33 eV, which is 0.25 eV lower 
than that (0.58 eV) on the pure Co3O4 (100)-B facet. More 
interestingly, this energy barrier is even lower than that on Co3O4 15 

(110) facet that is the highest active surface on Co3O4 
[4, 24]. These 

theoretical calculation results are confirmed by the CO-TPSR 
results (Fig. 3). In the CO-TPSR profiles of 25 wt.% In2O3-Co3O4 

at −80~20 °C, two obvious CO consumption peaks can be 
observed; for pure Co3O4, CO is just consumed at higher than 20 

−20 °C. The H2-TPR profiles (Fig. S6) also show that the doping 
of In2O3 obviously enhances the reducibility of Co3O4. These 
results indicate that the doping of In3+ makes the formation of 
oxygen vacancy easier and leads to a significant increase of the 
reactivity of surface oxygen on 25 wt.% In2O3-Co3O4, promoting 25 

its catalytic activity for CO oxidation.  
 The results above show that the doped In cations enter the 
lattice of Co3O4, which reduce the formation energy of oxygen 
vacancy and promote O2 activation. At the same time, the 
presence of In also increases the electron on the Co cations and 30 

weakens the adsorption of CO on the catalyst surface. The 
promoted O2 activation and weakened CO adsorption strength 
decrease the reaction barrier of CO oxidation, which leads to the 
high activity of In-doped Co3O4 for CO oxidation.  

Generally speaking, the weaker CO adsorption is expected to 35 

weaken CO2 adsorption, and stronger CO2 adsorption gives easily 
rise to the formation of surface carbonate species, which results 
in a deactivation of Co3O4 for CO oxidation [4, 24]. The DFT 
results show the chemisorption energy (0.14 eV) of CO2 on In-
doped Co3O4 (100)-B is 0.22 eV lower than that (0.36 eV) on the 40 

pure Co3O4 (100)-B facet. With the help of in-situ DRIFT testing 

at −70 °C, we can see that the significant accumulation of surface 
carbonate species (including unidentate carbonates and 
bicarbonate) over pure Co3O4 at −70 °C can be observed (Fig. 4), 
and after adding In2O3 in Co3O4 the formation rate of surface 45 

carbonate species declines remarkably. The relation of the 
amounts of surface carbonate species formed on the surface of 25 
wt.% In2O3-Co3O4 and Co3O4 as the function of reaction time 
(Fig. S7) shows that the formation rate of carbonate species on 25 
wt.% In2O3-Co3O4 is about one tenth as that on pure Co3O4 50 

during the initial reaction period. After reacting 20 min, the total 
amount of the surface carbonate species on 25 wt.% In2O3-Co3O4 
is about one fifth as that on pure Co3O4. These results indicate 
that the weaker adsorption of CO2 over In-doped Co3O4 inhibits 
the accumulation of surface carbonate species. As a result, the 55 

stability of 25 wt.% In2O3-Co3O4 is enhanced significantly and 
the deactivation rate is obviously inhibited. Under dry feed gas 
condition, the complete CO conversion can sustain at 0 °C for 
210 min over pure Co3O4 catalyst, and using 25 wt.% In2O3-
Co3O4 catalyst 100% CO conversion can sustain 600 min (Fig. 1-60 

inset). The activity of deactivated 25 wt.% In2O3-Co3O4 and pure 
Co3O4 catalysts could be recovered completely after pretreatment 
in 20 vol.% O2/N2 at 350 °C for 40 min. For the 25 wt.% In2O3-
Co3O4 catalyst, the rapid desorption of CO2 also decreases the 
CO2 solidification to block surface active sites at ultralow 65 

temperature that is lower than the CO2 freezing point of −78.5 °C. 
Hence, the decrease of adsorption strength of CO obviously 
weakens the adsorption of CO2, and reduces the surface carbonate 
species accumulation on the catalyst surface, which maintains the 
high activity of 25 wt.% In2O3-Co3O4 for a long time. 70 

 

 

Fig. 4. in-situ DRIFT spectra during the CO oxidation at −70 °C 

over pure Co3O4 and 25 wt.% In2O3-Co3O4 at different reaction 

times in the flow of 1 vol.% CO, 20 vol.% O2 and N2 balanced. The 75 

bands at 1413 and 1220 cm
−1

 are ascribed to the unidentate 

carbonates species and the peak at 1630 cm−1
 is attributed to 

bicarbonate species. 
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 In summary, the doped In3+ cations can significantly improve 
the catalytic performance of Co3O4 for low-temperature CO 
oxidation. Under dry feed gas condition, CO can be completely 
converted to CO2 at −105 °C over 25 wt.% In2O3-Co3O4. Both 
experimental and theoretical calculation results demonstrate that 5 

the presence of In3+ in Co3O4 can simultaneously tune the 
adsorption strength of CO and reactivity of oxygen species on the 
catalyst, which gives rise to the extraordinarily high catalytic 
activity. The doping of metal cations with lower M-O bonding 
energies, larger cation radii and relatively lower electronegativity 10 

may be a very useful approach to design the highly efficient 
doped Co3O4 catalyst. Furthermore, the rational and strategy to 
develop the new catalysts in this work may be of general use to 
other catalytic systems. 
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