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Abstract 

Surface lattice oxygen in metal oxides is a common participant in many chemical reactions. Given 

this, the structural design of catalysts to activate lattice oxygen and moreover investigations into 

the effect of lattice oxygen on reaction pathways are hot topics. With this in mind, herein we 

prepare CuO-Zn1-xCuxO (ZCO) nanofibers akin to the Trojan horse legend and via an in situ 

reduction obtain activated Cu/Zn1-xCuxO (Cu/ZCO) nanofibers. X-ray absorption spectroscopy and 

X-ray photoelectron spectroscopy reveal that surface lattice oxygen of Cu/ZCO is effectively 

activated from inert O2- to reactive O2-x. This activation stems from the enhanced covalence of 

metal-oxygen bond and the electron transfer between Cu and the support. Online mass 

spectrometry reveals that Cu/ZCO with activated lattice oxygen exhibits a higher Mars-van 

Krevelen reaction efficiency during the CO oxidation process. This study offers a new avenue to 

engineer interface interactions, given, as highlighted here, the importance of surface lattice oxygen 

in oxide supports during the catalytic process.  
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Herein, we have developed a strategy similar to the Trojan horse to engineer Cu/Zn1-xCuxO 

materials with metal-support interactions, where the covalency of the metal-oxygen bond in the 

support is enhanced and there is also strong electron transfer between the Cu nanoparticles and the 

support. The optimization of the electronic structure efficiently activates the surface lattice oxygen 

of the support and improves the catalytic activity and durability. Online isotopic mass spectrometry 

clarifies that the activated surface lattice oxygen dramatically increases the catalytic efficiency of 

the MvK mechanism but has no obvious effect on the L–H mechanism during the CO oxidation 

process.  

 

 

 

Introduction 
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The reactivity of surface lattice oxygen in transition metal oxides has a significant influence on 

the performance of a catalytic reaction process.1-3 For example, reversible, active, and stable anion 

redox properties of a lattice oxygen can increase the capacity of a lithium ion battery, improve the 

catalytic efficiency of the Mars-van Krevelen (MvK) mechanism in thermocatalysis or the lattice 

oxygen oxidation mechanism in the oxygen evolution reaction.4-7 In general, surface lattice 

oxygens of intrinsic transition metal oxides are relatively inert. To improve the catalytic 

performance and durability, the surface lattice oxygen of a solid catalyst needs efficient activation 

using a suitable method.5, 8, 9 In recent years, the engineering of surfaces/interfaces and 

manipulation of the electronic structure of transition metal oxides have received increased 

attention to improve the activity of the surface lattice oxygen. Despite such studies, the activation 

of surface lattice oxygen remains a challenge for many catalytic reactions.  

The chemical properties of surface lattice oxygen tend to be dominated by the covalence of the 

metal-oxygen interactions.6, 10, 11 Common strategies for regulating the covalence involve cationic 

or oxygen architectural defects, element doping, crystal facet design, surface modification, and 

tuning of the charge transfer in the composite materials.3, 5, 11-15 One of the most popular activating 

methods involves dispersing metal nanoparticles or single atoms at the surface of metal oxides, 

where the interaction between the two phases can optimize the hybridization of the metal-oxygen 

bond via electron transfer between the metal and support.16-18 An example is the use of a single Pt 

atom at the twisted surface of CeO2, M/TiO2 (M=Pt, Fe, Mn, Co, Ni, Cu), Cu/CeO2, M/ZnO (M = 

Au, Pt, Cu), and so on.3, 8, 19-22 Currently, the preferred method for the preparation of metal/support 

catalysts utilizes impregnation and atomic layer deposition.16, 19, 23 Different from traditional 

preparation methods, exsolution processes provide new opportunities to tailor stable metal-oxide 

interfaces and to improve activity and stability.24 Exsolved metal particles based on Ni, Co, Fe, 

Pd, and Pt have successfully been synthesized via this pathway, and the resulting tailored catalysts 
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exhibited better catalytic performances.25-27 A similar exsolution route may address this issue in 

other metal/support catalysts.  

Promising catalysts based on Cu/ZnO materials have gained increasing prominence because of 

their impressive catalytic performances during CO2 hydrogenation, CO oxidation, and the water–

gas shift reaction.21, 28-30 However, the impact of the interface effect between Cu and the ZnO 

support on the various catalytic processes remains elusive, particularly the role played by the 

surface lattice oxygen.21, 28, 29 Recently, it has been reported, via the use of online isotopic mass 

spectrometry, that the activity of the surface lattice oxygen in other transition metal oxides plays 

an important role in dictating the reaction pathway and influencing the active sites.31-33 With this 

in mind, we herein employ online isotopic mass spectrometry to monitor reaction products and to 

analyze the mechanism associated with the CO oxidation process. Moreover, we hoped to identify 

the true active sites in the constructed Cu/ZnO materials. 

We present herein an electrostatic spinning method for the preparation of mixed CuO-Zn1-xCuxO 

(ZCO) nanofibers, where the CuO in the Trojan horse (ZCO) is in situ reduced to Cu metal 

nanoparticles thereby forming Cu/Zn1-xCuxO (Cu/ZCO) composite catalysts by hydrogen 

annealing at high temperature. The regulated Cu/ZCO catalyst reveals clear interface interactions 

between the Cu and ZCO. Indeed, surface sensitive tools (X-ray absorption spectroscopy (XAS) 

and  X-ray photoelectron spectroscopy (XPS)) demonstrate that there is electron transfer between 

the two phases, which is able to tune the covalence of the Zn/Cu-O bond and improve the activity 

of the surface lattice oxygen. By contrast, a mechanically mixed Cu-ZCO sample only displayed 

the average effect for the electronic structure, while surface lattice oxygen is not activated. The 

use of online isotopic mass spectrometry illustrates that the active surface lattice oxygen in the 

support can improve reaction efficiency for the MvK mechanism. Therefore, it is evident that the 
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Cu/ZCO catalyst possesses better catalytic activity and durability for CO oxidation. The present 

study reveals that the surface lattice oxygen in inert oxide supports also becomes an important 

active site beyond the traditional metal cation site.  

 

Results and discussion 

 

Figure 1. (a) Schematic illustration of the synthetic routes for ZCO, Cu/ZCO, and Cu-ZCO; (b) 

X-ray diffraction (XRD) patterns for ZCO, Cu/ZCO, and Cu-ZCO in which green represents the 

Cu metal nanoparticles and purple represents the CuO structure. 

As shown in Figure 1 a, the ZCO sample was synthesized by the electrospinning method. The 

synthetic process is displayed in the Experimental Section in the Supporting Information. After H2 

annealing, the entrained CuO in the Trojan horse (ZCO) was reduced in-situ into Cu metal 

nanoparticles to form the Cu/ZCO composite catalyst.34 The reference sample Cu-ZCO was 

prepared by mechanically mixing some Cu nanoparticles in ZCO. The powder XRD patterns of 

the as-prepared ZCO, Cu/ZCO, and Cu-ZCO catalysts are shown in Figure 1 b. All the diffraction 

peaks are indexed with reference to the hexagonal ZnO structure (Hexagonal, P63mc) in which 

the peaks at 2θ = 35.5° and 38.8° in the ZCO and Cu-ZCO spectra represent the characteristic 
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diffraction peaks of the CuO material (monoclinic, C2/c). The diffraction peaks at 43.3° and 50.5° 

for Cu/ZCO and Cu-ZCO respectively represent the characteristic diffraction peaks of Cu metal 

nanoparticles. Compared with the ZCO nanofiber, the CuO diffraction peak in Cu/ZCO disappears 

and the Cu peak increases in the XRD patterns. These results demonstrate the target phase structure 

and the loading of the Cu metal nanoparticles, which is consistent with our design goal in Figure 

1 a. Furthermore, element content of these samples is measured using inductively coupled plasma 

(ICP) and scanning electron microscopy energy-dispersive X-ray spectroscopy (SEM-EDS). 

These analysis results are displayed in Figures S1-S3 and Table S1, respectively. According to 

the ICP calculation method, the ratio of Zn/Cu composite in ZCO, Cu-ZCO, and Cu/ZCO is 11.3, 

7.1, and 9.7, respectively. The SEM-EDS result shows that the ratio of the Zn/Cu is 8.9 (ZCO), 

6.6 (Cu-ZCO), and 15.6 (Cu/ZCO), respectively. Generally, ICP is responsible for analyzing the 

element composite in the integral solid material, while SEM-EDS data depend on the local 

composite information and have suitable limitation of space resolution. Therefore, these test results 

show some difference in the element ratio because of the test principle and systematic and 

experimental errors. 
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Figure 2. SEM images of (a) ZCO nanofibers, (b) Cu/ZCO nanofibers, and (c) mechanically mixed 

Cu-ZnO; high-resolution transmission electron microscopy (HRTEM) images of (d) ZCO 

nanofibers, (e) Cu/ZCO nanofibers, and (f) mechanically mixed Cu-ZnO. 

The surface morphology of these samples was characterized using scanning electron microscopy 

(SEM). As shown in Figure 2 a-c, ZCO, Cu-ZCO, and Cu/ZCO are one-dimensional long 

nanofibers and these catalysts are similar to each other in terms of morphology and size. The 

nanofiber is composed of many nanoparticles and the fiber diameter is about 170 nm. The average 

size of the nanoparticle in the nanofibers is about 70 nm. Figure 2 b demonstrates that in-situ 

annealing fails to change the original fiber morphology. In Figure 2 c, it is also evident that the 

mechanically mixed Cu-ZCO possesses other nanoparticles at the surface. Furthermore, the 

morphology of these materials was also measured using TEM. As displayed in Figure S4, the 

TEM images for ZCO, Cu-ZCO, and Cu/ZCO reveal similar morphology and size for the integral 

nanoparticles. In addition, HRTEM images were obtained to further elucidate the crystal structure 

of these samples, which were confirmed by measuring the lattice spacing in the HRTEM images. 
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Figure 2 d-f show that the ZCO is composed of CuO and ZnO, while Cu/ZCO and Cu-ZCO consist 

of Cu nanoparticles and ZCO. These results are in accordance with the XRD results. 

 

Figure 3. (a) CO oxidation activity, (b) temperature-dependent turnover frequencies (TOFs) for 

CO oxidation normalized by the number of Cu active sites, (c) reaction rate normalized by the 

specific surface area of the catalysts, and (d) Arrhenius plots of the rate constants for ZCO, 

Cu/ZCO, and Cu-ZCO. 

To assess the catalytic activity of these samples, CO oxidation conversion curves at different 

temperatures were recorded. Figure 3a shows that Cu/ZCO possesses a lower light-off 

temperature than both ZCO and Cu-ZCO, indicating better CO oxidation activity. In particular, 

Figure S5 shows that Cu/ZCO has lower CO conversion temperatures of T10, T50, and T90, which 

are 161, 190, and 222 °C, respectively. Mechanically mixed Cu-ZCO also exhibited a decrease in 

T10 (196 °C), T50 (224 °C), and T90 (257 °C) when comparing with ZCO (206, 237, and 278 °C). 

To avoid the effect of the calcination process on catalytic performance, Cu-ZCO-B is calcined first 
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and then mechanically mixed. Figure S6 shows that the catalytic performance errors of pre-

annealing and post annealing are acceptable ~6 °C. To investigate the intrinsic activity of the 

catalysts, TOFs for ZCO, Cu/ZCO, and Cu-ZCO were calculated using the relevant equation – see 

the experimental section. Figure 3 b shows that Cu/ZCO possesses higher values for TOFs for the 

CO oxidation than both ZCO and Cu-ZCO at different reaction temperatures. The mechanically 

mixed Cu-ZCO exhibited only a small increase in TOF values. This result is consistent with the 

CO oxidation data and confirms that the reactive site in Cu/ZCO possesses higher reactivity. 

Furthermore, the CO oxidation reaction rates normalized by the specific surface area were also 

calculated to study the intrinsic catalytic activity of these materials and eliminate the effect of the 

specific surface area on catalytic performance. Therefore, the specific surface area of ZCO, 

Cu/ZCO, and Cu-ZCO was measured using nitrogen adsorption apparatus; results are 12.9, 12.6, 

and 11.8 m2g-1, respectively (Figures S7 and S8). The calculated results for the reaction rates are 

shown in Figure 3 c. It was observed that Cu/ZCO has a higher reaction rate (mol s−1 m−2) at 

different temperatures compared to Cu-ZCO and ZCO, indicating a higher intrinsic catalytic 

activity for Cu/ZCO. In addition, the activation energy calculated by Arrhenius plots of the rate 

constants was used to analyze the intrinsic catalytic activity. Figure 3 d shows that Cu/ZCO 

possesses a lower activation energy for CO oxidation (~52.3 kJ mol−1) versus ZCO and Cu-ZCO, 

which is 60.7 and 73.2 kJ mol−1, respectively. These results unanimously demonstrate that the 

reactive sites in Cu/ZCO have higher activity, which dramatically improves the intrinsic catalytic 

activity for CO oxidation. To investigate the durability of the reactive sites in these catalysts, the 

CO oxidation process was performed uninterruptedly over 36 h at a reaction temperature of 230 

°C. Figure S9 shows the test results for ZCO, Cu/ZCO, and Cu-ZCO durability at a flow rate of 

100 mL/min. It was observed that the CO oxidation activity of ZCO markedly decreased on 

prolonging the reaction time, while Cu-ZCO and Cu/ZCO exhibited excellent stability. After 36 h 
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of measurements, the catalytic performance of ZCO had declined by ~10.2%, while for Cu/ZCO 

and Cu-ZCO the decrease was ~1.4 and ~4.1% during the CO oxidation process. These catalytic 

data demonstrates that the surface sites in Cu/ZCO are more active and flexible during the dynamic 

reaction of CO oxidation versus those in ZCO and Cu-ZCO. 

 

Figure 4. (a) On-line mass spectrometry signals for ZCO, Cu/ZCO, and Cu-ZCO in CO oxidation 

at 220 °C, where O236, CO28, and lattice O16 in the catalysts as reactant reagents are conversed into 

CO244, CO246, and CO248 during the catalytic process. (b) Normalized reaction efficiency of MvK 

and the L-H mechanism for ZCO, Cu/ZCO, and Cu-ZCO. (c) Schematic illustration of two reaction 

pathways for MvK and the Langmuir-Hinshelwood (L-H) mechanism in ZCO, Cu/ZCO, and Cu-

ZCO for CO oxidation, where O16 and O18 are lattice oxygen and oxygen, respectively. 

To deeply study the reaction mechanism of the catalysts during CO oxidation, online mass 

spectrometry was employed to identify routes to the production of CO2,44 CO2,46 and CO2,48 where 

O236, CO,28 and lattice O16 in the catalysts are considered as reactant gas. As shown in Figure 4 a, 

signals for CO30 and CO248 were not detected during the CO oxidation process, which suggests 
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that the CO molecule is not easily dissociated into C* and O* at the surface of these catalysts. For 

all the materials, the CO244 signal was readily detected by online mass spectrometry, which is 

consistent with the participation of the lattice oxygen (O16) of the catalysts in the oxidation 

reaction, and further indicates that this catalytic reaction proceeds by a MvK mechanism.7 

Moreover, the intensity of the CO244 signal in the mass spectrometry increases remarkably on 

going from ZCO to Cu-ZCO to Cu/ZCO. This result clarifies that interface interactions can activate 

surface lattice oxygen to improve the efficiency of the MvK catalytic mechanism and the in situ 

reduced Cu/ZCO akin to the Trojan horse legend; that is, this system exhibits a higher efficiency 

for the MvK mechanism than does mechanically mixed Cu-ZCO. The differing results for the 

CO246 signal in the mass spectrometry versus CO244 and CO248 can be attributed to the oxidation 

reaction of CO and O236 in the L-H mechanism.31 It can be seen that Cu-ZCO and Cu/ZCO have 

similar intensity for the CO246 signal, which are much higher than that in the ZCO sample. This 

indicates that the key effect of the Cu nanoparticle is to facilitate the dissociation of CO and O2, 

which improves the catalytic efficiency of the L-H mechanism. During the CO catalytic oxidation 

process, lattice O16 in the catalyst would be consumed gradually and some O18 was filled into the 

oxygen vacancy in the catalyst. After the next catalytic reaction, the refilled O18 will be consumed 

again. Therefore, the curves of CO246 signal of Cu/ZCO in MS measurement have a slow rise and 

the intensity of the CO244 curve has a decrease. To better understand the relationship between the 

structure and the reaction mechanism, the normalized reaction efficiency and a schematic 

illustration of the two reaction pathways for MvK and the L-H mechanism are presented. As shown 

in Figures 4 b and 4 c, the CO catalytic oxidation process of ZCO is dominated by the MvK 

mechanism and it is difficult for the O2 to dissociate. The introduction of the Cu nanoparticles can 

improve the efficiency of these two mechanisms because CO is adsorbed on the surface of Cu. 

Therefore, we propose that Cu nanoparticles can decrease the activation energy of CO dissociation 
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in these two mechanisms and also improve the ability for O2 dissociation in the L-H mechanism. 

On comparing Cu-ZCO with Cu/ZCO, it is very clear that the latter has higher efficiency in the 

MvK mechanism, while similar ability for the L-H mechanism (Figure 4 b). These important data 

reveal that the surface lattice oxygen in Cu/ZCO is efficiently activated by enhancing the electron 

transfer between the metal and the support, and this is helpful in decreasing the energy barrier of 

the lattice oxygen reaction in the MvK mechanism of the CO oxidation. Furthermore, in situ 

diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) spectra of CO adsorption 

over ZCO, Cu-ZCO, and Cu/ZCO at different times are characterized, respectively. As shown in 

Figures S10-S12, the peak located at ~2360 cm-1 can be ascribed to the formation of CO2, and the 

peaks observed in the range of 1300-1650 cm-1 are carbonate and formate species.35, 36 In contrast, 

the band at ~2110 cm−1 and at ~2170 cm−1 can be considered as CO adsorption on the Cu site and 

Zn site, respectively.37 It’s found that ZCO has more adsorbed carbonate species than Cu-ZCO 

and Cu/ZCO, which indicates that the Cu/ZCO surface has a weaker adsorption for CO2 or 

carbonate species. We also observe that adsorbed CO in the Cu site of Cu/ZCO has a shift to high 

wavenumber compared with Cu-ZCO and ZCO. This important result may stem from the 

enhancement of Cu-O bonds or the charge transfer between the metal and ZCO support.  
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Figure 5. (a) O2-temperature-programmed desorption (TPD) profiles and (b) H2-

temperatureprogrammed reduction (TPR) profiles of ZCO, Cu/ZCO, and Cu-ZCO; (c) normalized 

Cu L-edge and (d) normalized O K-edge X-ray absorption near edge structure (XANES) spectra 

for ZCO, Cu/ZCO, and Cu-ZCO. 

To investigate the redox properties of these samples, O2-TPD and H2-TPR profiles were 

measured. As shown in Figure 5 a, it was observed that Cu/ZCO has a strong intensity desorption 

signal and a lower desorption onset peak temperature than either Cu-ZCO or ZCO, which suggests 

that Cu/ZCO has a more highly reactive oxygen species. Figure 5 b shows that Cu/ZCO has a 

lower reduction onset peak temperature than either Cu-ZCO or ZCO, and this peak A is considered 

to represent the reduction of surface adsorbed oxygen species or lattice oxygen. This result is 

consistent with the data from the online mass spectrometry and O2-TPD, which confirms that the 

surface lattice oxygen in Cu/ZCO has high reactivity. Heterogeneous catalysis generally occurs at 

the surface of solid materials, and therefore understanding the relationship between the surface 
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electronic structure, catalytic activity, and the reaction mechanism can inform about the rational 

design and development of high-efficiency catalysts. Soft XAS is mainly used to study the surface 

electronic structure and tends to involve electron transfer and the covalency of metal-oxygen bond, 

as well as oxidation states.11, 38 Therefore, the XANES spectrum of the O K-edge and Cu L-edge 

for ZCO, Cu/ZCO, and Cu-ZCO was recorded. The results for the Cu L-edge XAS are shown in 

Figure 5 c and S13a; XAS spectra of ZnO (ZO) and Cu foil are used as references. On comparing 

with the Cu L-edge XAS spectrum of ZCO, it is evident that the main absorption peak (peak A 

and peak C) of the mechanically mixed Cu-ZCO has shifted to lower energy, which indicates that 

the valence state of the surface Cu has decreased. However, the Cu/ZCO provides different results 

in the Cu L-edge XAS, where the main peaks A and C shift to lower energy, while the new peak 

B has a higher energy than the standard Cu foil for this peak position.39, 40 These results 

demonstrate that there is a charge transfer between Cu and ZCO in sample Cu/ZCO and that the 

valence state of the Cu atom in the Cu/ZCO lattice is greater than in ZCO. Meanwhile, Cu-ZCO 

only displays an average effect for the oxidation state of the Cu, and there is no distinct interaction 

between the two phases. Furthermore, the normalized oxygen K-edge XAS spectra shown in 

Figure 5 d and S13b reveal that both ZCO and Cu-ZCO have a similar white line peak intensity, 

which is stronger than that of Cu/ZCO and ZnO. Generally, the white line peak in the X-ray 

absorption spectrum is considered as the peak with the highest absorption intensity, which is used 

to study the electron density of the atomic orbit of measured element and the covalence of chemical 

bonds. Therefore, this result indicates that mechanical mixing has a weak effect on the surface 

electronic structure of ZCO and that the charge transfer in the Cu/ZCO sample increases the 

covalency in the Zn-O bond.38 The disappearance of peak A confirms the transition from CuO to 

Cu in Cu/ZCO. Therefore, we can infer that the enhanced electron transfer between Cu and ZCO 

in the Cu/ZCO sample efficiently activates the surface lattice oxygen in the oxide supports. 
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Figure 6. (a) Zn 2p, (b) Cu 2p, and (c) O 1s XPS spectrum of ZCO, Cu/ZCO, and Cu-ZCO; 

detailed fitting peak of (d) ZCO, (e) Cu/ZCO, and (f) Cu-ZCO in the O 1s XPS spectrum.  

Surface sensitive tool XPS has been employed to investigate the surface composition and 

structure of these materials. The Cu 2p, Zn 2p, O 1s, and C 1s XPS spectra are shown in Figure 6 

and S14 and are calibrated using the C 1s XPS spectrum for 284.6 eV (Figure S7). It can be 

observed that the Cu 2p peak in Figure 6 b shifts to high energy versus Cu-ZCO and ZCO, which 

indicates that the Cu element in Cu/ZCO possesses a higher oxidation state, while that of Cu-ZCO 

is the same as that in ZCO. Furthermore, it was found that the Zn 2p XPS spectrum in Figure 6 a 

also shows a similar result to that of the Cu 2p XPS spectrum, where the Zn element in Cu/ZCO 

possesses a higher oxidation state than that observed for ZCO and Cu-ZCO. These results illustrate 

that the covalence of the metal-oxygen bond in Cu/ZCO is improved. The O 1s XPS spectrum was 

measured to analyze the nature and quantity of surface oxygen species present. In Figure 6 c-f, 

the O 1s XPS spectrum is divided into adsorbed oxygen species, adsorbed CO2 species, and surface 

lattice oxygen. It was found that the peak position of the surface lattice oxygen in Cu/ZCO has 

undergone an obvious shift to higher binding energy versus Cu-ZCO and ZCO (Figure S15), and 
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this indicates that the surface lattice oxygen in Cu/ZCO has higher reactivity.11, 41 Figure S16 

shows the calculated content of these oxygen species in ZCO, Cu/ZCO, and Cu-ZCO. The ratio of 

adsorbed oxygen to lattice oxygen in Cu/ZnO (0.94) is larger than that for ZCO (0.4) and Cu-ZCO 

(0.47). These results demonstrate that the interface interactions in Cu/ZCO change the covalency 

of the metal-oxygen bond in the support and successfully activate the surface lattice oxygen. In 

turn, this facilitates the increase of surface adsorbed oxygen species.  

 

Figure7. Schematic illustration of the activation process of the surface lattice oxygen in Cu/ZCO 

through metal-support interactions (green balls: ZCO, violet balls: Cu nanoparticles, red balls: 

oxygen atoms, black balls: carbon atoms, and violet blue oxygen balls: Zn/Cu atoms). 

Based on the above experimental results of XPS, XAS, on-line MS, and catalytic performance, 

the relationship between the surface electronic structure, catalytic activity, and reaction mechanism 

is represented by a schematic illustration. The idea here is to better comprehend the key role played 

by the surface lattice oxygen. As shown in Figure 7, the surface electronic structure of Cu/ZCO 

obtained by the in-situ reduction method is somewhat different from that of Cu-ZCO. Mechanical 

mixing has a weak effect on the covalency of the metal 3d-O 2p bond in the support, while the 

covalency of the metal 3d-O 2p bond in Cu/ZCO is prominently improved. Furthermore, Cu/ZCO 

exhibits an enhanced charge transfer between the Cu and the ZCO support compared to that 
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observed for Cu-ZCO. These two key elements facilitate the activation of the surface lattice 

oxygen in Cu-ZCO, namely that the inert lattice oxygen O2- in ZCO is transformed into the active 

lattice oxygen O2-x. This fact has also been confirmed by O 1s XPS (Figure S15) and the O K-

edge XANES spectrum (Figure 5 d). More importantly, H2-TPR and O2-TPD also clarify that 

surface lattice oxygen in Cu/ZCO is more active than Cu-ZCO and ZCO. This important change 

dramatically improves the efficiency of the MvK catalytic mechanism in CO oxidation, while the 

efficiency of the L-H catalytic mechanism remains unchanged. Therefore, Cu/ZCO with active 

lattice oxygen displays the highest catalytic activity and durability during the CO oxidation 

process. 

 

Conclusions 

In summary, we have developed a strategy similar to the Trojan horse legend for the in-situ 

preparation of a Cu/ZCO composite catalyst using electrostatic spinning technology. We found 

that the tailored Cu/ZCO catalyst exhibits strong electron transfer between the Cu metal and the 

oxide support. The interface interactions can optimize the surface electronic structure of the 

support, where the covalency of the metal-oxygen bond is enhanced. Based on this, the surface 

lattice oxygen of Cu/ZCO is efficiently activated and its surface adsorbed oxygen species have 

also a marked increase. By contrast, the surface electronic structure of a mechanically mixed Cu-

ZCO exhibited only weak changes. Furthermore, online isotopic mass spectrometry clarifies that 

the activation of the surface lattice oxygen in Cu/ZCO dramatically improves the efficiency of the 

MvK mechanism during the CO oxidation process. In contrast, the reaction efficiency of the L-H 

mechanism for Cu/ZCO revealed no obvious change versus Cu-ZCO. This result demonstrates 

that the reaction efficiency of the L-H mechanism is mainly related to the surface Cu nanoparticles 
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on the support, while the MvK mechanism is dominated by the Cu nanoparticle and the activity of 

the surface lattice oxygen. Therefore, the Cu/ZCO catalyst displays better catalytic activity and 

durability during the CO oxidation process. Our study provides a novel strategy for the design of 

composite catalysts and gives insight into the key roles played by the oxide support in catalytic 

activity, especially the effect of interface interactions on the surface lattice oxygen and reaction 

process.  
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