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Abstract 

 

A combination of several in-situ techniques (XRD, XAS, AP-XPS, E-TEM) was used to explore links 

between the structural and chemical properties of a Cu@TiOx catalyst under CO2 hydrogenation 

conditions. The active phase of the catalyst involved an inverse oxide/metal configuration, but the initial 

core@shell motif was disrupted during the pre-treatment in H2. As a consequence of strong metal-support 

interactions, the titania shell cracked and Cu particles migrated from the core to on top of the 

oxide with the simultaneous formation of a Cu-Ti-Ox phase. The generated Cu particles had a 

diameter of 20-40 nm and were decorated by small clusters of TiOx (< 5 nm in size).  Results of 

in-situ XAS and XRD and images of E-TEM showed a very dynamic system, where the inverse 

oxide/metal configuration promoted the reactivity of the system towards CO2 and H2. At room 

temperature, CO2 oxidized the Cu nanoparticles (CO2,gas → COgas + Ooxide) inducing a  redistribution of 

the TiOx clusters and big modifications in catalyst surface morphology.  The generated oxide overlayer 

disappeared at elevated temperatures (> 180 oC) upon exposure to H2, producing a transient surface that 

was very active for the reverse water-gas shift reaction (CO2 + H2 → CO + H2O) but was not stable at 

250 oC. When oxidation and reduction occurred at the same time, under a mixture of CO2 and H2, the 

surface structure evolved toward a dynamic equilibrium that strongly depended on the temperature. 

Neither CO2 nor H2 can be considered as passive reactants. In the Cu@TiOx system, morphological 

changes were linked to variations in the composition of metal-oxide interfaces which were reversible with 

temperature or chemical environment and affected the catalytic activity of the system. The present study 

illustrates the dynamic nature of phenomena associated with the trapping and conversion of CO2.  
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Introduction 

Nowadays, the trapping and conversion of CO2 is a major issue in environmental 

chemistry.1,2,3,4  Metal-oxide interfaces are frequently used for the catalytic conversion of CO2 into

into fuels and high-value chemicals.5,6,7,8,9,10,11,12  There  have been  a  lot  of studies  focused on 

identifying the active phase of metal/oxide catalysts that are active for the hydrogenation of CO2 

to methanol.7-11,13 High-resolution transmission electron microscopy (HR-TEM) has been used to 

study the morphology of powder Cu/ZnO/Al2O3 catalysts after exposure to pure H2 or the CO2/H2 

reactants.9,10 The microscopy results showed that the active phase of the catalyst involved an 

inverse oxide/metal configuration produced as a consequence of strong metal-support 

interactions.9,10 The addition of ZnO to copper opens new reaction channels for the dissociation of 

H2 and conversion of CO2 to CO or oxygenates.7,14,15 Cu-TiO2 interfaces also display superior 

activity and selectivity during CO2 hydrogenation and are receiving a lot of attention.16,17,18,19,20, 21 

They can exhibit a lot of interesting features.16-22,23 In particular, the trapping of Cu centers into 

the titania lattice can prevent admetal sintering and improve long term activity and stability for 

CO2 hydrogenation.20 Furthermore, the formation of Cu-Ti-Ox units can facilitate H2 dissociation 

and the hydrogenation of CO2 into oxygenates.21,23  Recent theoretical calculations have predicted 

that a Cu/TiO2 interface binds CO2 much better than isolated copper or titania,22 and spontaneous 

dissociation of CO2 to CO has been observed on defective surface of Cu(I)/TiO2-x nanoparticles at 

room temperature.17  In this article, we use a combination of in-situ techniques {X-ray absorption 

spectroscopy (XAS), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and 

environmental transmission electron microscopy (E-TEM)} to examine in detail the chemical and 

structural evolution of a Cu@TiOx core@shell catalyst under CO2 and CO2 hydrogenation 

conditions.19  As in the case of Cu/ZnO/Al2O3,
9,10 we find an active phase with an inverse 
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oxide/metal configuration, but, in addition, our E-TEM images show that there are large structural 

and morphological changes in the catalyst as a consequence of CO2 or H2 dissociation and these 

changes  are completely reversible with temperature and chemical environment. 

The phenomenon of metal-support interactions (MSIs) has received much attention and  

research since its discovery,24   as it has a significant impact on the structural and chemical 

properties of a catalyst, thereby determining its performance.25,26,27 It can go all the way from 

changes in the chemical properties produced by electronic perturbations associated with the 

bonding of a metal and a substrate28 to large structural changes like the encapsulation of a noble 

metal by an oxide support.9,10,23,29,30  In principle, the nature of a metal-support interaction changes 

when the chemical properties of the metal or support evolve.24-28  Encapsulation of a metal by an 

oxide is a very important type of MSI.9,10,21-15,29,30 As noble metals have a relatively high surface 

energy and work function, forming an oxide layer on the metal particles could lower the surface 

energy of the catalysts and stabilize a partially reduced oxide.24-27,31,32 Copper has a relatively 

lower surface free energy but encapsulation of this metal has been seen in the case of 

Cu/ZnO/Al2O3 and Cu@TiOx catalysts.9,10,19 When dealing with inverse oxide/copper, or 

core(copper)@shell(oxide) structures, the morphology of the system may be more dynamic than 

in the case of a noble metal like Pt because copper has higher oxide formation enthalpies.33 Thus, 

the Cu-TiO2 and CuO-TiO2 pairs form Cu-Ti-Ox solid solutions that can enhance the catalytic 

performance of the system18-21,31  

In the present study, thanks to a multi-technique approach, a correlation between the 

evolving Cu@TiOx structure and its CO2 hydrogenation activity is established. An inverse 

oxide/metal configuration plays a central role in the reactivity of the system towards CO2 and H2, 

making possible dynamic changes in surface morphology that are reversible when the temperature 
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is switched between 25 and 350 oC. The observed behaviors are distinct from the classical noble 

metal core@shell structures where the dynamics are mostly observed in the shell part.34  In our 

work, important insights have been obtained from transient studies, which are not readily 

achievable by any other means. Significantly, we have obtained a full understanding of the 

catalyst’s prevailing structure under normal operation conditions, which cannot be extracted from 

conventional steady state experiments. These results illustrate the dynamic nature of structural 

changes linked to the binding and conversion of CO2. 

 

Results and Discussion 

A. Reaction with H2 and O2: Changes in chemical state and morphology 

 Inspired by the inverse oxide/metal configuration found for the active phase of 

Cu/ZnO/Al2O3 catalysts,9,10 we tried to generate such a configuration for Cu-TiO2 by synthesizing 

Cu@TiOx core-shell structures.19 Indeed, TEM images for the fresh Cu@TiO2 systems showed a 

configuration where nanowires (NWs) of copper were covered by a shell of titania.19 A typical 

result is shown in Figure 1a. In XAS and XPS, the main species detected were Ti4+ and Cu0 plus 

copper partially oxidized (Cuδ+) at the metal-oxide interface.19  

In this study, before doing any catalytic test, we investigated the stability of these Cu@TiOx 

core-shell structures under the standard pre-treatment in O2/H2 used for CO2 hydrogenation 

catalysts, 8,11,12,19  following the behavior of the sample with a combination of XRD, XAS, AP-

XPS and TEM. Treatment in O2 at 350 oC induced a migration of Cu into the titania to form a Cu-

Ti-Ox solid solution20,21,23,31 and the characteristic diffraction lines of Cu or TiO2 in XRD 

disappeared (Figure 1d).  An extreme case of a Cu-Ti-Ox solid solution is a copper titanate 

(CuTiO3) perovskite.31 The mixed-metal oxide generated by the oxidation of the Cu@TiOx core-

shell structures  did  not  transform  into this compound and remained mainly amorphous in XRD  
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Figure 1. (a) TEM image from a fresh Cu@TiO2 core shell catalyst. Taken from ref 19 with 

permission. Copyright 2020 by American Chemical Society. (b,c) TEM images for a sample 

prepared by calcining the core@shell nanowires in 10%O
2
/N

2
 at 350 °C for 1 h followed by  

reduction in 50% H
2
/N

2
 at 450 °C for 1 h. (d) XRD of a CuTi

x
O

y
 solid solution, prepared by 

calcining the core@shell nanowires in 10%O
2
/N

2
 at 350 °C for 1 h, along with a Cu/TiO

x
 sample 

prepared by reducing the CuTi
x
Oy in 50% H

2
/N

2
 at 450 °C for 1 h.  (e) XRD diffraction patterns 

of several standards. 

 

with some weak diffraction lines for CuO (Figure 1d). Subsequent exposure to H2 at high 

temperatures (> 250 oC) led to a reduction of Cuδ+ cations in the Cu-Ti-Ox solid solution and 

diffraction lines for Cu and anatase were detected (Figure 1d). At this point, TEM images showed 

a disruption of the initial core@shell configuration with the titania shell cracking and Cu particles 

migrating from the core to the top of the oxide (Figure 1b,c).  
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Figure 2 shows images coming from high-angle annular dark field (HAADF) and energy-

dispersive X-ray spectroscopy (EDS) measurements for a pre-reduced Cu@TiOx catalyst. Copper 

exists in three forms in the sample: (i) as a nanowire encapsulated by a TiO2 shell of about 50 nm 

 

 

Figure 2. Characterization of a pre-reduced Cu@TiOx sample using HAADF (a) and EDS 

elemental mapping (c-e), The images were collected ex-situ after performing H2 treatment at 450 

oC. 

 

in thickness, (ii) as particles of 20-40 nm in diameter on the surface of TiO2, and (iii) as a 

component in a Cu-Ti-Ox mixed oxide. This assertion is in agreement with previous studies for the 

reduction of the Cu@TiO2 system.19 As we will see below, the generated Cu particles and the 

aggregates of TiOx or Cu-Ti-Ox phase define the structural and catalytic properties of the system 

under different chemical environments. 
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In Figure 3, we focus on the properties of a Cu particle supported on titania that has been 

reduced (top two rows of data) and then exposed to O2 at room temperature (bottom row).  The 

panels  in  the  top half display E-TEM images for a system that is under 5 mTorr of H2 at 450 oC. 

The corresponding results of AP-XPS spectra (Figures 3b,c and S1) indicate that this system 

contains metallic copper and TiO1.97 .  This finding is consistent with the results of EELS imaging 

(Ti L2,3 and Cu L3 edges) where one can see particles of copper over a titania substrate. The EELS 

results also show the existence of small clusters of TiOx (< 5 nm in size) on top of the copper 

particles (Figures 3 and S3). Thus, in some areas there is an inverse oxide/metal configuration as 

seen for either ZnO/Cu9,10 or the TiOx/Pt and TiOx/Ni systems after exposure to hydrogen.27,28 The 

results of XPS (Figures 3c and S1b) and XAS (Figure S2) indicate that the amount of Ti3+ present 

in the reduced Cu@TiOx is not large (< 5% of the Ti cations). This is not surprising since titanium 

oxides are not easy to reduce at temperatures below 500 oC.35, 36 

 For comparison, at the bottom of Figure 3 are shown results that come from a sample 

partially oxidized by O2 at room temperature.  On top of the Cu particle, there was an accumulation 

of oxygen and a redistribution of the TiOx clusters. This was a common result seen on the copper 

particles (Figures 3 and S3). In general, we found that the reduced samples were oxidized when 

they were exposed to O2 at temperatures between 25 and 350 oC, with the typical satellites for Cu2+ 

37 found in XPS measurements (Figure S4). The higher the temperature, the faster the oxidation 

process and the bigger the amount of copper oxide formed. In an extreme case, after exposure to a 

very large amount of O2 at high temperature, a complete Cu@TiOx → CuO/Cu-Ti-Ox 

transformation was seen with disappearance of the long-range order in the system (Figure 4) and 

the diffraction lines for Cu and TiO2 (Figure 1c). 
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Figure 3. Characterization of a Cu/TiO2 sample focusing on the surface analysis under reduction 

and oxidation conditions. (a) Transmission electron microscopy (TEM) image of the sample under 

a 450°C, 5 mTorr H2 environment. (b-c) AP-XPS spectra for the Cu 2p3/2 (b) and Ti 2p (c) regions 

of a sample exposed to 750 mTorr of H2 at 250 or 450 oC. (d-f) Scanning transmission electron 

microscopy-electron energy loss spectroscopy (STEM-EELS) analysis of a particle {“1” indicated 

by the white dashed square in (a)} under a 450°C, 5 m of Torr H2, (g-i) room temperature 

background oxygen oxidation.  Annular dark-field (ADF) images (d,g), combined EELS mappings 

for Ti-L2,3 (green) and Cu-L3 (red) features (e,h). The pixel size in (e) is 1.5 x 1.5 nm, and in (h), 

it is 2 x 2 nm. The EELS spectra for Ti-L2,3, O-K, and Cu-L3 edges are shown at (f) [line positions 

1-4 in (e)] and at (i) [the yellow line in (h)]. The corresponding analysis for the particles labeled 

“2” and “3” in panel (a) is shown in Figure S3. 
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Using E-TEM,  we investigated process of oxidation in O2 (Figure S4) and reduction in 

H2 (Figure S5) for the Cu@TiOx catalyst. The images are consistent with Cu → CuOx 
38,39  

and/or Cu/TiOx  → Cu-Ti-Ox 23,31,36 transformations in the presence of O2. The existence of Cu-

Ti-Ox units could accelerate the oxidation of the system when it is exposed to O2 (or CO2).
20,31,36 

In agreement with the XRD results in Figure 1e, an amorphous structure is seen in the TEM 

images for the formed CuOx/Cu-Ti-Ox phases (Figure S4).  In the Ti K-edge XAS for the 

oxidized Cu@TiOx (Figure S2), one finds features that are not seen for pure phases of titania 

(anatase, rutile or brookite),40,41,42 but appear when this oxide is doped with a second metal.43,44 

This is consistent with the idea that part of the copper goes into the titania lattice to form a Cu-

Ti-Ox mixed oxide.20,21,31,36 In Figure S4, there is a loss of long range crystallinity that can be 

reverted if the sample is exposed to hydrogen at elevated (> 200 oC) temperatures (Figures 1d 

and S6). It is well known that copper oxides undergo fast reduction when exposed to H2 at 

temperatures above 200 oC.15,45,46,47,48 The images in Figure S5 point to a continuous change in 

the surface morphology during the reduction process. Amorphous structures associated with 

TiOx or Cu-Ti-Ox remain, but the features for pure Cu2O are removed.  There is a redistribution 

of Ti species on the Cu surface: A TiOx or Cu-Ti-Ox aggregate is seen in S5c-1, but it transforms 

into a layer-structure by S5c-8. And even after full removal of Cu2O, Figure S5d,e, there were 

changes in the surface morphology of the copper particles.  This  is  typical of reduction processes 

on metal-oxide interfaces where the generated copper atoms are not in their most stable surface 

state.15,23,36,49 These copper atoms probably form part of terraces or steps which are continuously 

evolving.15,23,49  

In general, we found that the chemical and structural changes seen in Figures S4 (oxidation) 

and S5 (reduction) were reversible as seen in XRD (Figure 1d), XAS (Figure S2) and AP-XPS 
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(Figure S6).  A switch of Cu0↔Cu+1↔Cu2+ oxidation states was relatively easy, there were 

changes in the structure and location of TiOx or Cu-Ti-Ox aggregates, and the sample, even after 

extensive oxidation with O2 at high temperature, always had some Ti3+ cations present (Figure 

S2). The Cu-Ti-Ox mixed-oxide systems are known to exhibit an inherent concentration of Ti3+ 

sites that are very difficult to remove by oxidation.20,34,50,51  A random distribution of Cu and Ti3+ 

centers is probably responsible for a lack of crystallization of the Cu-Ti-Ox phase.31,51 All  these 

properties are a consequence of strong metal-support interactions that are couple to the 

generation/disappearance of a mixed-metal oxide and can have a positive impact on the reactivity 

of the system towards CO2,
17,22 H2,

18,20,21 and the hydrogenation of CO2.
17-21 

 

B.  CO2 hydrogenation: Oscillations in catalytic activity 

       On the pre-reduced Cu@TiOx sample, activity measurements were carried out for CO2 

hydrogenation at 250 (Figures 4) and 350 oC (Figure S7) Under CO2 hydrogenation conditions, 

CO was the only reaction product as a consequence of the reverse water-gas shift reaction (rWGS, 

CO2 + H2 → CO + H2O). This is expected, since the catalytic measurements were done at 

atmospheric pressures where no methanol is produced.19,20   In the temperature range investigated, 

250-350 K, we did not detect the formation of methane or other light hydrocarbons. Thus, the 

catalytic tests point to a partial decomposition of CO2 on the catalyst surface. In Figure 4, each 

cycle lasts 5 hours.  The catalyst was exposed to the reacting gases at 25 oC and the temperature 

was raised to 250 oC.  The initial activity at 250 oC was large and decreased (by 30-40%) with 

time. Moreover, when the activity was measured during multiple cycles following the same 

temperature program of cooling to RT and then heating to 250 oC, a stable pattern eventually was 
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observed in Figure 4 after the third cycle (t > 15 hours). A similar behavior was seen when the 

temperature was set at a final value of 350 oC (Figure S7). At both temperatures, the drop in 

                                       

Figure 4. The CO2 hydrogenation activity was measured on a freshly reduced Cu@TiOx sample 

at 250 °C in a continuous experiment, composed of 10 cycles. In each cycle, the temperature is 

raised from room temperature to 250 °C, then kept at 250 °C for 5 h, and subsequently cooled 

down to room temperature in a reaction gas mixture of v(H2): v(CO2): v(N2)= 3:1:1. 

 

catalytic activity was substantial, making necessary an analysis of the transient stage to fully 

understand the behavior of  Cu@TiOx during the catalytic process. 

C. CO2 hydrogenation: Changes in chemical state 

 In-situ XAS and XRD were used to follow the chemical state of the Cu@TiOx catalyst 

under CO2/H2 mixtures typically used in the conversion of CO2 to CO, oxygenates or alkanes.18-

21. The TEM and EELS results in Figures 3 and S3 point to an active configuration which contains 

nanoparticles of copper partially covered by aggregates of TiOx or Cu-Ti-Ox. It is known that, at 

room temperature (RT), carbon dioxide undergoes partial dissociation (CO2 → CO + Ooxide) over 

Cu(I)/TiO2- x nanoparticles17 and over steps and defects of extended surfaces of copper. 52,53,54    All 
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the in-situ techniques used in this work point to the oxidation of copper and TiOx by CO2 at RT 

and reduction of CuOx and Cu-Ti-Ox by H2 at 250 0C. Figure 5 displays Cu K-edge XAS data 

collected while the Cu@TiOx system was exposed to a CO2/H2 mixture at different temperatures. 

Spectra for the Cu K-edge of Cu2O and CuO are shown in an inset at the bottom right side of the 

figure.  The  energy  position  of  the  first  peak  in the range  of  8980-8983 eV decreases when 

going from Cu2+ to Cu0.11, 45 In Figure 5, one can distinguish two types of behavior. From 38 to 

113 oC, a → b spectra, the position of the XAS features indicates that copper is being oxidized by  

                

Figure 5. Evolution of the pre-edge feature in in-situ XANES Cu K-edge data collected for a 

Cu@TiOx catalyst during the ramping from room temperature to 250°C under an H2, N2, CO2 

(3:1:1) environment. Inset: The complete in-situ XANES data set alongside Cu2O and CuO 

standards (the data at 250 °C matches the spectrum for a Cu foil). 
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CO2 decomposition to form CuOx or Cu-Ti-Ox units. And from 138 to 190 oC, b → c spectra, the 

formed copper cations are being reduced by reaction with H2. At 250 oC, the final state essentially 

contains metallic Cu. The copper particles of reduced Cu@TiOx contain small clusters of TiOx on 

their surfaces (Figure 3e,f and 3h,i). These titania clusters probably help with the dissociation of 

CO2.
17,22,55  The dual sites present in a Cu-TiO2 interface should facilitate the binding and partial 

dissociation of CO2.
17,22 At high temperatures (> 140 oC), the oxygen atoms generated by the 

CO2,gas → COgas + Ooxide process are rapidly removed by reaction with hydrogen. 

The Ti K-edge XAS spectra for the Cu@TiOx catalyst under CO2 hydrogenation conditions 

(Figure S8) were very similar to those found under pure H2 (Figure S2). There were clear 

differences with respect to the spectra for pure TiO2 and Ti2O3 (Figure S8a), and the amount of 

Ti3+ present was relatively small at low and high temperatures (Figure S8b).  

Figure 6 displays in-situ XRD patterns collected after performing several cycles of CO2 

hydrogenation on a Cu@TiOx catalyst. We will start by analyzing the features in the (b) and (e) 

panels that correspond to a temperature of 250 oC and are the least complex.  Using the standards 

displayed in Figure 1e, the diffraction peaks in 6b,e can be assigned to TiO2-anatase and metallic 

Cu. This agrees with the in-situ XAS data shown in Figures 5 and S8.  At 250 oC, under a CO2/H2 

atmosphere, the Cu@TiOx catalyst had a composition identical to that found under pure H2 (Figure 

1d). The diffraction patterns shown in Figure 6a were collected while heating the Cu@TiOx under 

an atmosphere of CO2/H2 from 25 to 250 oC. Extra features appear at 5.5-5.8o in 2θ as consequence 

of the formation of a copper oxide (Figure 1e). As in the case of the in-situ XANES, data in Figure 

5, we could identify two types of behavior.  From 15 to 120 oC, the position of the new diffraction 

features indicates that copper is being oxidized by CO2 dissociation. And from 140 to 190 oC, the 

produced CuOx is being reduced by reaction with H2. At 250 oC, only the lines for metallic Cu and  
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Figure 6.  In-situ time-resolved XRD data for a Cu@TiOx catalyst taken under a mixture of  

H2:CO2 (3:1) while heating from room temperature (RT) to 250 oC (a and d), holding at 250 oC (b 
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and e), and while cooling from 250 to RT (c and f). The in-situ XRD experiments were carried out 

using a pre-reduced sample in H2 at 450 oC. 

 

TiO2-anatase are seen. This is the starting point for the data sets in panels (c) and (f) where the 

sample was cooled from 250 to 25 oC under a CO2/H2 atmosphere. In these data sets, the diffraction 

features for CuOx started to grow at temperatures below 100 oC. From the cycles in Figure 6, we 

can conclude that there are substantial changes in the sample composition at low and high 

temperatures. The in-situ XANES (Figure 5) and XRD (Figure 6) data indicate that neither CO2 

(oxidation of the catalyst) nor H2 (reduction of the catalyst) are passive reactants. 

 

D. CO2 hydrogenation: Morphological changes 

The results of XAS and XRD point to a catalyst composition involving Cu, TiO2 and Cu-

Ti-Ox at the elevated temperatures (> 200 oC) used for the hydrogenation of CO2.  We will start by 

examining the morphology of this composition. The left-side panel in Figure 7 shows an image 

of E-TEM collected for a Cu@TiOx catalyst under moderate pressures of CO2 and H2 at 250 oC. 

The AP-XPS data in the right-side show that these moderate pressures are enough to reach the  

 

Figure 7. Characterization of a sample focusing on the surface morphology (a) and electronic 

structure (b-c) under CO2+H2 environments at 250°C. (a) E-TEM image of the sample taken under 

0.2 mTorr of CO2 and 9.8 mTorr of H2. (b-c) AP-XPS of Cu 2p3/2 (b), Cu LMM (b inset), and Ti 

2p data (c) collected under a 30 mTorr H2+CO2 (3:1) atmosphere. 
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final composition found under atmospheric pressures: metallic copper plus TiO2-x or Cu-Ti-Ox. 

The small asymmetry in the Ti 2p indicates that the concentration of Ti3+ centers is below 5%. The 

catalyst composition and morphology under CO2/H2 are very similar to those observed under pure 

H2 at elevated temperatures (Figures 1c, 3, and S3). 

Following the in-situ XAS and XRD studies in Figures 5 and 6, which show dissociation 

of CO2 at RT, a result consistent with previous studies for Cu and Cu-TiO2 interfaces,17,52,53 we 

investigated with E-TEM the morphological changes that will follow after exposing a Cu@TiOx 

system pre-reduced in H2 (Figure 3a-f) to CO2/H2 gas mixtures at 20 oC (Figure 8a,c). The images 

of E-TEM showed the growth of an amorphous overlayer, which can be attributed to a mixture of 

CuOx/Cu-Ti-Ox,
23,38,39 on top of a dark core of metallic copper. Inside this overlayer small local  
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Figure 8.  E-TEM images collected while exposing a pre-reduced Cu@TiOx catalyst to (a,b) 20 

mTorr of CO2 and H2 {p(H2)/ p(CO2)= 1}, and (c,d) 0.2 m Torr of CO2 and 9.8 mTorr of H2 {p(H2)/ 

p(CO2) ~ 50}. Images (a) and (c) were recorded at room temperature, while (b) and (d) were 

collected at 250 oC. The changes in surface composition and morphology were reversible. Scale 

bar = 5 nm. 

 

fringes of Cu2O were seen. This growth mode has been observed with TEM for the onset of the 

oxidation with O2 of plain metallic copper38,39 or pre-reduced Cu@TiOx (Figure S4a). 

Furthermore, CO2 can facilitate the formation of two-dimensional amorphous titania.56 The oxide 

overlayers seen in Figure 8 did not grow when the pre-reduced sample was manipulated or heated 

in vacuum (Figure S9) and they are not the product of beam damage (Figure S10).  Co-exposure 

with molecular H2 at RT had only a minor effect on the oxide overlayer induced by CO2 

dissociation (Figure 8a,c). However, the oxide overlayer did not survive in the presence of 

hydrogen when the temperature was raised above 200 oC (Figures 7a and 8b,d), in close 

agreement with the stability seen in XAS (Figure 5) and XRD (Figure 6) or in the reduction of 

pure copper oxides.11,45,46 

In experiments of AP-XPS, we did not see deposition of atomic carbon, but some surface 

carbonate species (COx) could be present in the system as a result of the reaction of CO2 with O 

centers of titania. 57  Also no significant amount of carbon was detected in EELS (Figure S11). 

This is in agreement with experiments of infrared spectroscopy and AP-XPS which indicate that 

there is only partial decomposition of CO2 on Cu(I)/TiO2-x nanoparticles17 and on surfaces of 

metallic copper.40,41 Furthermore, CO does not dissociate on nanoparticles17 and surfaces36 

containing Cu-Ti-Ox units. 

The morphological changes seen in Figure 8 were completely reversible with temperature, 

reflecting a balance between the oxidizing power of CO2 (low temperature) and the reducing power 

of H2 (high temperature). Furthermore, even when the ratio of H2/CO2 was increased by a factor 
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of 50, the switch in the catalyst morphology was observed after cooling the sample to room 

temperature (Figure 8c).  As seen in the experiments of XAS and XRD, neither CO2 (oxidation of 

the catalyst) nor H2 (reduction of the catalyst) can be classified as passive reactants. 

The experimental conditions used in the experiments of Figures 4 (catalytic tests), 5 

(XANES), and 6 (XRD) are similar. The E-TEM experiments in Figures 7 and 8 were conducted 

under moderate pressures, but the final composition of the catalyst was identical to that found in 

in-situ studies with XAS (Figure 5) and XRD (Figure 6) at atmospheric pressures. Furthermore, 

the final morphology under steady state seen in Figure 7a matches well that found in a post-

mortem analysis (Figure 9) for Cu@TiOx after performing the atmospheric experiments of Figure 

4.  The Cu@TiOx catalyst had a large reactivity and the material evolved to the same chemical 

composition at 250 oC.   

 

Figure 9 High-angle annular dark field (HAADF) images of lower magnification and the selected 

area, as well as its energy-dispersive X-ray spectroscopy (EELS) mapping on Cu L-edges, O K-

edge, and Ti L-edges of a post-reaction sample after CO2 hydrogenation reaction in a reactor at 1 

atm. The yellow line in the EELS mapping serves as a reference for better identifying the 

corresponding regions. 
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From the XAS (Figure 5), XRD (Figure 6), AP-XPS (Figure 7b,c) and TEM (Figures 7a 

and 8) studies, it is clear that the active catalysts in Figure 4 contained a mixture of Cu, TiOx and 

Cu-Ti-Ox. The exact morphology of the catalyst surface is probably changing and affected by the 

fact that the system was cooled to room temperature where CO2 can oxidize the sample. The Cu-

TiO2 interface favors the dissociation of CO2,
17,22 and the generated CuOx/Cu-Ti-Ox oxide is highly 

effective for the splitting of H2,
21,23 but it does not survive under hydrogen rich atmospheres at 

high temperatures (> 180 oC).  Figure 10 summarizes the major changes in chemical state seen for 

the Cu@TiOx catalyst. The peaks in catalytic activity in Figure 4 are probably associated with a 

surface, produced by the reduction process, that is metastable and rich in atoms with a low 

coordination number.15,23,36,46  In this surface, the Cu atoms and TiOx aggregates are  

 

Figure 10. Main changes in chemical state of the Cu@TiOx catalyst under different reaction 

conditions. Neither CO2 nor H2 are passive reactants. The catalytically active CuOx/CuxTiyO 

surface formed by reaction with CO2 at 25 oC (Figure 8a,c) is not stable at elevated temperatures 

under an H2 atmosphere (Figures 7 and 8b,d). Under steady-state, the catalyst adopts an inverse 

oxide/metal configuration with particles of Cu partially covered with TiOx or Cu-Ti-Ox.  The 
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configuration of the surface copper atoms and TiOx/Cu-Ti-Ox aggregates changes during the 

reduction process. Metastable sites with a low coordination number are initially generated during 

reduction that disappear as time progresses (Figures 3, S5 and 8). 

 

probably moving on unstable terraces or steps, as seen in STM and TEM studies for the reduction 

of  copper oxides and Cu-Ti-Ox,
15,23,46,49  and they lose chemical and catalytic activity when 

reaching their equilibrium configuration in the final steady-state.17,23,53,58 Evidence was found for 

a redistribution of Cu and TiOx aggregates on the catalysts surface during the oxidation/reduction 

process (Figures 3, S3, S5 and 8) that certainly can affect the overall activity of the system. A 

similar phenomenon was observed in a Cu-Ti-Ox catalyst active for H2-D2 exchange.23 Thus, the 

active phase of the catalyst involved a dynamic inverse oxide/metal configuration, i.e. particles of 

copper covered by aggregates of TiOx or Cu-Ti-Ox, where the composition, structure and reactivity 

of the system were very sensible to the temperature and reactants in CO2 hydrogenation. The nature 

and concentration of the active sites were very sensitive to the chemical environment and 

temperature around the catalyst (Figures 3, 8, S4 and S5). A full understanding of this type of 

catalyst cannot be extracted from conventional steady state experiments. 

 

E. Metal-support interactions: Reversible chemical and morphological changes during the 

binding and hydrogenation of CO2 

 Our studies indicate that metal-support interactions had a strong impact on the structural 

properties of Cu@TiO2 catalysts. On purpose, following previous works for core-shell 

nanostructured catalysts,34, 59  we started with a Cu@TiO2 configuration19 that mimicked the 

inverse oxide/metal configuration seen for several CO2 hydrogenation catalysts.8-11,60 However, 

this pristine core@shell configuration was not stable under H2 or CO2/H2 mixtures. The oxide shell 

cracked and copper was present in three regions of the catalyst: (i) as a nanowire encapsulated by 
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a TiO2 shell, (ii) as a component in a Cu-Ti-Ox mixed oxide, and (iii) as metal particles on top of 

the oxide shell that were decorated by TiOx clusters. These copper-titania interfaces are important 

because they are directly involved in the activation of CO2 and H2 in catalysts for CO2 

hydrogenation.17,21,22  

Since the surface of the catalyst responded to the presence of CO2 and H2, morphological 

changes were observed during CO2 hydrogenation that have not been detected previously in E-

TEM images collected while exposing metal/oxide catalysts to either plain H2 or CO oxidation 

conditions.29,61,62   These morphological changes may be responsible for the difficulties reported 

when establishing the active phase for catalysts used in CO2 hydrogenation.7-11,13,14,16,63  The E-

TEM results in Figures 3, 7, 8, S4 and S5  showed that the surface morphology of the Cu@TiOx 

catalyst was far from being static and evolved with changes in the chemical environment and 

temperature. The inverse oxide/metal configuration was a dynamic entity with the distribution of 

TiOx aggregates on top of the copper particles changing in different ways in the presence of H2, 

O2 or CO2. Reaction with O2 and CO2 led to oxidation of the copper component with the formation 

of amorphous structures which had small fringes of Cu2O or CuO. These oxide overlayers had a 

high reactivity toward H2 and could be removed by reduction at 150-180 oC.  

In the case of  ZnO/CuOx/Cu(111) surfaces, the supported ZnO nanoparticles dissociate H2 

molecules and the produced H atoms accelerate the reduction of the copper oxide in the sample 

inducing morphological changes not seen for plain CuOx/Cu(111).15 A similar phenomenon could 

be occurring on the Cu@TiOx and Cu/ZnO/Al2O3 catalysts. The inverse oxide/metal configuration 

can exploit the fact that ZnO and TiOx clusters can readily dissociate the H2 molecule.15,21,64,65,66 

Indeed, for the Cu/ZnO/Al2O3 and Cu@TiOx catalysts,  the structural and morphological changes 
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associated with the reduction of the copper oxide component in H2 or CO2/H2 show clear 

differences with respect to those  seen in plain copper oxide systems with E-TEM.46,47  

Adsorbate-induced metal-support interactions have been the focus of many studies in 

recent years.23-27,29 Hydrogen is the typical adsorbate that drives the catalyst surface 

reconstruction,9,10,23-27,29,67 but the phenomenon also has been observed with other adsorbates (CO, 

HCOx x= 2 or 3).11,25-28,58,68,69,70  This is the first time that pure CO2-induced morphological 

changes associated with the formation of an oxide (CuOx and Cu-Ti-Oy for the system under study 

here) are reported. In recent E-TEM studies for Cu/ZnO/Al2O3 catalysts only exposures to pure H2 

or CO2/H2 mixtures were investigated,9,10 and it is not known how the morphology of the ZnO/Cu 

interfaces can change in the presence of CO2 as a function of temperature. Due to the high stability 

of its C-O bonds and its non-polar nature, the activation of CO2 is not an easy task. In general, it 

is difficult to bind the CO2 molecule well.4,5,71 However, the formation of a metal-oxide interface 

can produce compounds that bind and activate CO2 at room temperature.17,72 From our results, it 

is clear that when dealing with a system that is efficient for the binding and conversion of CO2, 

one must consider the effects of the molecule on the surface morphology of the system. 

When comparing our E-TEM results with those reported for the hydrogenation of CO2 to 

methane on TiO2/Ni,30 one sees clear differences in the behavior of these metal-oxide interfaces. 

In both systems, metal-support interactions induce the migration of TiOx clusters or aggregates 

that land on top of the metal component (Cu or Ni), but in the catalyst for CO2 methanation, carbon 

plays a clear role when determining the structure and morphology of the surface30 that is not seen 

in the case of Cu@TiOx, where the interactions with CO2 and CO2/H2 mixtures are reversible. 
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Neither Cu nor Cu-TiOx interfaces fully dissociate the CO2 molecule and methane was not a 

product seen on the Cu@TiOx catalyst.  

 In recent works, it has been proposed that metal-support interactions can be useful when 

enhancing the dispersion of metals in heterogeneous catalysts.25-27 It is certainly a valid approach, 

but our study shows a series of phenomena that must be taken into consideration when following 

this path. In a metal-oxide interface both components can underdo dramatic changes in 

composition and structure that are very difficult to predict as a function of gas composition and 

temperature. The Cu@TiOx catalyst adopted an inverse oxide/metal configuration under reaction 

conditions that was very dynamic and different from the initial core@shell structure.  

 

Conclusion 

 In-situ characterization methods highlight dynamic changes in the composition and 

structural properties of a Cu@TiOx core@shell system under O2, H2, CO2 and CO2 hydrogenation 

conditions. Metal-support interactions coupled with the formation of a mixed-metal oxide changed 

the catalyst configuration and produced new copper-titania interfaces with high chemical activity. 

Pre-treatment in O2/H2 disrupted the initial core@ shell configuration with the titania shell 

cracking and Cu particles migrating from the core to on top of the oxide. The generated Cu particles 

had a diameter of 20-40 nm and were partially decorated by small (< 5 nm in size) aggregates of 

TiOx or Cu-Ti-Ox.  At room temperature, CO2 was very reactive on this inverse oxide/metal interface, 

oxidizing (CO2 → CO + Ooxide) the copper component to yield CuOx and Cu-Ti-Ox units, and 

producing big changes in the catalyst surface morphology. The Cu-Ti-Ox generated by the partial 

dissociation of CO2 was not stable at elevated temperatures (> 200 oC) in the presence of H2.  

In-situ XAS, XRD, AP-XPS and E-TEM studies performed under CO2/H2 mixtures 

indicated that the Cu@TiOx catalyst gradually evolved towards a dynamic equilibrium structure 
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that was temperature dependent. Cu was always at the core but, on top of the metal, the distribution 

of TiOx and Cu-Ti-Ox aggregates depended on the history of the system. This study underscores 

the dynamic nature of the surface in the Cu@TiOx catalyst. Changes detected in the presence of 

CO2 and CO2/H2 mixtures were reversible. This is a very important property to establish an 

effective catalytic cycle, since CO2 and H2 were not passive reactants and both modified the 

morphology of the catalyst. When dealing with CO2 activation or hydrogenation, fundamental 

insights can be obtained from transient studies, because a full but absolutely necessary 

understanding of the prevailing structure under operating conditions cannot be extracted from 

either ex situ images or conventional steady state research. 

 

 

Materials and Methods 

 

Catalyst preparation. The initial samples consisted of Cu@TiO2 core@shell nanowires, 

generated using a methodology described in detail in a recently published paper by our group.19 It 

involved a micro-wave assisted method where the molar ratio of copper or titanium cations in the 

chemical precursors was carefully controlled.19 In a first step, Cu nanowires were prepared using 

a CuCl2·2H2O chemical precursor. After a hydrothermal synthesis, they exhibited the fcc phase 

(JCPDS #03-1018) of pure copper, as corroborated by XRD results.19 In a second step, a TiO2 shell 

was added to the Cu nanowires using TBOT as a chemical precursor.19 The fresh Cu@TiO2 showed  

a core-shell structure in TEM (Figure 1a and ref 19). In XAS and XPS, the main species detected 

were Ti4+ and Cu0 plus copper partially oxidized (Cuδ+) at the metal-oxide interface.19 The as-

synthesized core@shell nanowires were treated in a reactor with 1 bar pressure with the following 

sequence: 1 h in 10 v% O2 at 350 °C and then 1 h in 50 v% H2 at 450 °C with a 10 °C/min ramping 
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rate for heating and a 15 °C/min ramping rate for cooling. After treatment, the sample is referred 

to as “pre-reduced” throughout this paper. 

Catalytic activity measurements. The catalytic performance of the materials was evaluated 

in a continuous-flow, fixed-bed microreactor at about 1 atm pressure. Around 1.2 mg of the 

Cu/TiOx sample were loaded in a quartz capillary of 1.1 mm OD and 0.9 mm ID. Before 

activity measurements, and after treatment in O2, the sample was reduced at 450 °C under 50 

v% H2/N2 (see above). For activity measurements at 350 °C, a total flow of 12 standard cubic 

centimeters per minute (sccm) was used, while a 2.5 sccm flow was utilized for measurements 

at a 250 °C reaction temperature. The composition of the gas mixture evolved from the reactor 

was analyzed using a gas chromatograph (Agilent 7890A), equipped with both flame 

ionization and thermal conductivity detectors. The N2 in the gas flow was used as the internal 

standard. The only product observed during CO2 hydrogenation was CO. No methanol or 

methane were detected. 

X-ray diffraction (XRD). The data were collected in the 17-BM-B beamline at the Advanced 

Photon Source (APS) in Argonne National Laboratory (ANL) using an area detector with an X-

ray wavelength of 0.24012Å. The sample was loaded in a Clausen cell (0.9 mm ID and 1.1 mm 

OD quartz capillary) and the whole experiment was carried out under in-situ conditions 

reproducing the conditions used in the catalytic tests for CO2 hydrogenation at 250 oC (see 

above). Rietveld refinements73 were conducted in the data analysis with the GSAS-II code,74 

using the known diffraction patterns for metallic Cu, Cu2O, CuO, TiO2 anatase and CuTiO3 as 

references (Figure 1e and ref. 31).  

X-ray Absorption Spectroscopy (XAS). Most of the in-situ X-ray absorption fine structure 

(XAFS) spectra were collected at the 7-BM Quick x-ray Absorption Scattering (QAS) beamline 
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of the National Synchrotron Light Source II (NSLS-II) at Brookhaven National Laboratory 

(BNL). Some of the XAFS traces were collected at the 8-ID Inner-Shell Spectroscopy (ISS) 

beamline of NSLS-II at BNL. In these characterization studies, powder samples were drop-

casted onto aluminum foil and both the Cu K edge and Ti K edge spectra were collected in the 

transmission mode with the photon energies calibrated with Cu and Ti foil as standards, 

respectively. A Nashner-Adler cell 75  was used for the in-situ measurements following the 

working procedure employed for the catalytic tests (see above). The XAFS spectra were 

analyzed using the Athena software.76 A k range of 2-12 Å-1 was used for the Fourier transform 

of the Extended X-ray absorption fine structure (EXAFS) data. The analysis of the Cu K-edge 

spectra was done using metallic Cu, Cu2O and CuO as reference compounds (inset in Figure 5). 

The corresponding spectra for Ti2O3 and three phases of TiO2 (rutile, anatase and brookite) were 

used in the analysis of the Ti K-edge spectra (Figures S2 and S8).  

Ambient Pressure X-ray Photoelectron Spectroscopy (AP-XPS). The ambient pressure X-

ray photoelectron spectroscopy (AP-XPS) spectra displayed in Figure 2 were collected at the 

23-ID-2 beamline of the National Synchrotron Light Source II at BNL. The standard Cu 2p3/2 

binding energy (932.6 eV) was used for energy calibration. A lab-based AP-XPS was used to 

collect the data displayed in Figure 7 and S3. It consists of a SPECS AP-XPS chamber, 

equipped with a PHOIBOS 150 EP MCD-9 analyzer with an energy resolution of 0.4 eV. The 

Cu2+ was calibrated to 933.6 eV, and then Cu+ was used for Cu0 alignment. 

Scanning transmission electron microscopy (STEM). The FEI Talos F200X at the Center 

for Functional Nanomaterials (CFN) of BNL was used to collect high-angle annular dark-field 

(HAADF) STEM data, energy-dispersive X-ray spectroscopy (EDS) data.  
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Electron Energy Loss Spectroscopy (EELS). The Hitachi 2700C at the CFN in BNL was used 

to collect EELS data as well as ex situ TEM data in Figure 11 and S10 at an accelerating voltage 

of 200 kV.  The instrument has a probe aberration-corrector to achieve high imaging spatial 

resolution. The EELS data were processed using hyperspy/(hyperspy: Release v1.7.3.77  

Environmental transmission electron microscopy (E-S/TEM). The E-TEM images as well 

as the E-STEM-ADF and E-STEM-EELS data were collected at the CFN in BNL using an FEI 

Titan 80-300 equipped with an objective-lens aberration corrector and operated at an 

accelerating voltage of 300 kV. The in-situ TEM sample was prepared by drop-casting a 

suspension of pre-reduced Cu/TiOx in water onto a MEMS-based heating chip (through-hole 

chip of DENSsolutions Wildfire series). 

All the E-TEM experiments were performed using Cu@TiOx samples that were pre-

reduced in H2 outside the microscope as done for the catalytic tests (see above). Inside the 

microscope, the samples were again reduced in H2 before exposing them to CO2 or CO2/H2 

mixtures. Since the E-TEM instrument was properly cleaned, the morphological changes seen 

upon exposure to O2 and CO2 (associated with dissociation of these molecules and the formation 

of oxide overlayers) were not observed when the samples were heated inside the TEM without 

O2 or CO2 in the background. These morphological changes match those reported in the 

literature for TEM studies for the oxidation of metallic copper or Cu-Ti-Ox.
23,38,39 In addition, 

some regions in the samples were briefly examined with e-beam exposure times of less than 1 

minute to assess the impact of e-beam irradiation on the sample's structure.  The observed 

structure appeared comparable with and without an extended period of e-beam irradiation, 

indicating that the effect of e-beam irradiation on the image structures can be ruled out. 

Experiments were done with H2/CO2 pressure ratios that varied from 1 to 50. At a temperature 
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of 250 oC, changing of the H2/CO2 reactant ratio from 1 to 50 did not affect the final composition 

of the catalytic surface. 
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