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Abstract 

Photo-thermal catalysis has recently emerged as a promising alternative to overcome the 

limitations of traditional photocatalysis. Despite its potential, most of the photo-thermal systems 

still lack adequate selectivity patterns and appropriate analysis on the underlying reaction 

pathways, thus hampering a wide implementation. Herein, we report the preparation of a novel 

photocatalyst based on Pd nanoparticles (NPs) supported on barium titanate (BTO) for the 

selective photo-thermal reduction of CO2 that displays catalytic rates of up to 8.2 molCO·gPd
-1 h-1. 

The photocatalyst allows for a tailored selectivity towards CO or CH4 as a function of the metal 

loading or the light intensity. Mechanistic studies indicate that both thermal and non-thermal 

contributions of light play a role in the overall reaction pathway, each of them being dominant 

upon changing reaction conditions.  
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Introduction 

The recycling of carbon dioxide (CO2) as feedstock for the production of fuels or chemicals has 

attracted much interest as a potential route to mitigate CO2 emissions in the context of a circular 

carbon economy.[1] In this regard, the direct hydrogenation of CO2 using sunlight as energy source 

represents a promising approach, as it allows not only for the utilization of CO2 as a raw material, 

but also for the storage of solar energy in the form of chemical bonds.[2] Indeed, to date, many 

groups have reported on the photocatalytic reduction of CO2, although in most of the cases the 

achieved efficiencies and selectivities are far from satisfactory.[3]    

Since the pioneering work of Ye and collaborators in 2014, photo-thermal catalysis, a sub-

discipline of heterogeneous catalysis that integrates both thermochemical (thermal) and 

photochemical (non-thermal) contributions of sunlight, has gained a considerable relevance in the 

field of solar fuels.[4] On the one hand, the photo-thermal effect renders effective localized heating 

of the active sites, increasing in this way the reaction rate.[5] On the other hand, the photo-thermal 

approach opens up the possibility of controlling product distribution just by modifying common 

experimental parameters such as the intensity of light or the irradiation wavelength.[6] Altogether, 

these features have motivated the rise of photo-thermal catalysis as a viable alternative to overcome 

the limitations of traditional photochemical processes.   

In spite of its doubtless potential, an intriguing area in photo-thermal catalysis is still the successful 

assessment of the predominant reaction mechanism (i.e. thermal and/or non-thermal). As both 

contributions often coexist, it is usually challenging to make an accurate distinction between 

them.[7] This issue is indeed a matter of debate in the field and has recently motivated a growing 

10.1002/cssc.202101950

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.



body of literature.[8] However, up to now, the number of works with an appropriate analysis on the 

different mechanisms underlying photo-thermal catalytic systems is scarce.[9]  

Herein, we report the preparation of Pd nanoparticles (NPs) supported on barium titanate (BTO) 

as an efficient photocatalyst for the photo-thermal reverse water gas shift (RWGS) reaction under 

visible-IR light. Our catalyst allows for a facile and tunable selectivity towards CO or CH4 as a 

function of different parameters such as the metal loading or the light intensity. Experimental data 

suggest that the thermal contribution is preeminent at high light intensities, while non-thermal 

contributions dominate under low power densities. Under optimal conditions, the photocatalyst 

enables the conversion of CO2 to CO at high catalytic rates up to 8.2 molCO·gPd
-1 h-1, hence 

demonstrating the large potential of this material for the photo-thermal hydrogenation of CO2. 

 

Results and discussion 

BTO-supported Pd NPs with different metal loadings (0.25-2.0 %wt) were prepared by the polyol 

method, using ethylene glycol as both solvent and reducing agent (see the Experimental Section 

in Supplementary Information for further details).  

The X-ray diffraction (XRD) patterns of commercial BTO support together with Pd(0.5)-BTO and 

Pd(2)-BTO samples are depicted in Figure S1a. All samples showed the characteristic diffraction 

peaks of BTO, however, it was not possible to detect Pd in either Pd(0.5)-BTO or Pd(2)-BTO 

samples probably due to the low metal loading. As it can be observed in Figure S1b, pristine BTO 

exhibited a strong absorption in the UV range (below 400 nm) in consonance with its wide 

bandgap.  Nevertheless, upon increasing the Pd loading, samples displayed an enhanced light 

absorption along the visible-NIR region. Some authors have attributed these absorption features to 
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interband electronic transitions occurring within Pd NPs, although more recent reports have 

suggested localized surface plasmon resonance (LSPR) modes of Pd NPs under visible-NIR 

excitation.[10]  

Figure 1a and 1b show high‐angle annular dark‐field (HAADF) STEM images together with 

particle size distributions of Pd(0.5)-BTO and Pd(2)-BTO, respectively. These images clearly 

revealed that the Pd particle size increased along with increasing the metal loading. In 

consequence, while Pd(0.5)-BTO showed an average particle size of 3.4 ± 0.8 nm, Pd NPs in 

Pd(2)-BTO exhibited a certain degree of agglomeration with an average size of 4.6 ± 1.3 nm. 

 

Figure 1. HAADF-STEM images acquired in dark field. a) Pd(0.5)-BTO photocatalyst. b) Pd(2)-

BTO photocatalyst. Insets show the particle size distribution.  

XPS measurements were performed in order to study the surface properties of the photocatalysts. 

Figure S2 (Supporting Information) illustrates the XPS spectra of the Pd 3d region of Pd(0.5)-BTO 

and Pd(2)-BTO samples. In both cases, binding energies at 334.9 and 340.1 eV corresponding to 

metallic Pd 3d5/2 and Pd 3d3/2 were clearly observed, indicating that elemental Pd is the major 
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component in Pd NPs. Pd(0.5)-BTO spectrum also showed a minor contribution of PdO at 336.7 

and 342.1 eV, suggesting a certain degree of surface oxidation in this sample. 

The photocatalytic activity of Pd-BTO samples towards the RWGS reaction was determined under 

UV-visible-IR irradiation from a 300 W Xe lamp (see the Experimental Section in Supplementary 

Information for further details). The corresponding CO2 conversion, selectivity and catalytic rates 

are summarized in Table 1. Temperature and pressure profiles inside the reactor were monitored 

by means of a thermocouple and a manometer, respectively, as depicted in Figure 2a. As per this 

figure, all samples produced a progressive drop in the pressure due to the consumption of reactants 

and the subsequent condensation of H2O in the cold areas of the reactor, together with an increase 

of the temperature. Nonetheless, among all the tested samples, Pd(2)-BTO reached the highest 

temperature (circa 325 oC) after 180 min of reaction, thus confirming that the remarkable light-to-

heat conversion of the photocatalyst is proportional to the amount of Pd NPs. Importantly, we 

observed that Pd loading determined not only the maximum temperature, but also the selectivity 

values displayed by the catalysts (Figure 2b and Table 1). As a result, low Pd loadings exhibited 

outstanding CO selectivities, as high as 95 % for Pd(0.25)-BTO and Pd(0.5)-BTO samples. On the 

other hand, CH4 selectivity showed an increasing trend along with Pd loading, being almost 100 

% for Pd(2)-BTO sample. One could consider that these changes in selectivity can also be 

attributable to differences in CO2 conversion among the catalysts. To rule out this possibility, we 

compared the selectivity patterns of Pd(0.5)-BTO and Pd(2)-BTO at isoconversion values and 

constant light intensity (Figure S3). As it can be seen in the figure, under these conditions Pd(2)-

BTO displayed a much higher temperature that translated into roughly nine-fold enhancement for 

CH4 selectivity compared to Pd(0.5)-BTO. All in all, these observations confirmed that product 

selectivity is mainly determined by photo-thermal effects derived from the different metal loading 
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and particle size.[11] Indeed, these results are very much in line with those reported by Ozin et al. 

using Pd@Nb2O5.
[12] Based on both experimental data and DFT calculations, authors rationalized 

that low metal loadings and small Pd crystals favored CO desorption from the metal surface. On 

the other hand, larger Pd NPs promoted the cleavage of the C-O bond and the subsequent 

methanation reaction on the surface of Pd. It should be emphasized, however, that comparing data 

from batch reactors is a challenging task, especially when studying reactions in series where the 

primary product is not always evident. To determine if CH4 could be obtained by direct 

hydrogenation of CO2, we analyzed the product distribution of Pd(2)-BTO catalyst under different 

irradiation times (Figure S4). As it can be seen in this figure, at short reaction times (30 minutes) 

the major product is CO with a selectivity above 65 %, while at longer reaction times CH4 becomes 

predominant. This clearly indicates that the primary product of Pd-BTO photocatalyst is CO, 

independently of the metal loading, and further stresses the necessity of comparing selectivities 

among different catalysts at isoconversion conditions. In a similar manner, we studied the product 

selectivity of Pd(0.5)-BTO under long-term reaction time. Under these conditions, we obtained a 

84.1 % CO2 conversion with selectivity values of 49.9 and 50.1 % for CO and CH4, respectively. 

Interestingly, these selectivity patterns sharply differ from the ones obtained at short reaction times 

in which CO was the main product (Table 1).  

To have a better insight into the reaction pathway responsible for the product selectivity on Pd-

BTO, we performed in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

in a flow cell (see Supplementary Information for further experimental details). As it can be seen 

in Figures S5a and S5b, the IR spectra of both Pd(0.5)-BTO and Pd(2)-BTO showed the 

characteristic bands from adsorbed formate species at about 2870 and 2735 cm-1.[13] These formate 

species are intermediates in the transformation of CO2 into CO and indicate that CO is the primary 
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product in the CO2 photo-thermal reduction over Pd-BTO photocatalyst. Furthermore, the peak 

corresponding to C-H bond of adsorbed CH4 was detected in both Pd(0.5)-BTO and Pd(2)-BTO 

at 3015 cm-1 together with the symmetric CH2, ads vibration at ∼2930 cm-1.[14] As expected, these 

peaks were considerably more intense in the case of Pd(2)-BTO, which is consistent with the 

catalytic results. If we look in more detail Figure S5c, which compares both Pd(0.5)-BTO and 

Pd(2)-BTO, we detect peaks at ∼1380 cm-1 corresponding to formate species and two signals at 

∼1320 and ∼1440 cm-1 attributable to surface carbonate species.[14-15] A peak corresponding to 

bidentate formate at 1535 cm-1 was detected only in the case of Pd(2)-BTO and the features at 1613 

cm-1 were assigned to hydrogen carbonate.[16] Of more relevance, we could observe that Pd(2)-

BTO spectrum distinctly exhibited the characteristic bands of bridged and linear adsorbed CO at 

1960 and 2073 cm-1, respectively.[17] Oppositely, these bands were much less intense in the case 

of Pd(0.5)-BTO, thus indicating a weaker interaction with CO. The stronger interaction of CO with 

Pd(2)-BTO favors its further hydrogenation and provides more evidence to explain the higher 

selectivity towards CH4 compared to Pd(0.5)-BTO. Therefore, from all the experimental data we 

can conclude that CO is subsequently hydrogenated to CH4, with this reaction being more favored 

for larger Pd crystallite sizes and at higher temperatures, as previously reported for other transition 

metals.[18] Owing to the notable activity and CO selectivity of Pd(0.5)-BTO, subsequent 

experiments were performed with this sample unless otherwise indicated.  
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Figure 2. a) Temperature (black lines) and pressure (red lines) profiles of Pd(0.25)-BTO (squares), 

Pd(0.5)-BTO (circles), Pd(1)-BTO (triangles) and Pd(2)-BTO (diamonds) under photo-thermal 

CO2 conversion. b) CO2 conversion (black bars), CO selectivity (red bars) and CH4 selectivity 

(blue bars) of Pd-BTO samples with increasing amounts of Pd (0.25-2.0 %wt). Reaction 

conditions: 50 mg of photocatalyst, 5 bar (H2/CO2 = 4) and 4.3 W cm-2 light intensity. 

 

As previously mentioned, a major challenge in the field of photo-thermal catalysis is the successful 

assessment of each of the individual contributions (i.e. thermal and non-thermal) to the overall 

reaction mechanism. A straightforward experimental method to distinguish if the reaction is 

mainly ruled by a thermal or a photochemical pathway is the study of the influence of the light 

intensity on the reaction rate. As it can be seen in Figure S6a, there was a clear exponential 

relationship between light intensity and CO production rate at high photon intensities, which 

reached a maximum value of 2.0 molCO·gPd
-1 h-1 at the highest power density. This exponential 

behavior is a clear signature of thermally driven reactions and indicates that the thermal 

contribution is predominant in the photo-thermal CO2 reduction by Pd-BTO, at least at high light 

intensities.[8b] Interestingly, these light intensity experiments also provided us an additional 
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strategy to control reaction selectivity, as we observed that upon increasing irradiance the 

selectivity towards CO decreased as a result of the rise of temperature (Figure S6b).  

In order to further investigate the underlying reaction mechanisms in our system, we performed 

additional blank experiments under dark conditions at different reaction temperatures by means of 

external heating (Figure 3). If the system was ruled by a pure thermal enhancement, then CO2 

conversion values and catalytic rates of both processes (i.e. external heating and light-induced 

heating) would be comparable. Surprisingly, we found that at low temperatures (below 200 °C) 

the externally heated processes were significantly less efficient than their light-heated 

counterparts, thus revealing that in these cases the photochemical contribution was dominant. After 

increasing the temperature, the thermal contribution gained weight in the overall reaction rate until 

reaching a maximum of 60 % at 250 °C. These results imply that both thermal and photochemical 

pathways coexist, each of them contributing to the overall reaction rate depending on the operating 

photo-thermal conditions. 

Figure 3. CO2 conversion (black bars) and selectivity values towards CO (red bars) or CH4 (blue 

bars) for the RWGS reaction driven under photo-thermal (a) or pure thermal (b) conditions at 

different temperatures. Reaction conditions: 35 mg of Pd(0.5)-BTO photocatalyst, 5 bar (H2/CO2 
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= 4), 3 h irradiation time. The temperature under photo-thermal conditions was result of the 

irradiation at different light intensities, while dark thermal experiments were performed using an 

external heating source.  

 

According to Solymosi et al., the mechanism of CO2 methanation over supported Pd takes place 

through a first step that involves CO formation at temperatures above 150 °C.[19] This would 

partially explain the low efficiency of thermally driven RWGS reaction observed in this work at 

temperatures in the range of 140-190 °C. Under photo-thermal conditions, however, the 

photochemical contribution would be the main driving force capable of render significant catalytic 

performances even at temperatures where the thermocatalytic reaction hardly occurs. Upon 

increasing light intensity (and so reaction temperature), the thermal contribution is more favored 

and it clearly becomes predominant at temperatures above 200 °C. We hypothesize that the 

preeminent photo-enhancement at temperatures below 200 °C derives mainly from the excitation 

of electron-hole pairs in BTO together with the generation of hot electrons in Pd NPs.[20] These 

hot electrons arise from both LSPR and/or interband transitions in Pd NPs under UV and visible-

IR radiation.[10b, 10d, 10e, 21]  

We further investigated the subjacent reaction mechanism by calculating the apparent activation 

energy (Ea) under both dark and light conditions. As it can be seen in Figure S7, the apparent 

activation energy in the dark was 97.2 kJ mol-1. Remarkably, the apparent activation energy under 

light radiation was reduced to 75.0 kJ mol-1, clearly revealing that photo-excited hot carriers in Pd-

BTO enhance the RWGS reaction.  
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The study of the influence of the wavelength radiation on the catalytic rate can be also a powerful 

tool to ascertain the operating mechanism in photo-thermal systems. Following this approach, we 

performed experiments under full spectrum and using a L42 cut-off filter (λ>420 nm) both under 

constant photon irradiance (Figure S8). These experiments provided us two important pieces of 

information. On the one hand, we found that under the same light intensity, visible-IR radiation 

accounted for 65 % of the catalytic activity compared to the full spectrum experiment. This 

indicates that the contribution of UV photons derived from the electronic excitation of electron-

hole pairs in BTO and LSPR in Pd NPs is minor compared to visible-IR, but not trivial at all. On 

the other hand, it was reported that under visible-IR radiation the maximum temperature was 207 

°C compared to 190 °C reached in the case of UV-visible-IR. The difference in the temperature 

under full spectrum and visible-IR radiation indicates that photons from visible-IR display a more 

efficient light-to-heat conversion. This observation can be rationalized considering that high-

energy electrons derived from UV excitation have enough energy to mostly activate the RWGS 

reaction photochemically, rather than through a thermal pathway. Oppositely, visible-IR radiation 

renders low-energy photons that may activate the reaction photochemically but also by heat 

generation, thus resulting in a higher temperature. Taking into account that more than 95 % of the 

solar spectrum comprises visible and IR radiation, these results emphasize the potential of Pd-BTO 

photocatalyst to perform the CO2 reduction under concentrated natural sunlight.  

Reaction selectivity can also be applied as a discriminating strategy to determine the ruling 

reaction mechanism. In the case of chemical reactions driven by light-induced heating, the product 

distribution should be identical to the processes promoted by conventional heating of the catalyst. 

[22] If we compare the product selectivity of the reaction under dark and light conditions at different 

temperatures (Figure 3), we observe that in spite that in all cases the main product was CO, CH4 
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production seemed to be more favored at dark conditions and high temperatures. This suggests 

that the reaction mechanism under light radiation somewhat contrasts with dark conditions, so 

providing another evidence of the coexistence of both thermal and photochemical contributions in 

our system. It should be mentioned, however, that all these findings differ from previous studies 

from Ozin et al. in which authors excluded the possibility of a dominant photochemical pathway 

for the photo-thermal RWGS on Pd@Nb2O5 photocatalyst.[12, 23] In the present study, we have 

observed that in spite that at high power densities the thermal contribution becomes dominant, at 

low photon intensities the photochemical component is not negligible at all and it plays a 

significant role in the catalytic activity.  

To gain more insight into the charge separation states across Pd-BTO interface, we performed 

femtosecond transient absorption (fs-TA) measurements with broadband capabilities. The detailed 

experimental setup of fs-TA is published elsewhere and also provided in the Supplementary 

Information.[24] Figure 4a and 4b display the fs-TA spectra at few time delays upon 350-nm 

excitation of BTO and Pd(2)-BTO, respectively. It is worth noting that with increasing Pd 

concentration the catalytic activity increases (Figure 2), therefore, we compared the fs-TA results 

of high performance catalyst Pd(2)-BTO with bare BTO. It should be noted that for quantitative 

estimation of the kinetics of chemical reactions and carrier migration rate to provide insight into 

the reaction mechanism, the electron transfer process needs to be measured in presence of CO2 

and H2. Unfortunately, these experiments with such conditions are extremely difficult to be 

conducted with our current TA-setup. The spectrum of BTO showed a broad positive absorption 

feature spanning from 500 to 740 nm (Figure 4a) due to excited state absorption of photo-excited 

electrons. These observations are consistent with related precedents in the literature and also 

confirm our previous findings.[25] Surprisingly, Pd-BTO exhibited a broad negative absorption 
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spectrum (known as ground state bleach, which refers as GSB) peaking at 600 nm (Figure 4b), 

providing an evidence for the direct excitation of Pd upon UV-light absorption. Upon insertion of 

Pd, low-lying energy levels of the metal are generated, which depleted upon photo-excitation. To 

study the charge recombination dynamics of BTO and Pd(2)-BTO, we have compared the TA 

kinetics at maximum signal position in TA spectra (713 nm for BTO and 600 nm for Pd-BTO), 

which are presented in Figure 4c. We have retrieved the characteristic relaxation time constants 

upon exponential fitting and they fit well with bi-exponential decays. For bare BTO, time constants 

(1 and 2), 10s ps (49 ± 1.95 ps) and 100s ps (864 ± 45 ps) are indicative to surface and/or bulk 

trapping mediated bimolecular recombination defects.[26] Consequently, for the pristine BTO, 

about 95 % of the excited electrons quickly dissipate the excess energy through trap-mediated non-

radiative decay channel in shallow and deep trap states. On the other hand, the time constants of 

0.3 ± 0.01 ps and 55 ± 2.5 ps were obtained from the fitting of GSB kinetics at 600 nm (Figure 4c, 

top panel inset). These time constants could be attributed to photo-excited electron-electron 

interaction and the localization of the photo-excited electron in the Fermi level of Pd, implying a 

fast charge carrier recombination at the interface between BTO and Pd.[27] It can be seen from the 

GSB kinetics that following a fast recovery, the bleach signal increases with a population rate of 

~1.11 × 109 s−1 (corresponds to g =900 ± 48 ps rise time, Figure 4c, bottom panel). As a result, 

we observe extreme charge separation and almost negligible recombination within the same time 

window. The very fast electron or/and energy transfer from BTO to Pd and insignificant 

recombination are attributed to the larger localized electron contact at the Pd site in Pd-BTO 

structure. In summary, the existence of metal states upon Pd loading not only increases the light 

absorption in the visible range, but also improves the charge separation, which ultimately enhances 
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the photocatalytic activity towards RWGS reaction and provides further evidence of a feasible 

photochemical contribution to the overall catalytic rate. 

Figure 4. fs-TA spectra at different delay time of (a) BTO and (b) Pd(2)-BTO; (c) normalized 

kinetics at 713 and 600 nm for BTO (red) and Pd(2)-BTO (blue), respectively, in response to 350 

nm optical excitation. Inset (c), kinetic at 600 nm of Pd(2)-BTO in early time scale. Solid black 

line represents the exponential fitting of experimental data. 

 

Photoluminescence (PL) emission spectroscopy offered additional information about the photo-

excited charge carrier generation and recombination processes. As shown in Figure S9a, under 

340-nm excitation we observed a broadband emission of pristine BTO which can be ascribed to 

the recombination between electrons and holes from conduction and valence bands, respectively. 

Interestingly, the emission intensity of the sample containing Pd decreased in comparison to that 

of pristine BTO, which could be attributed to the electron or/and energy transfer from BTO to Pd 

NPs. Figure S9b shows the band-alignment energy diagram with the conduction and valence band 

potentials of BTO and the Fermi level of Pd.[25b, 28] Upon contact between both the semiconductor 

and the metal, the higher work function of Pd compared to BTO favors the formation of a Schottky 

barrier at the Pd-BTO interface. Hence, under UV light radiation, photo-induced electrons in BTO 
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conduction band can be injected into Pd NPs, which act as electron sinks to extend the lifetime of 

charge carriers and enhance photocatalytic activity, as previously observed in fs-TA experiments. 

Indeed, a control experiment using bare BTO as photocatalyst rendered an extremely low catalytic 

activity towards RWGS reaction (Table 1), thus demonstrating the importance of supported Pd 

NPs not only to enhance the light-to-heat conversion but also to improve charge separation within 

the photocatalyst. Nevertheless, the possibility of a simultaneous plasmon-induced hot electron 

transfer from Pd to BTO conduction band under UV or visible radiation cannot be completely 

ruled out, as other authors have previously suggested in different Pd-semiconductor hybrid 

materials.[10c, 21a, 29]  

In order to provide yet more evidence of the presence of a photochemical contribution to the overall 

reaction rate, we also recorded the action spectrum of the Pd-BTO photocatalyst (Figure S10). 

Importantly, in these wavelength-dependent experiments we used light intensities close to 100 mW 

cm-2 to ensure the absence of any photo-thermal effect and to effectively extract the pure 

photochemical contribution to the reaction rate (see Table S1 for further details).  As it can be 

seen, the apparent quantum efficiency (AQE) matched well with the absorption spectrum of the 

material, a phenomenon which is considered a characteristic feature of photochemical reactions.[30] 

Along with the action spectrum trend, it was possible to observe two relative maximums in the UV 

(380 nm) and visible region (500 nm) corresponding to 0.49 and 0.68 % apparent quantum 

efficiency, respectively. It should be noted that these efficiencies do not take into account the 

thermal contribution and they are strictly limited to the non-thermal pathway of the reaction. In 

any case, these values are significantly higher than previous reports on Pd-based photocatalysts 

and thus stress the potential of Pd-BTO as an active material for the photo-thermal CO2 reduction 

reaction.[31] Altogether, these findings also suggest that at low light intensities (and so low 
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temperatures) the pure photochemical contribution prevails over the thermal pathway, although 

both of them contribute synergistically to enhance the catalytic rate.  

The stability of Pd(0.5)-BTO was studied by means of several consecutive catalytic cycles (Figure 

S11). As it can be seen, CO2 conversion values exhibited a progressive decrease from 63 % in the 

first use to less than 35 % after the fourth cycle. Analysis of STEM images from the spent sample 

(Figure S12) showed a significant increase in particle size to 6.3 ± 1.2 nm compared to fresh 

sample. Furthermore, the analysis of the surface properties of the Pd(0.5)-BTO spent sample did 

not differ significantly from that of the fresh sample, being elemental Pd the main component 

(Figure S13).  This excluded the possibility of a change in the oxidation state of the Pd active sites 

as a reason for the loss of activity upon reuses. Consequently, we attributed the apparent 

deactivation of the photocatalyst to the sintering of Pd NPs under reaction conditions.[32] To 

overcome this limitation, we explored the possibility of preparing samples of Pd-BTO containing 

Au (1:1 ratio, total metal amount 1.0 %) (see Experimental Section for further details), as 

bimetallic catalysts have proved to be a useful strategy to minimize particle sintering.[33] In 

addition, Au is well-known by its noble character and its catalytic activity towards RWGS 

reaction.[34]  

XPS measurements from Pd/Au-BTO sample showed the characteristic peaks of Pd 3d 

corresponding to metallic Pd (Figure S14a). Moreover, peaks centered at 82.7 and 86.4 eV were 

attributed to elemental Au 4f7/2 and Au 4f5/2, respectively (Figure S14b). In this case, experimental 

peaks were shifted towards lower binding energies compared to theoretical values for metallic Au 

at 84.0 and 87.7 eV, thus suggesting certain charge transfer towards Au.[35] In fact, these 

observations concur well with a study from Ye et al. where authors reported a shift of the Au XPS 

peaks to lower binding energies in PdAu/Al2O3 photocatalyst, thus confirming that Pd is positively 
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charged and Au increases its electronic density.[36] As depicted in Figure S15, stability tests using 

Pd/Au-BTO samples showed an improved stability upon five consecutive catalytic cycles, 

therefore confirming that the co-loading of Au with Pd NPs is a successful approach to extend 

catalyst reusability. Furthermore, STEM images from the Pd/Au-BTO sample before and after 

reaction (Figure S16 and S17) showed comparable particle size distributions of 3.9 ± 1.2 and 4.1 

± 1.6 nm respectively, proving the absence of apparent particle sintering in the samples. Actually, 

Pd/Au-BTO displayed an outstanding CO production rate of 8.2 molCO·gPd
-1 h-1with 98 % 

selectivity and without obvious deactivation. As far as we know, this performance value is one of 

the highest achieved and establishes a new benchmark among the most representative 

photocatalysts reported so far for the photo-thermal RWGS reaction (Table S2). In addition, 

calculated TOF for Pd/Au-BTO was found to be 0.24 s-1. Oppositely, a blank experiment using 

Au(0.5)-BTO led to negligible values of CO2 conversion under the same experimental conditions, 

thereby revealing that in this case the main role of Au is preventing Pd NPs active sites from 

sintering (Table 1).   

The role of metal-support interactions has proved to play a crucial role in the catalytic performance 

of many catalysts. For this reason, we compared reaction kinetics for the photo-thermal RWGS 

using Pd NPs supported on BTO and aluminum oxide (Al2O3) (Figure S18). We observed that the 

local temperature of the catalyst bed in the case of Pd(0.5)-Al2O3 catalyst was significantly lower, 

which translates to a low CO2 conversion of 0.15 %, compared to the 47 % conversion reported in 

the case of Pd(0.5)-BTO. These observations can be explained by the analysis of the thermal and 

optical properties of Al2O3, namely its high thermal conductivity (30 W m-1 K-1) and bandgap (7.6 

eV) that make this material a poor thermal insulator and photoactive support.[37] For these reasons, 

the photo-thermal performance of Pd(0.5)-Al2O3 photocatalyst is substantially less efficient than 
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in the case of Pd(0.5)-BTO, as previously observed in related precedents.[25b] Interestingly, based 

on these experiments we also observed that product distribution was certainly influenced by the 

nature of the support. Then, while Pd-Al2O3 photocatalyst led to a 100 % selectivity towards CH4, 

Pd-BTO mainly produced CO with a selectivity close to 95 %. These results indicate that reaction 

selectivity is determined not only by the photo-thermal operating conditions but also by the nature 

of the metal-support interaction, then suggesting that CO2 reduction takes place at the interface 

between Pd NPs and support.  

Based on the experimental data presented, we propose the reaction mechanism depicted in Scheme 

1. Under UV radiation, electron-hole pairs are generated in BTO together with hot electrons in Pd 

NPs owing to its plasmon resonance band. The existence of a Schottky barrier at the interface 

between BTO and Pd favors the spatial separation of charge carriers, thus preventing from 

recombination and prolonging their lifetime, as demonstrated by fs-TA. These electrons are then 

able to activate the RWGS reaction photochemically. In addition, visible-IR radiation can excite 

Pd NPs through LSPR excitation and/or interband transitions. In this case, a fraction of high-

energy hot electrons may promote the photocatalytic RWGS reaction, while the rest of low-energy 

electrons produce heat through non-radiative recombination processes that ultimately drives the 

reaction via thermal enhancement. Depending on the operation conditions, either the 

photochemical or the thermochemical pathway is predominant, but both of them occur 

simultaneously and contribute to the overall reaction rate.  
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Scheme 1. Schematic illustration of the reaction mechanism under a) UV and b) visible-IR light. 

Under UV radiation, photo-excited electrons in BTO conduction band are transferred to Pd NPs 

across the Schottky barrier (ΦB).  Alternatively, plasmon-induced hot electrons in Pd NPs may 

also overcome the Schottky barrier at the Pd-BTO interface and inject into the BTO conduction 

band. In both cases, electrons activate the RWGS reaction by a photochemical pathway. Under 

visible-IR light, photo-excited electrons in Pd can either activate the reaction photochemically or 

relax non-radiatively by heat emission that thermally drives the RWGS reaction. 

 

Conclusions 

In summary, we have successfully developed an efficient photocatalyst based on Pd NPs supported 

on barium titanate for the photo-thermal CO2 hydrogenation reaction. Particularly, product 

selectivity towards CO and/or CH4 can be tuned not only by controlling the size and amount of Pd 

NPs but also by adjusting light intensity. Under reaction conditions, Pd NPs suffer from 
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deactivation due to particle sintering, but the co-loading with small amounts of Au extends the 

stability of the catalyst for at least five catalytic cycles. Mechanistic studies suggest that at low 

irradiance the non-thermal pathway mainly rules reaction mechanism, while at high light 

intensities the thermal enhancement becomes predominant. Overall, the here presented results 

highlight the potential of photo-thermal systems to successfully produce solar fuels with tailored 

selectivity. In this spirit, future work will be devoted to the design of new photo-thermal catalysts 

for the selective CO2 hydrogenation to high value-added C2+ products.  

 

Experimental Section 

Pd-BTO synthesis: Pd NPs were supported on commercial BaTiO3 (BTO) using the polyol method. 

First, a suspension of 200 mg of BTO in 50 mL of ethylene glycol (Aldrich) was prepared by 

sonication for 15 min. Subsequently, a solution of K2PdCl4 (Aldrich) in ethylene glycol (20 mL) 

at the desired concentration (0.25, 0.5, 1 or 2 % wt) was added to the BTO suspension. The reaction 

mixture was transferred to a 200 mL bottom flask and the deposition of Pd NPs was performed at 

125 °C for 24 h under reflux. Pd-BTO samples were recovered by filtration and washed with water 

and acetone. The resultant material was dried at 80 °C for 3 h. In the case of Pd/Au-BTO and Au-

BTO samples, the same procedure was followed using HAuCl4 (Aldrich) as Au precursor. 

Commercial Al2O3 (Aldrich) was used to prepare the Pd-Al2O3 by the same polyol method.  

 

Photo-thermal RWGS reaction experiments: Pd-BTO samples were loaded on a ceramic crucible 

(1.5 cm2 area) into a quartz batch reactor (58 mL) equipped with a thermocouple in intimate contact 

with the catalyst bed and a manometer to monitor the pressure. The photo-thermal RWGS reaction 

experiments were carried out using a 300 W Xe lamp (Peccell Technologies) as the light source in 
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the presence of stoichiometric amounts of H2 and CO2 (ratio 4:1). The evolved gases were 

quantified by means of a gas chromatograph (SRA Instruments) equipped with two modules and 

TCD detector. One of the modules consists of a MS5A column and analyzes H2, CH4 and CO 

using Ar as carrier gas. The second module has a PPU column and analyzes CO2 and up to C2+ 

hydrocarbons using He as carrier gas. At the end of each reaction, the photoreactor was directly 

connected to the inlet of the gas chromatograph and the measurement was repeated at least 3 times.  

In order to measure the light intensity, an optical power meter equipped with a S425C-L detector 

(Thorlabs) was used. In the stability studies, after each catalytic cycle the reactor atmosphere was 

purged with H2 and subsequently filled with new reaction mixture.  
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Table 1. Pd content, CO2 conversion, selectivity values and CO production rate of different Pd-

BTO photocatalysts. 

Catalyst 

Pd 

loading  

[wt%] 

CO2 

conversion 

[%]  

CO selectivity 

 [%] 

CH4 selectivity 

[%] 

CO production 

 [mol·gPd
-1 h-1] 

Pd(0.25)-BTO 0.31 60.9 95.3 4.7 2.98 

Pd(0.5)-BTO 0.41 70.5 96.2 3.8 2.32 

Pd(1)-BTO 0.91 78.2 56.6 43.4 0.80 

Pd(2)-BTO 2.49 98.4 0.6 99.4 0.004 

BTOa - 0.6 100.0 0.0 0.09a 

Au(0.5)-BTOb 0.41 2.5 100 0.0 0.18 

Reaction conditions: no external heating, 5 bar, H2/CO2 = 4, photocatalyst mass: 50 mg, irradiation 

time: 180 min, 300 W Xe lamp at 4.3 W cm-2. a Note that in this case CO production is expressed 

in mmol·gBTO
-1 h-1. bNote that in this case, metal loading corresponds to Au. 
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