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ABSTRACT  

TiO2 is an active material for photocatalytic CO2 reduction. Its performance is improved by the 

addition of metal or metal oxide as co-catalyst. The enhanced electron-trapping capability is 

widely attributed to the function of these co-catalysts, but their precise roles are not fully 

understood. Here, we report how Pt and Co co-catalysts boost formation of H2 and CH4 during 

photocatalytic CO2 reduction. More specifically, we used in situ diffuse reflectance infrared 

Fourier transformed spectroscopy (DRIFTS) and multivariate spectral analysis to identify 

(in)active surface intermediates. The surface formates were identified as the reactive intermediate 

common to all TiO2-based catalysts. The catalytic activity and product selectivity are determined 

by the unique function of the co-catalyst, which distinctly interacts with the TiO2 surface to 

produce and decompose formates to H2 or CH4. The evolution of the surface species also clarifies 

the transient nature of photocatalytic activities and how the TiO2 surface and co-catalysts are 

deactivated under photocatalytic conditions.  
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1. INTRODUCTION 

The photocatalytic reduction of CO2 can create opportunities to sustainably convert 

photon energy to chemical energy via the synthesis of chemical energy carriers such as CH4 and 

CH3OH.1-2 However, this light-driven conversion is very challenging due to the strong 

thermodynamic stability of CO2. First, high energy input is required to activate CO2, as is evident 

from the strong reduction potential of -1.9 V (Ered
0, vs. RHE) to form a generally well-accepted 

intermediate, CO2 radical anion.3 Another challenge is the presence of protons in photocatalytic 

reactors to produce hydrocarbon or oxygenate chemicals by reacting with CO2 and electron. The 

formation of hydrogen in the proton reduction reaction, which is considered as water reduction in 

aqueous media, is energetically more favorable (Ered
0 = 0 V vs. RHE). Consequently, hydrogen 

production is generally more facile than CO2 reduction in the photocatalytic conversion of CO2.4-

5  Therefore, there is a need for photocatalysts that can efficiently harness light while suppressing 

proton reduction over CO2 reduction. 

In addition to catalyst tuning, engineering approaches such as increased CO2 pressure6-8 

are effective in improving the performance and product yields of CO2 reduction. By performing 

the reaction in gas-phase using gaseous CO2 and water vapor, it is possible to regulate and limit 

the amount of water (thus protons) in the system with respect to that of CO2, thereby creating a 

favorable environment for CO2 reduction. At sufficiently high reaction temperatures (above 373 

K), this approach could prevent water condensation on the catalyst surface and lead to selective 

production of carbon-containing chemicals over H2.9 Furthermore, in comparison to TiO2 and 

TiO2-based materials (the most actively researched photocatalyst materials), stability is a major 

issue for photocatalytic CO2 reduction. This aspect is often neglected in the literature and is not 

well-understood. Typically, the catalytic activity diminishes gradually over time.9-10 Causal 
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explanations for the catalyst deactivation include (i) the loss of surface active sites due to the 

deposition of carbonaceous species,9 (ii) changes in the metal oxidation state and/or corrosion,11-

12 and (iii) the decrease of surface OH or defective (active) sites.13-14  However, there is not yet 

convincing evidence to elucidate the activation and deactivation processes. This lack of evidence 

hinders the rational design of photocatalysts for CO2 reduction. 

The most popular and convenient method for improving photocatalysts is to load suitable 

co-catalyst(s) onto the catalyst to promote electron trapping and facilitate redox reactions of 

surface chemical species.15-16  Numerous co-catalysts for TiO2 have been investigated to target H2 

production and CO2 reduction.17-18 As co-catalyst, Pt is reported to greatly enhance CO2 

photoreduction by forming a Schottky-barrier at the Pt-TiO2 interface.19-21 However, Pt’s high 

cost has motivated researchers to replace this co-catalyst with other inexpensive and earth-

abundant metals. Of these, cobalt (or cobalt oxide) has attracted interest due to its high earth-

abundance and visible light adsorption properties.19-22 

Within this context, we report a mechanistic study of photocatalytic CO2 reduction over 

TiO2. This study elucidates how Pt and Co co-catalysts influence the formation of surface 

chemical species, and the reaction pathways influencing product selectivity. Surface chemical 

species and their evolution were studied by in situ diffuse reflectance infrared Fourier 

transformed spectroscopy (DRIFTS). The interpretations of the spectra were facilitated by 

multivariate spectral analysis, particularly multivariate curve resolution (MCR). Specifically 

time-resolved spectra with a high level of band overlaps were disentangled into a set of 

chemically meaningful pure-component spectra with respective concentration profiles through 

kinetic resolution without the need for a reference (Figure S1).23-25 The evolutions of surface 
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chemical species were correlated with comparative catalytic tests to gain insights into how the 

co-catalysts affected the photocatalytic CO2 reduction chemistry. 

 

2. METHODOLOGY 

Pt/TiO2 and Co/TiO2 photocatalysts were prepared by an impregnation method followed 

by a thermal treatment. First, TiO2 (P25, Degussa) was calcined at 623 K for 3 h. Then TiO2 was 

impregnated with an aqueous solution of H2PtCl6·xH2O (≥99.99% trace metal basis, Sigma-

Aldrich) or Co(NO3)2·6H2O (99.999% trace metal basis, Sigma-Aldrich) at 0.2 wt% loading 

(based on the weight of metal with respect to that of TiO2). Finally, the prepared materials were 

calcined at 623 K for 3 h.   

 Photocatalytic CO2 reduction activity tests were performed at 423 K to facilitate CO2 

reduction with respect to H2 formation which is favored at lower temperatures due to higher 

amount of adsorbed water9 using a custom-made gas-phase reaction setup consisting of an 

aluminum cell equipped with a fused silica window. Powdered catalyst (100 mg) was charged at 

the bottom of the rector. The photocatalyst was treated at 423 K under N2 at the flow rate of 4.5 

mL min-1 for 1 h prior to irradiation with a 400 W high-pressure Hg lamp (UV-Technik) without 

an optical filter. The light source was placed at 8 cm away from the optical port of the reactor. 

Photocatalytic reaction was performed under CO2 flow (4.5 mL min-1) saturated with H2O vapor 

(water saturator was maintained at 323 K). Repeated and periodical light on/off cycles of 1.5 h 

duration were used to evaluate catalytic activity. The effluent gas composition was continuously 

monitored by an online MS (Pfeiffer Vacuum, Omnistar) and microGC (Agilent). 

 In situ DRIFTS studies were performed on a Vertex 70V FT-IR spectrometer (Bruker) 

equipped with a liquid nitrogen-cooled MCT detector and a Praying Mantis optical accessory 
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(Harrick). The optical accessory contained an HVC DRP cell and a combination of optical 

mirrors to collect and direct the IR light from the sample to the detector. The in situ cell 

(Harrick) consisted of a sample holder at the center, gas inlet and outlet, heating system, two IR 

transparent windows made of CaF2, and a third window made of fused silica for UV irradiation. 

A few mg of a powder catalyst were loaded into the sample holder of the DRIFTS cell and the 

sample temperature was set at 423 K under He flow at 4.5 mL min-1. Prior to admission of 

gaseous CO2 and H2O to the cell, the catalyst was first treated under He for 1 h at 423 K, then the 

atmosphere was switched to water-saturated CO2 at 4.5 mL min-1 when periodic light off/on 

cycles of 1 h duration each were initiated (Dark1→UV1→Dark2→UV2). All measurements 

were performed isothermally at 423 K. A SwiftCure PLU-10 UV curing setup (UV-Consulting 

Peschl) equipped with a high-pressure Hg lamp (250 W) and a quartz optical fiber (3 mm core) 

was used as the light source for the in situ DRIFTS study. The UV light was guided to the 

sample through the optical fiber. IR spectra were acquired repeatedly for 60 s at the spectral 

resolution of 4 cm-1. The spectrum recorded under He right before switching to the flow of 

water-saturated CO2 was used as the background.  

The obtained time-resolved DRIFT spectra were processed mathematically by 

multivariate spectral analysis, particularly by MCR, uniquely allowing the extraction of the 

kinetically pure spectra of surface chemical species and corresponding concentration profiles 

(expressed in light absorbance). In this work, MCR was performed on a complete series of 

acquired spectra, that is, under (i) He (light off) and then under gaseous CO2+H2O with (ii) light 

off (Dark1), (iii) light on (UV1), (iv) light off (Dark2) and (v) light on (UV2). Non-negativity 

constraints were applied for the analysis. 
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3. RESULTS AND DISCUSSION 

3.1. Photocatalytic CO2 reduction by TiO2, Co/TiO2 and Pt/TiO2. CH4 and H2 were 

the only detectable products of photocatalytic reduction of CO2 over TiO2, Co/TiO2, and Pt/TiO2 

in the presence of water vapor under the continuous flow condition. The amounts and evolution 

profiles of these products were distinctly different for each catalyst (Figure 1 and Table S1 in 

the Supporting information (SI)). If the formation rates of CH4 and H2 were constant, one would 

expect to observe a straight line for the product concentrations under the flow condition. In 

reality, a maximum in the concentration of CH4/H2 was observed after 15-20 min. It then 

decayed rapidly until it reached a steady value. Notably, this steady value was observed for H2 

production over TiO2 (e.g. Figure 1-a’). The former activity is termed transient activity, 

indicating deactivation due to a non-regenerative consumption of active surface species such as 

adsorbed formates and bicarbonates or an irreversible change of the metal oxidation state under 

UV irradiation. The latter activity is termed steady state activity, indicating stable photocatalytic 

activity, which is likely induced by the semiconducting nature (i.e. the stable charge separation) 

of catalyst materials. CH4 could be formed at this high reaction temperature (423 K). The 

photocatalytic activity for both CH4 and H2 production was apparently dominated by transient 

activity, in agreement with previous reports.9  
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Figure 1. (left) Concentration profiles of CH4 (orange) and H2 (green) during photocatalytic CO2 

reduction at 423 K under two UV irradiation cycles (UV1 and UV2) of 1.5 h duration over a) TiO2, 

b) Co/TiO2, and c) Pt/TiO2. (right) Normalized concentration profiles of CH4 (orange) and H2 

(green) to the maximum concentration during UV2 for TiO2 (a’), Co/TiO2 (b’), and Pt/TiO2 (c’). 

The results clarify notable differences in the selectivity trend and amount of products for 

TiO2 or Co/TiO2 against Pt/TiO2. TiO2 (Figure 1-a) was more selective for CH4 production. A 

similar selectivity trend was confirmed for Co/TiO2 (Figure 1-b), with the addition of the Co co-

catalyst boosting production of both CH4 and H2 by 44% (2.58 μmol gcat
-1 h-1) and 90% (1.52 

μmol gcat
-1 h-1), respectively. In contrast, the selectivity trend of Pt/TiO2 (Figure 1-c) was 

reversed with productivity of H2 (5.28 μmol gcat
-1 h-1) being remarkably higher than that of CH4 

(1.46 μmol gcat
-1 h-1).9, 17 One study of Co/TiO2 with visible light reported that H2 was evolved 
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but CH4 was not detected,22 hinting that excitation light wavelength might affect product 

selectivity. 

The major transient activities for CH4 and H2 production were recovered to only a minor 

extent after the dark period. Hence, the subsequent irradiation cycle (UV2) showed poorer 

catalytic performance. This could indicate deactivation of the photocatalysts, or continuous 

depletion or ineffective regeneration of active species after light irradiation (Figure 1 and Figure 

S4).9, 11, 13-14 The characterization of Pt/TiO2 after the reaction showed clear changes of the color, 

Pt particles agglomeration and consequently light adsorption spectra (Figures S2 and S3), 

indicating the occurrence of irreversible changes of the structure and/or electronic states likely 

contributing to the catalyst deactivation. 

Looking more closely at the CH4 and H2 concentration profiles of the three catalysts, the 

evolution of the two gases was almost identical for Co/TiO2 and Pt/TiO2, when the profiles were 

normalized to the maximum values (Figure 1-b’ and 1-c’ during UV2; the same conclusion can 

be drawn from the concentration profiles in UV1, Figure S4). In contrast, for TiO2, the steady-

state activity dominated for H2 production, while the transient activity was responsible for CH4 

production (Figure 1-a’). These results suggest that CH4 and H2 evolve from the same or highly 

linked (i.e. in terms of reaction pathways) surface intermediate species over Co/TiO2 and 

Pt/TiO2, whereas two different reaction pathways are active for the formation of CH4 and H2 

over TiO2. The former likely occurs through an irreversible consumption of surface intermediate 

species. The latter likely occurs through the common pathway with separated charges over the 

semiconducting TiO2 surface.20 

3.2. Mechanistic study of photocatalytic CO2 reduction by in situ DRIFTS. To shed 

light on the origin of the catalytic activities, reactive surface intermediates, and determining 
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factors of product selectivity, we performed in situ DRIFTS studies for the three catalysts, 

mimicking the condition of the catalytic tests (Figure 1). The formation of H2 and CH4 could not 

be confirmed due to the small amount of the catalysts used and thus the detection limit. 

Nevertheless, the evolutions of surface chemical species identified by in situ DRIFTS were in 

line with those observed in the catalytic tests as discussed below; hence the results from the two 

different experiments are interpreted in a comparable and comparative manner. 

3.2.1. Pt/TiO2. To our surprise, remarkable spectral changes were observed for Pt/TiO2 

in the carbonyl stretching region (2040-2160 cm-1), but only very minor changes were detected 

for TiO2 and Co/TiO2 (Figure S5). On Pt/TiO2, three different surface carbonyl species were 

identified (Figure 2-a) with respective characteristic bands: (i) CO on reduced Pt (Pt0) at 2065 

cm-1, (ii) CO on oxidized Pt (Ptn+) at 2084 cm-1,26-28 and (iii) CO bound to Ti3+ at 2114 cm-1.29-30 

These three bands emerged and diminished dynamically in response to the atmosphere change 

and light on/off. Ti4+-CO bands reported at 2180-2200 cm-1 were not detected,31-32 possibly due 

to its low stability. To the best of our knowledge, this is the first report on the involvement of 

carbonyl species during photocatalytic CO2 reduction, and this is enhanced by the Pt co-catalyst. 

Upon changing the gas atmosphere from He to water-saturated CO2 (Dark1) at 423 K, we 

first observed an increase in the band intensity of CO on Ti3+. This was confirmed in the 2D plot 

(Figure 2-a) and the component concentration profile extracted with the multivariate spectral 

analysis (Figure 2-b region 1, and Figure S6-b, the corresponding component spectrum of CO 

on Ti3+ is presented in Figure S6-a). After 15-20 min in Dark1, at the expense of disappearance 

of this band, new bands of CO on Pt0 and on Ptn+ appeared prominently and mildly, respectively 

(Figure 2-a and Figure 2-b region 2). In a lower frequency region of 1300-1700 cm-1, formate, 

carbonate, and bicarbonate species were identified (Figure S7-a, Table S2).32-35 Along with the 
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increase of the band of CO on Ti3+ (region 1), there was a remarkable increase for the carbonate 

bands. When CO on Ti3+ disappeared and CO on Pt0/Ptn+ was formed (region 2), there was a 

significant decrease in the intensity of the carbonate bands. We note that these chemical 

transformations were taking place on the catalyst surface without irradiation of UV light. These 

observations indicate that the TiO2 surface induces multiple surface chemical transformations as 

depicted in Figure 2-c, regions 1-2. After the He treatment, the TiO2 surface was partially 

reduced and, upon admission of water-saturated CO2, CO2 underwent transformation through its 

surface adsorption mainly as carbonates, leading to dissociation to CO on Ti3+. The subsequent 

decrease of CO on Ti3+ and formation of CO on Ptn+ suggest that there are oxidation processes 

involving the oxygen atom of CO2 and H2O, filling the TiO2 defective sites. This oxidation of 

TiO2 causes the adsorbed CO on TiO2 to migrate to Pt0, leading to the abundant formation of CO 

adsorbed on Pt0 at the end of Dark1.  

Subsequently, upon light irradiation (UV1), we observed a sudden and drastic decrease of 

CO on Pt0 and the sharp and transient rise of CO on Ti3+. The latter rise suggests a momentary 

reduction of Ti4+ to Ti3+ (Figure 2-b region 3), as typically expected from an electron injection 

or formation of surface vacancies. In a synchronous fashion, the amount of surface formates 

increased (Figure 2-b region 3). These observations suggest that CO on Pt0 reacts with surface 

OH groups, forming formate species (Figure 2-c region 3).36-37 The assignment of formate 

species was affirmed by the emergence of the C-H stretching bands (Figure S8).34-35, 38 

However, the sharp increase of Ptn+-CO band indicates a concerted redox process of Pt 

(oxidation) and TiO2 (reduction) upon irradiation. After this rapid transformation phase (region 

3), there was a gradual decrease in CO on TiO2 and formate species, accompanied by a steady 

increase in carbonate species (region 4).   
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The major photocatalytic activity of Pt/TiO2 for CO2 reduction and H2O splitting is 

highly transient, as illustrated in Figure 1. The highly linked or identical chemical origin 

(intermediate) is suggested as the source of CH4 and H2 (see above). The observed evolutions of 

surface chemical species upon light irradiation, especially in region 3 elucidated by DRIFTS, 

match well with the transient product evolution profiles of the catalytic test. Hence, surface 

formates are suggested to be the intermediate leading to CH4 as well as H2 over Pt/TiO2. It is 

well-known that metallic Pt can efficiently catalyze decomposition of formate/formic acid to 

yield H2,
27, 39-40

 and that formates can also be an intermediate to methane by further reduction.19, 

41-42 The presence of Pt seems to strongly favor or facilitate both the former reaction and the 

formation of formate species (Figure 2-c). This explains why, of the three catalysts for the 

photocatalytic CO2 reduction, Pt/TiO2 showed the highest transient photocatalytic activity and 

greatest selectivity toward H2 through decomposition of formate species. 

In the catalytic test (Figure 1), the transient activity was not restored after the first light 

on/off cycle, and considerably lower CH4 and H2 productivities were found during UV2. The 

concentration profiles of the surface species elucidated by the DRIFTS study (Figure 2-b) 

showed that the active formate species were not formed during the subsequent dark (Dark2) and 

irradiation (UV2) phases (Figure 2-b regions 5 and 6). This supports the hypothesis that formate 

is indeed the active intermediate, and that the catalyst surface is passivated after the first 

irradiation (UV1). Based on the continuous decrease of CO on Pt0, irreversible oxidation of Pt is 

suggested. The TiO2 surface could still be reduced to create surface vacancies, as indicated by an 

initial increase of CO on Ti3+ during UV2 (region 6). However, the oxidation of Pt likely plays a 

more critical role in the inefficient formation of surface formates. As a consequence, the catalyst 
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surface was more dominated by carbonates over time, and the H2 and CH4 productivities could 

not be restored (Figure 2-c).   

 

Figure 2. a) Evolution of surface carbonyl species on Pt/TiO2 with absorbance from -0.02 (blue) 

to 0.16 (red) under Dark1, UV1, Dark2, and UV2 (top to bottom). b) Component concentration 

profiles of Ti3+-CO (pink) and Pt0-CO (blue) obtained by MCR analysis of (a) and of those of 
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formate (red) and carbonate (cyan) species obtained by MCR analysis of the spectra in the region 

between 1300-1700 cm-1 (component spectra can be found in Figure S7). c) Proposed CO2 

reduction mechanism over Pt/TiO2 (extended in Figure S9). 

3.2.2. Co/TiO2 and TiO2. Comparative in situ DRIFTS studies were performed for 

Co/TiO2 and bare TiO2 in order to understand the origin of the higher CH4 selectivity of these 

materials in comparison to Pt/TiO2, and higher steady-state H2O splitting activity of TiO2 

(Figure 1). As a general trend, both carbonate and bicarbonate species (Figure S7-b and c) 

evolved under Dark1 with a notable initial increase (Figure 3-a and 3-b region 1) followed by a 

decrease when formate species emerged (region 1; a different nature of formates on Co/TiO2 and 

TiO2 compared to those on Pt/TiO2 is suggested in Figure S7). In contrast to Pt/TiO2, there were 

negligible indications and changes in the region of adsorbed CO (Figure S5). This implies that 

the redox process is less pronounced for TiO2 and Co than for Pt/TiO2, suggesting Pt’s important 

role in facilitating the redox surface chemistry of TiO2. Nevertheless, we expect a certain 

concentration of defective sites on TiO2 and, consequently, we assume a similar mechanism as 

described over Pt/TiO2 for the formation of (bi)carbonates and reaction of water with TiO2 

surface (Figure 3, regions 1 and 2).  

Upon light irradiation (UV1), the concentration of formate species decreased for both 

Co/TiO2 (Figure 3-a region 3) and TiO2 (inset, Figure 3-b region 3), before recovering 

gradually. This concentration profile was very different to that of Pt/TiO2 (Figure 2-b region 3), 

where surface formate species increased rapidly upon irradiation. Nevertheless, the major 

catalytic activity for CH4 and H2 formation was transient (Figure 1), and the sudden change in 

formate species concentration upon irradiation was the indication most linked to transient 

catalytic activity. Our interpretation is that, for Pt/TiO2 the formation rate of surface formates is 
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initially higher than its decomposition rate, while the opposite is true for Co/TiO2 and TiO2. This 

explains the initial consumption of formates upon irradiation in the latter cases. Notably, the 

presence of Co promoter uniquely enhanced the formation of bicarbonate species (Figure 3-a 

region 3) under irradiation. This is likely due to the modification of TiO2 with more basic 

properties of cobalt oxide.30, 43 The concentration of surface bicarbonates increases while the 

concentration of formates decreases. As a result, a fraction of the surface formate species might 

react with surface water, leading to bicarbonate species. A similar trend of surface species 

evolution was observed in the second irradiation cycle (UV2). However, as revealed in the 

catalytic tests, the decrease in formate species was less pronounced during UV2. This supports 

the idea that surface formates are the origin of the transient catalytic activity. 
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Figure 3. (left) Component concentration profiles of formate (red), carbonate (cyan), and 

bicarbonate (purple) species obtained by MCR analysis for a) Co/TiO2 and b) TiO2 

(corresponding component spectra can be found in Figure S7). (right) Proposed CO2 reduction 

mechanism of Co/TiO2 (a) and TiO2 (b). 
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3.3. Origin of transient activity and deactivation. The above studies show that the 

transient nature of catalytic activity can be explained by the evolution of surface formates. In the 

case of Pt/TiO2, its formation and decomposition, especially to H2, were facilitated by Pt (Figure 

2) due to its high activity for formate/formic acid decomposition.27, 39, 44 In the case of TiO2 and 

Co/TiO2, although surface formates were formed, its decomposition to formates was not 

facilitated. Rather, its decomposition to CH4 was favored (Co species were indicated to remain as 

Co3O4 during the reaction, Figure S10). The identical transient evolution profiles of CH4 and H2 

for Pt/TiO2 and Co/TiO2 (Figure 1) suggest that formates are the common intermediate for their 

formation. 

However, as remarked in Figure 1, TiO2 showed comparably higher steady-state activity 

for water splitting, while the steady-state activity was virtually absent for Co/TiO2 despite the 

similar photocatalytic activity and selectivity trend of Co/TiO2 and TiO2 (Figure 1). The in situ 

DRIFTS studies (Figure 3) clarified that the major difference between the two is the presence of 

bicarbonate surface species for Co/TiO2, while carbonate species are more dominant for TiO2 

under photocatalytic conditions. In addition, for Pt/TiO2, the oxidation of Pt also greatly 

contributes to a deterioration in the photocatalytic performance (see above). Due to the 

undetected gaseous oxygen, there is a possibility that the observed chemical process is not 

catalytic (e.g. through sacrificial oxidation of Pt). However, by simply comparing the amount of 

formed CH4 and oxygen atoms required to oxidize Pt in Pt/TiO2, the former is two orders of 

magnitude higher in moles, suggesting that the main product formation processes are catalytic.   

Bicarbonate is a protonated form of carbonate. Its formation should be facilitated by the presence 

of surface water. The absence of water splitting activity of Co/TiO2 suggests that water 

molecules cannot reach the TiO2 surface because of its reaction with carbonates to form 
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bicarbonates, which block the surface sites of TiO2 (Figure 3-a region 5). On the other hand, 

carbonates are the dominant surface species on TiO2 and bicarbonate formation is not facilitated. 

Thus, when carbonates do not fully cover the TiO2 surface, water molecules can meet the active 

sites of TiO2 under irradiation and H2 can be produced (Figure 3-b region 4).  

In all cases, a gradual increase of carbonate species was observed with time over light 

on/off cycles. Surface site-blocking by the carbonates was indicated as the main cause of 

photocatalyst deactivation. Raman spectroscopic characterization of the catalysts before and after 

the reactions indicated the blockage of surface sites and consequent changes of surface chemical 

states. Specifically, an increase in fluorescence signals was observed after the reaction (Figure 

S11) due to accumulation of carbonaceous species.45-46 CH4 and H2 productivities were boosted 

by the addition of methanol to reactivate/enhance catalytic activity13 (Figure S12). An in situ 

DRIFTS study was conducted under the mimicking reaction condition in the additional presence 

of methanol. The study demonstrates that carbonate species can be decomposed/transformed 

(Figure S13). It suggests that methanol acts both by reactivating the surface through surface 

carbonate cleaning and by facilitating formation of formates through oxidation.47 

4. CONCLUSIONS 

Pt and Co co-catalysts uniquely impact on the activity and product selectivity of TiO2 in 

the photocatalytic CO2 reduction. Their unique roles are elucidated by in situ DRIFTS through 

temporal evolutions of surface species dynamically evolving during light on/off cycles. 

Decomposition of surface formate species is attributed to the origin of the transient 

photocatalytic activity. The high selectivity to H2 of Pt/TiO2 compared to Co/TiO2 and TiO2 is 

explained by the function of formate/formic acid decomposition facilitated by Pt. Co/TiO2 and 

TiO2 show similar product selectivities, although steady-state H2 production is only observed for 
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TiO2 due to the blocking of surface sites, i.e. disabled access of water to the active sites, by 

bicarbonate formation on Co/TiO2. Increased carbonate formation over the catalyst surface is 

identified as the major cause of surface site blocking, explaining the gradual deactivation of 

photocatalysts.  These insights demonstrate that photocatalytic CO2 reduction over TiO2-based 

materials is driven by a surface-species mediated process. Photocatalyst design strategies should 

be adapted accordingly, optimizing not only the characteristics of light absorption and electron 

transfer but also surface chemistry induced by the metal oxide materials as well as co-catalyst. 
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FIGURES AND TABLES 

MCR is applied to the raw data spectra matrix (D) which contains the spectra recorded with 

time, then the D matrix is decomposed into bilinear contributions of the pure components (columns 

with concentration (C) and spectra profiles (S)) obtained by solving the equation D=CST+E 

(Figure S1). Initially, the number of pure components needs to be defined, and then the least square 

method (MCR-ALS) is used to solve the MCR equation by several iterations until the best 

combination of C and S matrices is achieved. This process is repeated until the components with 

low noise are obtained.1-3 Spectral components were normalized to the maximum value (set to 1) 

and the corresponding concentration profiles are scaled accordingly. 

 

Figure S1. Multivariate curve resolution analysis from DRIFTS data (raw data matrix D containing absorbance spectra 

with time), and the spectral components and their corresponding concentration profiles after performing multivariate 

analysis on D. 
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Table S1. CH4 and H2 productivities obtained from the photoreduction of CO2 with TiO2, Pt/TiO2, and Co/TiO2. The 

activity (productivity) was calculated from the concentration profiles for each UV irradiation cycles (e.g. UV1 and 

UV2). The highest CH4 and H2 productivities observed in this work of are highlighted in orange and green, 

respectively.  
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Figure S2. UV-Vis DR spectra of TiO2 (black), 0.2 wt% Pt/TiO2 (red), and 0.2 wt% Co/TiO2 (cyan) before (straight 

line) and after CO2 reduction reaction (dotted line). Inset plot shows zoom of the visible light region. 
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Figure S3. STEM images of 0.2 wt% Pt (a, b) and 0.2 wt% Co (c, d) on TiO2 before (a and c) and after (b and d) 

CO2 photoreduction reaction. The inset pictures correspond with Pt/TiO2 before (a) and after (b) reaction, and the 

corresponding ones of Co/TiO2 (c and d). The averaged particle size of Pt-loaded TiO2 before the reaction was 1.5 nm 

(a), showing a slightly increased size after reaction to 2.2 nm (b). The particle size of Co-loaded TiO2 was retained 

after reaction with an averaged particle size of 1.8 nm. 
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Figure S4. CH4 (orange) and H2 (green) concentration profiles normalized by the maximum concentration during 

UV1 (left) and UV2 (right) for a) TiO2, b) Co/TiO2, and c) Pt/TiO2 in CO2 photoreduction reaction at 423 K. 
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Figure S5. Evolution of carbonyl bands over TiO2, Co/TiO2, and Pt/TiO2 (top to bottom) during CO2 photoreduction 

reaction during Dark1, UV1, Dark2, and UV2. Surface carbonyl species on Ti3+, Ptn+, and Pt0 observed for Pt/TiO2 to 

are highlighted. Absorbance ranges from -0.02 (blue) to 0.10 (red). 



 32

 

Figure S6. Component spectra (a) and concentration profiles (b) of the carbonyl species observed over Pt/TiO2 during 

CO2 photoreduction reaction. Three carbonyl species on Pt0 (blue), oxidized Pt (black), and Ti3+ (magenta) are 

identified.  
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Figure S7. Component spectra and concentration profiles obtained by the MCR analysis of the low frequency region 

(1300-1700 cm-1) for a) Pt/TiO2, b) Co/TiO2, and c) TiO2. Spectra and concentration profiles are for formates (black), 

carbonates (red), bicarbonates (green), and water (blue) surface adsorbed species. 
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Table S2. Comparison between experimental and reported bands used on the assignments of surface chemical species 

from the component spectra on Figure S7 at low IR frequency region.  
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Figure S8. a) Component spectrum and b) concentration profile of formate species over Pt/TiO2 during UV1 obtained 

by the MCR analysis of the CH region between 2800-3050 cm-1.  

 

 

Figure S9. Extended CO2 reduction mechanism over Pt/TiO2 from Figure 2-c. 

 

Raman measurements were performed using a BWTEK dispersive i-Raman portable 

spectrometer equipped with 785 nm excitation laser and a TE-cooled linear array detector. Samples 

were measured in powder form. 

 



 37

Figure S10. Raman spectra of 1 wt% Co/TiO2 before and after performing the photocatalytic CO2 reduction with 785 

nm excitation laser (red). 1 wt% Co-loading is shown because for low concentration of cobalt (e.g. 0.2 wt%) signals 

from Co3O4 were not identified. Raman peaks marked with (*) correspond to Co3O4 reference material (Jiang, J. and 

L. Li, Materials Letters, 2007. 61(27): p. 4894-4896). 

 

Figure S11. Raman spectra of Pt/TiO2 and Co/TiO2 (0.2 wt% of metal loading) before and after CO2 photoreduction 

reaction with 785 nm excitation laser (red).  
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Figure S12. Concentration profiles (MS) of CH4 (orange) and H2 (green) during CO2 photoreduction reaction over 

TiO2. Two light off/on (grey region indicates light off) cycles were performed under the atmosphere of CO2 saturated 

with a) water vapour and b) water/methanol vapour (10% v/v methanol).  

 

Figure S13. In situ DRIFT spectra during Dark2, UV2, Dark (CH3OH), and UV (CH3OH), from bottom to top, 

observed for bare TiO2 during the CO2 photoreduction reaction at 423 K. After two light off/on, an additional light 
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off/on cycles, photoreduction was evaluated by passing CO2 saturated with water/methanol (10% v/v methanol). 

Absorbance ranges from -0.1 (blue) to 0.25 (red). 
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