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Highlights 

� Reverse water-gas shift reaction process on the Pt(111) surface was first monitored using 

ambient pressure X-ray photoelectron spectroscopy at different gas ratios and temperatures. 

� CO2 dissociation was observed with CO and O adsorbates on the Pt(111) surface exposed to 

pure CO2. 

� H2 facilitated the production of CO from CO2 across all temperatures and decrease the initial 

temperature of RWGS on a platinum surface. 

 

Abstract 

Using ambient pressure XPS (APXPS), we explored carbon dioxide (CO2) adsorption and 

CO2 hydrogenation on Pt(111) single crystal surface to observe the activation of CO2 and the 

subsequent reaction mechanism. In pure CO2, we observed CO adsorbates and adsorbed oxygen 

on Pt(111) derived from CO2 dissociation at room temperature. The introduction of H2 (at a 

pressure ratio of 1:1 (H2:CO2)) increase the production of CO across all temperatures by 

facilitating the removal of surface oxygen. As a consequence, the surface could expose sites that 

could then be utilized for produce CO. Under these conditions, the reverse water-gas shift 

reaction was observed starting at 300 oC. At higher H2 partial pressure (10:1 (H2:CO2)), the 

reverse water-gas shift (RWGS) reaction initiated at a lower temperature of 200 oC and 

continued to enhance the conversion of CO2 with increasing temperatures. Our results revealed 

that CO2 was activated on a clean Pt(111) surface through the dissociation mechanism to form 

adsorbed CO and O at room temperature and at elevated temperatures. Introducing H2 facilitated 

the RWGS as adsorbed oxygen was consumed continuously to form H2O, and adsorbed CO 

desorbed from the surface at elevated temperatures. This work clearly provides direct 

experimental evidence for the surface chemistry of CO2 dissociation and demonstrates how 

hydrogen impacts the RWGS reaction on a platinum surface.  
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1. Introduction 

Chemical recycling of CO2 with H2 has attracted substantial attention in the past decade, as 

it is considered a highly desirable and sustainable way to produce valuable chemical stocks and 

useful fuel to meet growing energy demands1-4. One approach involves the production of CO, 

which serves as an important source of syngas, used industrially for Fischer-Tropsch Synthesis, 

and methane, utilized as a daily-use fuel for both electricity generation and heating5.  

Pt-based catalysts have proved to be promising candidates for highly efficient CO2 

hydrogenation to selectively produce CO via reverse water gas shift (RWGS) reaction6-8, which 

was one of the critical industrial reactions to control the ratio of CO/H2 in some important 

process including Fischer-Tropsch synthesis, methanol synthesis and ammonia synthesis. 

Despite numerous experimental and theoretical works addressing Pt-based catalysts for CO2 

hydrogenation9-12, the mechanism for CO2 hydrogenation with Pt-based catalysts is still not 

clearly understood. Generally, CO2 hydrogenation on Pt-based catalysts has been reported to 

proceed following the RWGS process via carboxylic (COOH) or formate (HCOO) intermediates, 

based on density function theory (DFT) calculations13,14. However, a spectroscopic study 

demonstrates that carbonate could be the key intermediate when certain rare-earth metal oxides 

serve as the support15. Thus, it is necessary to explore CO2 adsorption and activation in CO2 

hydrogenation experimentally to obtain clear mechanistic insight into this reaction.  

Previous studies demonstrate that CO2 does not adsorb on a clean Pt(111) surface between 

110 K to 300 K, based on ultra-high vacuum (UHV) AES, TPD, and HREELS spectroscopies; 

however, upon doping some alkali metal atoms like potassium, CO2 can adsorb and dissociate on 

the surface16. Contrarily, Kaliaguine et al. observed chemisorbed CO species on Pt foil treated 

with CO2 during UHV XPS experiments at 77 K17. Nonetheless, for most cases using 

conventional techniques, gas pressure was constrained under 10-8 torr, much lower than that in 

practical use. To close the pressure gap between characterization and heterogenous catalysis, 

additional characterization techniques have been developed to work under more real-world 

conditions. Ambient pressure X-ray photoelectron spectroscopy (APXPS) combined with 

synchrotron light sources provides a good opportunity to explore the chemical state of the 

catalyst and adsorbates with different probing depths and at a range of pressures (typically up to 

1 torr), which can help to advance our understanding of catalytic reaction mechanisms18-21.  
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Herein we report an investigation of CO2 dissociation and hydrogenation processes on Pt 

(111) single crystal surfaces using APXPS. Under pressure of 40 mtorr of pure CO2, adsorbed 

CO and dissociated atomic oxygen were found at room temperature, providing direct evidence 

for CO2 dissociation on the Pt(111) surface. At temperatures below 150 oC, graphitic carbon was 

also observed as a product of Boudouard reaction. At elevated temperatures (greater than 150 oC), 

graphitic carbon was removed even while maintaining exposure to CO2 alone, which we 

hypothesize is due to the reverse Boudouard reaction. Co-dosing H2 gas with CO2, opposed to 

exposure to CO2 alone, increased the amount of CO adsorbates formed on Pt(111) at 

temperatures under 200 oC. When a 1:1 ratio of H2:CO2 (40 mtorr:40 mtorr) was introduced at 

temperatures higher than 300 oC, the RWGS was detected in mass spectra by the RGA that is 

integrated directly into the APXPS instrument. As we further increased the H2 partial pressure, 

H2:CO2 = 10:1 (150 mtorr:15 mtorr), the RWGS initiated at 200 oC and was enhanced at elevated 

temperatures. Our results indicate that CO2 exposed solely to the Pt surface dissociate to form 

adsorbed CO and O surface species. The introduction of H2 promoted a reaction with the 

adsorbed oxygen, which was continuously consumed to form H2O. The adsorbed H2O and CO 

desorbed from the surface at elevated temperatures to open up new reaction sites and thus 

complete the RWGS reaction. In addition, the lower reaction temperature for the RWGS under 

higher H2 partial pressure indicates that the H2 rich environment provides more reducing 

conditions, which facilitate the formation of H2O and, consequently, the RWGS reaction. 

 

2. Experiment section 

2.1. Beamline 9.3.2.  

Beamline (BL) 9.3.2 at the Advanced Light Source (ALS, Lawrence Berkeley National 

Laboratory) is equipped with a bending magnet and grating monochromators [600 l/mm] having 

a total energy range between 200 eV and 900 eV (soft X-ray range). The analyzer (Scienta 

R4000 HiPP) pass energy was set to 100 eV, using a step of 100 meV and a dwell time of 200 

ms. Under these conditions, the total resolution (source and analyzer) was equal to about 220 

meV, at room temperature, for photon energies ranging between 280 eV and 660 eV (the 

maximum flux, around 4.5×10-10 photons s-1, is reached at an energy of 490 eV). The incidence 

angle between the incoming photons and the sample surface was equal to 15o. The XPS 

measurements were taken in normal emission (NE) mode, at a pressure in the experimental 
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chamber between UHV (1×10-9 torr) and 200 mtorr (in a backfilled configuration where the 

entire chamber is filled to the set gas pressure), while differential pumping maintained UHV 

conditions (~1×10-9-1×10-6 torr) for the photoelectron analyzer. The calibration of the binding 

energy (BE) scale was carried out using the Au 4f photoelectron peak from a clean gold 

polycrystalline surface as reference (4f7/2 BE = 84.0 eV).  The Beamline, maintained under UHV 

to avoid contamination of optical elements, is separated from the experimental chamber by a 2-

mm×2-mm×100-nm thick Si3N4 window placed at a distance of about 3.0 cm from the 

sample22. 

 

2.2. Sample preparation and APXPS Experiments.  

2.2.1. Sample preparation. 

Before the experiments, the APXPS chamber was baked out at 120 oC for at least 24 h, 

resulting in a base pressure below 1×10-9 torr. Each gas line, including CO2, CO, H2O, H2, and 

O2, was also baked for 2 h to remove residual impurities. A liquid nitrogen trap was applied to 

the H2 gas line to remove any water impurities in the line. Experiments were performed using a 

Pt(111) single crystal purchased from MaTeck. To obtain a clean surface before each set of 

experiments, the sample was treated by repeated Ar+ sputtering (2 kV, 20 mA, 60 min, PAr = 5×

10-6 torr or 6.67×10-4 Pa) and annealing cycles under vacuum at around 820 oC (for 5 min in 

each cycle) followed by cooling in O2 (1×10-6 torr or 1.33 ×10-4 Pa) between 100 and 500 oC 

in a preparation chamber attached directly to the main experimental chamber, which allowed the 

sample to be cleaned and transferred to the main chamber without breaking vacuum. This 

cleaning procedure was proved by Nilsson et al. as the surface order and cleanliness was 

confirmed through observation of a sharp (1 × 1)-Pt(111) LEED pattern23. This process was 

repeated until XPS measurements confirmed the removal of carbon and oxygen contamination 

on the surface.  

 

2.2.2. APXPS Experiments. 

For our APXPS experiments, the pressure of each gas was controlled by metal leak valves 

connected separately to the main chamber. Three gas environments were applied in the 

experiment including pure CO2, H2:CO2 = 1:1, and H2:CO2 = 10:1. Notably, the condition of 
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H2:CO2 = 10:1 was used to check if there is further hydrogenated products in the more reduced 

environment as the methanation reaction was not easy to occur on Pt surface13. As CO is a 

product of the RWGS, careful consideration and investigations were taken to ensure that we do 

not have CO contamination or impurity. Survey spectra before and after the experiments were 

collected to eliminate any possible carbonyl species (Fig. S1). In both spectra, no obvious 

features for nickel carbonyl were observed, which helps us exclude the existence of carbonyl 

contaminations. We also compared CO2 adsorption to very low CO exposure by collecting the 

time-dependent spectra during the adsorption process. It turns out that even low pressure (10-8 

torr) yields saturation effects very quickly yet are not apparent upon the introduction of CO2 (Fig. 

S2). Beam damage was also checked by moving the sample by 2 mm in each case24. In the 

experiment, we routinely performed beam damage evaluations using the following procedure. 

We moved the sample by 2 mm from the original position used for spectra collection and 

collected the XPS spectra in the new probing location. The spectra obtained at the new probing 

location were compared with the original spectra to check if there is beam damage. In our case, 

we did not observe any evidence of beam damage throughout the experiment. To give an typical 

example, the spectra obtained in the presence of pure CO2 for beam damage check is shown in 

Fig. S3, where we didn’t see obvious difference compared with the C 1s spectra shown in Fig. 1b. 

The result indicates that there is no beam damage effect on our experiment.  

Under each condition, we collected a set of data (including C 1s, O 1s, Pt 4f, and 

corresponding valence band spectra) until the temperature and pressure were stable. At each 

given temperature it took approximately 5 min to achieve a stable temperature (±2 oC). Then, 

spectra were collected as function of time until two consecutive spectra with almost identical 

features were collected to make sure the system reached a stable condition (Fig. S4). Only after 

the system reaches equilibrium state did we start to collect the high-resolution spectra. For the 

spectra collection, the scan step size was 100 meV and one set of data took approximately 20-30 

minutes to collect. The photon energy applied for C 1s and O 1s spectra was 420 and 670 eV, 

respectively. Pt 4f spectra were collected with both 210 eV and 340 eV (Table S1). All spectra 

were calibrated the Fermi edge. The Shirley background was applied for each spectrum, and a 

Lorentzian Asymmetric (LA) line shape was applied for the peak fitting of C 1s (LA(1.2, 2.5, 0)), 

O 1s (LA(2, 2, 0)), and Pt 4f (LA(1.2, 85, 70)) spectra in CasaXPS. Corresponding mass spectra 
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were collected by the residual gas analyzer (RGA) system attached to the second differential 

stage pump of the APXPS system. 

 

2.3. Mass spectrometry data calibration.  

The intensities of all species were calibrated by a subtraction of the initial background and 

the subsequent influence of CO2 and H2. A baseline was established and subtracted from our 

experimental results in order to remove contributions from the chamber and the boron nitride 

(BN) sample holder. To identify the mass spectrometer baseline for conversion products, we 

collected the corresponding mass spectrometry data as a function of temperature while 

introducing CO and H2O gases with only the BN sample holder—i.e., without the platinum 

sample—in the chamber. Based on our controlled experiments, the ratio of CO/CO2 and H2O/H2 

was largely stable in the range of 25 oC to 550 oC. The following equation was established for 

the calibrated intensity,  

Icali. = Iinitial – r × Igas, 

where r represents the ratio of CO/CO2 or H2O/H2, Icali./Iinitial as the calibrated/initial intensity for 

the species that we calibrate, Igas as the intensity for the gas species as shown and detailed in Fig. 

S5. 

 

2.4.Coverage calculation.  

The layer attenuation model was employed to calculate the coverage of the adsorbates of 

graphitic carbon and surface oxygen atoms on the surface25. In the calculation, C 1s spectra were 

used for the calculation of graphitic carbon coverage and O 1s spectra was used to calculate the 

coverage of surface oxygen atoms. The equation for coverage calculation was described as 

follows,  

 

���� = λ����� �1 + ���
����

�λ��� Φ��� σ��� N���
λ��Φ�� σ�� N��

��                                                               (1) 

�������� = ���
���

                                                                                                                    (2) 

 

where t represents the thickness, λ represents the inelastic mean free path (IMFP), I represents 

the intensity of the peaks in the spectra, Φ represents the photoionization cross section, N 
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represents the atom density, σ represents the X-ray flux in the experiment. To get the electron 

inelastic mean free path, we referred The National Institute of Standards and Technology (NIST) 

Electron Inelastic-Mean-Free-Path Database: Version 1.2 to calculate the IMFP of each 

adsorbate. The corresponding parameters are listed in Table S2.  

For the coverage calculation of CO, the intensity of CO adsorbates and Pt surface species in 

the Pt 4f7/2 spectra were used to calculate the coverage of CO adsorbates.26 

 

3. Results and discussion 

3.1. CO2 adsorption on Pt(111) in CO2. 

Each set of experiments started with a clean Pt(111) surface. Following the cleaning 

procedure described above in the experimental section, according to the survey spectrum 

recorded with an incident photon energy of 670 eV, we observed a clean Pt surface with no 

evidence for C 1s or O 1s, above background, under UHV conditions (Fig. S1a).  

We then proceeded to collect mass spectra and corresponding C 1s and O 1s spectra while 

exposing the clean Pt(111) surface to CO2 at a pressure of 40 mtorr across a range of 

temperatures, from 25 oC to 540 oC (Figs. 1 and S6). All spectra were fitted with the LA 

asymmetric peak shape, after applying the Shirley background, and the peak assignments are 

summarized in Table S3. At room temperature, three main components located at binding 

energies of 286.8±0.1 eV, 286.0±0.1 eV and 284.0±0.1 eV were found in the C 1s spectrum after 

deconvolution. As previously reported26-28, the peaks at 286.8 eV and 286.0 eV can be assigned 

to CO adsorbates on top sites and bridge sites of the Pt(111) surface. This assignment was nicely 

confirmed by the corresponding O 1s spectra, which included two feature peaks at 532.7±0.1 eV 

and 531.0±0.1 eV for CO adsorbates. Notably, the peak for CO adsorbates exhibited asymmetric 

feature in C 1s spectra. For CO adsorbates on metal surface, people usually observed peak 

broadenings of the molecular core level spectra in XPS29-31. This broadening was interpreted in 

terms of shake-up excitations of electron-hole pairs within a 2π*-derived resonance which is 

partly filled in the initial state by back-donation effects. Since the CO molecules adsorbed on the 

surface via the C atoms, the asymmetry feature of C 1s spectra was much more obvious than that 

of O 1s spectra. Apart from the two CO adsorbate peaks, a new peak located at around 530.1 eV 

in the O 1s spectra were identified as oxygen atoms adsorbed on the Pt surface (Figs. 1b and S7). 

The peak intensities of CO adsorbates were higher than those of oxygen atoms, considering the 
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strong affinity between Pt and CO. The remaining C 1s feature at 284.0±0.1 eV represents the 

graphitic carbon species on the surface32,33. It should be noted that in the corresponding Pt 4f 

spectra (Figs. S6c and S8), there was little chemical shift, compared to prior studies34,35, for Pt 4f 

peaks, even though CO species adsorbed on the surface. This is due to the increased photon 

energy generating a Pt 4f spectrum with a larger contribution from the bulk.  

To further confirm our peak assignment of CO and atomic O from CO2 dosing, we 

generated CO adsorption on oxygen-covered Pt(111) surface. First, O2 gas was introduced with a 

pressure of 1×10-6 torr for 10 min and then completely pumped out. Immediately after the 

oxygen was pumped out, CO dosing began, at a pressure of 1×10-8 ~ 1×10-6 torr.  It is well 

known that oxygen molecules dissociate on Pt surfaces at room temperature, and atomic oxygen 

can be found on the Pt surface (Fig. S9)36-38. Fig. S10 showed the measured spectra after oxygen 

gas and CO gas exposure, and the peak positions of C 1s and O 1s spectra match well with our 

peak assignment of adsorbed atomic oxygen and CO under CO2 exposure39 in Fig. 1. Also, the 

existence of surface CO adsorbates and oxygen atoms confirmed our observation of CO2 

dissociation on Pt(111) at room temperature. One possible interpretation for CO2 dissociation on 

the Pt surface was that the existence of excess hydrogen on the surface remarkably promoted the 

breaking of C-O bonds in CO2, resulting in surmountable CO2 dissociation at room temperature 

on Pt(111) surface14. 

Upon dosing CO2 at room temperature, we continued to collect X-ray photoelectron 

spectroscopy and mass spectrometry data as the temperature increased to 540 oC under 40 mtorr 

of CO2. Notably, in the temperature-dependent experiments, surface reconstruction was also a 

critical parameter which could influence the results. CO is usually considered to induce the 

surface reconstruction during the adsorption40. The reconstruction was explored previously by 

STM, XPS, and LEED etc. Previous studies reported that CO induced the change of terraces and 

steps by forming nanoclusters for Pt(332) and Pt(557) surfaces. However, for Pt(111) surface, it 

was reported that the nanocluster was almost invisible in the STM image even as the pressure of 

CO gas was higher than 10 torr40,41, indicating the CO-induced surface reconstruction didn’t 

happen during CO adsorption on Pt(111). Thus, we think the surface change has little influence 

on our experiment results. Below 65 oC, the coverage of both CO adsorbates and surface oxygen 

(Figs. 1b, 1c, S6a, and S6b) increased, as depicted in the histogram plot (Fig. 1d). This is due to 

the increase in CO adsorbates and oxygen atoms formed on the surface from CO2 dissociation. 
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As we further increased the temperature to 85 oC and higher, the CO desorption kinetics became 

more dominant, leading to a decrease in CO peak intensities; this observation is consistent with 

previously reported CO temperature-programmed desorption results on Pt(111)42.  

Upon further increasing the temperature, the peak intensity of adsorbed oxygen atoms 

continued to increase (Figs. 1c, 1d, S6 and S7), indicating that CO2 dissociation accelerated at 

higher temperatures, in accordance with the endothermic properties for CO2 dissociation43. 

According to the CO mass spectrum recording, the intensity was initially stable but started to 

become prominent at temperatures higher than 450 oC, confirming the faster CO2 dissociation 

rate at elevated temperature (Figs. 1a and S11). To eliminate the influence coming from dosed 

CO2, we also calculated the intensity ratio of CO/CO2 based on our mass spectra (Fig. 1a). The 

obtained CO/CO2 ratio started to increase obviously as well as we heated the sample to the 

temperature higher than 450 oC. At temperatures over 500 oC, all feature peaks for adsorbates are 

discernible in the C 1s spectra (Fig. 1b). However, a small shift to lower BE for the peak 

representing oxygen atoms is observed, from 530.0 eV to 529.8 eV. In addition, a new peak 

emerged at higher binding energy (around 531.6 eV) in the O 1s spectra acquired at 450 oC and 

540 oC (Figs. 1c and S6b), and its coverage grew from 450 oC to 540 oC. Given that there was no 

peak in the corresponding C 1s spectra, we could rule out the possibility of any C-O based 

species. There are several possible interpretations of this new peak, one of which assigns it as the 

feature peak for Pt oxide (PtO), based on the obtained XPS result44. Consequently, we tried to 

determine if there was a corresponding Pt 4f spectral feature representing PtO (Fig. S12). 

However, there was only a minor change to the spectral goodness of fit (from 67.6 for two peaks 

to 64.4 for three peaks, Fig. S12), providing neither affirmation nor exclusion for this possibility. 

Alternative assignments include the possibility of some O-O bond on the surface at elevated 

temperature. As we previously mentioned, adsorbed oxygen atoms accumulated on the surface as 

we increased the temperature. Therefore, the likelihood of forming O-O bonds on the surface 

increased as the temperature rose. Lastly, H2O impurities in the chamber may influence the O 1s 

spectra by forming new species, especially at elevated temperatures. As we are unable to 

definitively identify this spectral feature at this time, future work will employ other techniques, 

such as in operando infrared spectroscopy, and theory to further explore this new species45-47. As 

the sample cooled, the adsorbates re-appeared (Fig. 1), and they became more obvious as the 

temperature dropped to room temperature, resulting in a CO coverage of ~0.19 ML that is higher 



 11

than the initial one (0.02 ML, Fig. 1d; whereas a coverage of around 0.6 ML was observed when 

exposed to CO alone under similar conditions, Fig. S10).  These results indicate that we 

generated more CO on the Pt surface after it was exposed to elevated temperatures.  

With the temperature rising from room temperature up to 150 oC, the peak intensity for 

graphitic carbon at 284.0 eV kept increasing. The formation of more graphitic carbon species 

could originate from the Boudouard reaction (2CO ⇌ C + CO2) in the system46,49. As the 

temperature was elevated higher than 150 oC, the graphitic carbon peak intensity began to drop, 

mainly because of the reverse Boudouard reaction by which graphitic carbon can be oxidized by 

CO2 gas in the chamber. We can observe the reaction more clearly at higher temperature, owing 

to the endothermic nature of the reverse Boudouard reaction50. 

3.2. CO2 adsorption and RWGS on Pt(111) in H2/CO2 = 1/1. 

To further investigate the CO2 hydrogenation process on Pt(111), we simultaneously co-

dosed CO2 and H2 into the experimental chamber, each at a gas pressure of 40 mTorr (total 

chamber pressure was 80 mTorr). As shown in Fig. 2, we observed the same peaks representing 

CO adsorbates and graphite carbon species as those in pure CO2 gas. The primary observed 

difference is that the adsorbed oxygen atoms can easily react with H from H2 dissociation on the 

Pt surface, even at room temperature, which renders the atomic oxygen undetectable in the O 1s 

spectrum (Fig. 2c).  

From 25 oC to 65 oC, we observed increasing coverage for CO adsorbates, which signified 

that additional CO was generated on the surface (Fig. 2d). The CO coverage was calculated as 

~0.24 ML at 65 oC, much higher than that in pure CO2 (~0.04 ML, Fig. 1d), which may be due to 

the fact that H2 can facilitate CO2 dissociation by removing the residual adsorbed oxygen atoms 

that are blocking potentially viable active sites. Additionally, in the corresponding Pt 4f spectra, 

the peaks representing Pt-CO bonds became more prominent (Figs. S13c and S14). Similar to the 

phenomenon in pure CO2, as the temperature went higher to 85 oC, CO desorption dominated 

during its formation and adsorption processes. The peak intensity for adsorbates began to decline 

as we further increased the temperature (Fig. 2d). With continued sample heating, RWGS starts 

at 300 oC, and the production of CO and H2O grows gradually larger with the rise in temperature 

(Figs. 2a and S15).  

The behavior of the surface graphitic carbon species in the presence of CO2 and H2 

followed a similar trend to prior results, where Pt was exposed to CO2 alone. One point should 
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be noted that there could be some hydrocarbon species formed on the surface in the presence of 

both CO2 and H2 followed by the nucleation, growth and extension of graphitic carbon, which 

was observed by APXPS on Ir(111) surface51. Above 150 oC, the intensity of graphitic carbon 

starts to decrease (Fig. 2d). In addition to the prior interpretation for the graphitic carbon removal, 

additional study on CO2 hydrogenation on an Ir(111) single crystal surface51 has claimed that, at 

330 oC, surface carbon species could be completely reduced or removed by the high H2 partial 

pressure in the reaction environment. To evaluate whether the removal of surface graphitic 

species is promoted by the increase in hydrogen partial pressure or solely by CO2 serving as an 

oxidizing agent, we created a surface partially covered by graphitic species using CO2 gas, 

removed the CO2, then exposed the sample to pure H2 (Fig. S16). Notably, as soon as we 

introduced H2 in the system, most of surface CO adsorbates could be blown away by H2. The 

intensity of graphitic carbon species kept stable as we heated the sample in pure H2 atmosphere, 

indicating the formation of graphitic carbon species are highly related to the existence of CO2 in 

our case. However, as soon as we re-dosed CO2 at 430 oC, the residual graphitic species was 

removed in less than 1 min. This result is similar to previous APXPS experiments that studied 

methane reformation with CO2 on a ZrO2/Pt(111) model catalyst52.  Thus, we draw the 

conclusion that CO2 plays a critical role in oxidizing and removing the graphitic carbon species 

at elevated temperatures.  

As we further increased the temperature as high as 540 oC, no peak was detectable in the C 

1s spectrum, but two new peaks were observed in the O 1s spectrum due to the formation of 

surface hydroxyl and water species following the RWGS process53 (Fig. 2c). After the 

temperature was returned to room temperature, strong CO adsorbate peaks appeared on the 

surface (Figs. 2b and 2c). Interestingly, another new peak emerged at a binding energy of ~287.8 

eV. This has previously been reported to represent CO adsorbates on the top site induced by high 

CO coverage on the Pt surface54. In all the C 1s spectra for the CO experiment, we observed a 

peak at 287.8 eV (Fig. S17a). By comparing the corresponding C 1s spectra collected in the CO 

adsorption experiment on oxygen-covered and clean surfaces (Figs. S10 and S17), we 

established that there was a higher CO surface coverage on the oxygen-free surface (~4.7%) than 

that on oxygen-rich surface (~2.1%). Therefore, we can rule out the possibility of OCO/COO 

species, which could be formed through interactions between CO adsorbates and surface oxygen, 

and thus must be primarily associated with high concentrations of CO adsorbates on the surface. 
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Interestingly, in the O 1s spectra there is no indication of an additional peak, which suggests that 

the fitting with two peaks is sufficient (Fig. 2c). In addition, we also noticed that there could be 

other species such as formate (HCOO) or carboxylic acid (COOH) that were considered as key 

intermediates in the CO2 hydrogenation reaction on metal surfaces27. However, we cannot assign 

a peak representing COOH or HCOO based on the obtained C 1s and O 1s spectra. Later, we 

also checked the literature reporting the APXPS study on HCOOH adsorption on Pt(111) crystals 

and found that HCOOH is not stable on Pt(111) surface with only CO species observed even at 

room temperature48. Thus, we considered that there could be two possibilities, 1) these species 

are not forming as part of the reaction pathway, or 2) these intermediates are very short lived on 

the surface and are not a rate limiting surface reaction process that can be observed during these 

steady state measurements. This motivates the need for the development of both higher 

sensitivity detection systems as well as faster time resolved measurements to try and capture 

these intermediates if they are present. Lastly, additional techniques such as infra-red 

spectroscopy may be needed to confirm if they exist during the process in the future20.  

3.3. CO2 adsorption and RWGS on Pt(111) in H2:CO2 = 10:1. 

Practically, to achieve high CO2 conversion in the hydrogenation process, we usually apply 

excess H2 where the ratio of H2/CO2 remained higher than 155. Therefore, the experiment was 

performed again by exposing the Pt(111) surface to the 1:10 mixture of CO2 and H2, resulting in 

a total pressure of approximately 165 mtorr. In the C 1s and O 1s spectra acquired at room 

temperature, we could also observe the peaks for CO adsorbed on both top sites and bridge sites 

(Figs. 3b and 3c). Under these conditions, CO2 dissociation would occur to produce CO that 

could also adsorb on the surface. Similar to results for the H2:CO2 = 1:1 ratio, exposing the 

surface to H2 (~150 mtorr) helped to remove the adsorbed oxygen atoms so that no oxygen atoms 

were detectable in the O 1s spectra (Figs. 3c and S18b). As the temperature was increased to 

above 45 oC, the surface coverage of CO adsorbates decreased as they began to desorb from the 

surface (Fig. 3d). The calculated CO coverages in this case were obviously lower than those in 

the H2:CO2 = 1:1 case in all temperature ranges. The reduced CO desorption temperature and 

lower CO coverage may be due to the reduction of CO by H2 under the higher H2 partial 

pressures, which was also found in an isothermal kinetic study on CO desorption from Pt(111)56. 

As we increased the temperature to 200 oC, we observed the onset of the RWGS reaction, as the 

intensity for CO started to increase in the corresponding mass spectrum (Fig. 3a). At 510 oC, as 
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in the H2:CO2 = 1:1 case, the peaks representing surface OH and adsorbed H2O appeared in the 

corresponding O 1s spectra as well, due to the formation of H2O in the system (Fig. 3c). It should 

be noted that under this condition (H2:CO2 > 1:1), researchers expected to obtain the further 

reduced products such as hydrocarbons and oxygenates based on Pt-based catalysts57. Thus, we 

also tracked the change of the species representing methane in our mass spectra (Fig. S20). The 

intensity change for methane was in the magnitude of 10-10 torr, which was too small to be 

considered as the formation of methane as a product in our system. Graphitic carbon species, in 

this case, behaved a little differently from the first two cases as we increased the temperature. As 

we heated the Pt from 65 to 150 oC, the coverage of graphitic carbon soared from 0.03 ML to 

0.12 ML. The coverage of graphitic carbon remained largely unchanged as the temperature was 

increased to 200 oC (Fig. 3d), unlike results from the H2:CO2 = 1:1 case, where the surface 

coverage of graphitic carbon was reduced significantly over the same temperature range. As we 

dosed H2 with higher partial pressure, more CO adsorbates were further hydrogenated, leading to 

the generation of more graphitic carbon species on the surface. It should be noted that in 

practical catalytic reactions, the formation of graphitic carbon on the surface (or coke formation) 

is usually considered as the poisoning of catalysts, leading to the deactivation. The metal-support 

interaction proves to be of great help to suppress the graphitic carbon formation. To approach the 

practical catalytic environment, in future studies we will explore the metal-support interaction to 

further understand how this can help to suppress or remove carbon depositions58. 

3.4. Direct comparison of the three conditions. 

To compare overall CO2 surface reactions on Pt(111) under the three different atmospheres, 

we calculated the CO2 conversion, as well as the production of CO and H2O, at various reaction 

conditions (Fig. 4). CO and H2O pressure was calibrated based on the standard curve obtained 

from the controlled experiment conducted in the same system (Fig. S5). In the presence of pure 

CO2, the conversion of CO2 rose from 0.05 to 0.36% as the temperature increased from 300 to 

540 oC, in accordance with the endothermic properties of CO2 dissociation43. After H2 was 

introduced into the system, we observed more apparent production of CO and H2O from the 

conversion of CO2 (Figs. 4a and 4b). Considering the thermodynamic properties of the RWGS59, 

the highest CO2 conversion (~9.5%) was achieved under the condition of H2:CO2 = 10:1 at 510 

oC (Fig. 4a). Notably, the pressure of CO2 gas is different under various pressure of H2:CO2. In 

detail, 40 mtorr of CO2 was dosed in H2:CO2 = 1:1 while 15 mtorr of CO2 was introduced in the 
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case of H2:CO2 = 10:1 because of the limitation of our APXPS system. Therefore, we obtained a 

much higher CO2 conversion in H2:CO2 = 10:1 with similar amount of products (Fig. 4b). 

Furthermore, a specific spectrum comparison of the behavior at 200 oC under the three 

conditions is shown in Fig. S21. In pure CO2, the C 1s spectrum contained only a slight feature 

representing CO adsorbates on top sites of the surface; this feature was also observed in the O 1s 

spectrum, in addition to adsorbed oxygen atoms on the surface (Fig. S21). When H2 was included, 

we found more obvious CO adsorbates in both C 1s and O 1s spectra, indicating that more CO 

formed at 200 oC under both H2:CO2 = 1:1 and H2:CO2 = 10:1 conditions compared with 

amounts in pure CO2. 

To more clearly elucidate the surface reaction process at the interface, a schematic 

illustration is provided in Fig. 5. At room temperature, CO2 dissociation should be the dominant 

process under the conditions we set in the experiment. Consequently, we can see the adsorbed 

CO as well as adsorbed oxygen atoms on the surface in pure CO2. When H2 was included, 

adsorbed oxygen could be removed by dissociated H atoms from hydrogen at room temperature. 

CO desorption accelerated as the temperature rose, and therefore the peak intensity of CO 

adsorbates was lower. At temperatures above 150 oC, surface graphitic carbon can be oxidized 

by CO2; the peak intensity for graphitic carbon dropped as a result. As is well established, high 

temperature favors endothermic reactions, including both CO2 dissociation and RWGS. Due to 

the high reaction rate and desorption rate, surface carbon species were completely removed. 

More CO was observed in the gaseous phase at temperatures over 450 oC for the pure CO2 case, 

whereas the production of CO and H2O became more obvious in mass spectra at temperatures 

over 300 oC in the case where H2:CO2 = 1:1 and over 200 oC for H2:CO2 = 10:1. 

4. Conclusion

In summary, our APXPS study provides detailed insights into the surface changes and

production selectivity on a Pt(111) surface in the presence of pure CO2 or CO2 + H2 in the mtorr 

range. With pure CO2 gas, we find clear evidence for the formation of surface atomic oxygen on 

the Pt surface, indicating that CO2 dissociation proceeds even at room temperature. Due to the 

strong binding between CO and Pt, surface CO adsorbates were easily observed as well. Elevated 

temperatures can accelerate the CO2 dissociation rate on Pt(111), as confirmed by the increased 

peak intensity for surface oxygen. This experiment provides evidence that CO2 dissociation can 
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occur under sufficiently high-pressure conditions even at room temperature, which was seldom 

considered in previous literature16,17. In addition, graphitic carbon species form on the surface, 

and the intensity rises with an increase from room temperature to 150 oC. At temperatures higher 

than 150 oC, graphitic carbon can be oxidized by CO2 following the reverse Boudouard Reaction. 

Adding the same amount of H2 into the system promotes CO2 dissociation to generate more CO 

adsorbates on the Pt(111) surface; at 300 oC, the RWGS reaction begins, producing CO and H2O. 

With excess H2 dosed into the system (H2:CO2 = 10:1), the RWGS becomes dominant from 

temperatures as low as 200 oC, due to the high H2 partial pressure. This work delivers a 

systematic investigation of CO2 hydrogenation on crystalline Pt and advances our understanding 

of the mechanism of CO2 hydrogenation to form CO and H2O, guiding optimal design of future 

catalysts.  
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Figure 1. (a) Mass spectra, (b) C 1s spectra, and (c) O 1s spectra collected in the presence of 

CO2 at different temperatures. (d) Peak trend for CO adsorbates and surface oxygen species 

according to the XPS spectra. The sample was heated from 25 oC to 540 oC followed by cooling 

to room temperature (25 oC). The navy curve in (a) represents the ratio of CO and CO2 as a 

function of time. All spectra were fitted with LA line shape (asymmetric) after applying the 

Shirley background. 
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Figure 2. (a) Mass spectra, (b) C 1s spectra, and (c) O 1s spectra collected in the presence of 

CO2 and H2 (H2:CO2 = 1:1) at different temperatures. (d) Peak trend for CO adsorbates and 

surface graphitic carbon species according to the XPS spectra. The sample was heated from 25 

oC to 540 oC followed by cooling to room temperature (25 oC). All the spectra were fitted with 

LA line shape (asymmetric) after applying the Shirley background.  
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Figure 3. (a) Mass spectra, (b) C 1s spectra, and (c) O 1s spectra collected in the presence of 

CO2 and H2 (H2:CO2 = 10:1) at different temperatures. (d) Peak trend for CO adsorbates and 

surface graphitic carbon species according to the XPS spectra. The sample was heated from 25 

oC to 510 oC followed by cooling to room temperature (25 oC). All the spectra were fitted with 

LA line shape (asymmetric) after applying the Shirley background. 
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Figure 4. (a) CO2 conversion percentage under different conditions and (b) corresponding 

production amounts for CO and H2O after mass spectra calibration.  
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Figure 5. Schematic illustration showing the entire process of CO2 activation and conversion 

under three different conditions. The spheres in various colors represent C (black), O (red), and 

H (violet) atoms, respectively.  
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