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Abstract 

The mechanism of the low-temperature water gas shift reaction (LTWGS) on an Au/CeO2 catalyst 

was investigated by means of in situ diffuse reflectance infrared (DRIFT) spectroscopy. Under 

steady-state LTWGS reaction (373-623 K), the catalyst is partially reduced, and signals from 

carbonate/formate dominates the infrared spectra. Time-resolved pulse of CO experiment under a 

constant partial pressure of water at 423 K indicates that Ce4+ can be reduced to Ce3+ and that formate 

(HCOO) species cannot be directly related to the CO2 production. Further information was obtained 

by performing modulation excitation spectroscopy (MES) experiments coupled with a phase-

sensitive detection (PSD) method. Under periodic modulation of the CO partial pressure while 

keeping the H2O concentration constant, most of the intense bands of carbonate and formate remained 

constant, indicating that these species are only spectators. The same is observed for the concentration 

of Ce+3. Conversely, signals in-phase with the conversion of CO to CO2 are observed and assigned to 

carboxyl [C(O)OH] and carboxylate (CO2
δ−) species, while some monodentate formate (m-HCOO) 

also changes but at a lower rate. A plausible associative reaction mechanism where 

carboxyl/carboxylate are key intermediates is postulated. 
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INTRODUCTION 

The water gas shift (WGS) reaction, followed by the preferential oxidation of CO, is crucial for the 

production of high-purity hydrogen with less than 50 ppm of CO in order to achieve an efficient 

operation of the polymer electrolyte membrane (PEM) fuel cells. Since the WGS reaction is 

equilibrium limited and moderately exothermic (CO + H2O  H2 + CO2 ΔH0 = -41 kJ/mol), active 

catalysts at temperatures as low as 423 K are needed to reach those very low CO concentration levels 

[1]. It has been proposed that gold nanoparticles dispersed on reducible oxides such as titanium [2] and 

cerium oxides [3], constitute the most promising and highly efficient catalyst system for the low 

temperature WGS (LT-WGS) reaction. 

In particular, special emphasis has been placed on the metal-support interface to carry out that 

reaction. It has been highlighted that the size, shape and exposed crystal plane of ceria regulate the 

structure of the metal–support interfaces, which in turn control the reaction rate [3–6]. This hypothesis 

is based on intensive experimental and theoretical simulations studies on powder and model M/CeO2 

catalysts systems [4,7–9]. However, direct evidence under working condition on the chemical nature of 

the true reaction intermediates in the Au/CeO2 system is still scare. 

Two reaction mechanisms have been proposed in the literature, involving the metal–support 

interfaces in ceria-supported precious metal catalyst: (i) the redox mechanism, where CO is adsorbed 

on metal sites and reacts with a lattice oxygen atom from the support to produce CO2, subsequently 

the generated oxygen vacancy is replenished by water and hydrogen is released [10–12]; and, (ii) the 

associative mechanism where different reaction intermediates are proposed, including formate 

(HCOO) [12–16], carbonate (CO3) [17,18] or carboxyl [C(O)OH]/carboxylate (CO2
δ-) [9,19–22]. In the case 

of the associative mechanism, carboxyl species was first theoretically proposed [9,23], but only indirect 

evidence has been experimentally shown on model catalyst [22] and, more recently on a powder 

Pd/Al2O3 catalysts for the reverse-WGS [24]. 

A comprehensive understanding of the WGS mechanism at molecular-level is critical for the design 

of more efficient catalytic materials. In this context, investigations of heterogeneous catalysis employ 

a diverse range of spectroscopic methods, among which vibrational spectroscopies, especially 

infrared spectroscopy, hold prominence due to their versatility and extensive use. IR techniques can 

be employed in situ and operando, enabling the acquisition of information about the catalytic reaction 

mechanism. However, the signals from the actual active species are typically weak and strongly 

overlapped with the signals of spectator species not engaged in the catalytic surface processes. For 

selective extraction of information on active species, transient spectroscopic techniques have been 

developed, such as, pulse-reaction, steady-state isotopic transient kinetic analysis (SSITKA) [25,26] 
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and, more recently, modulation excitation spectroscopy (MES) [27,28]. MES operates under quasi-

steady-state conditions forced by periodic perturbation of the system by changing an external 

parameter, e.g. concentration, temperature, irradiation, or pH. This transient method facilitates 

selective detection of surface molecules responding to an external perturbation, enhancement of the 

signal-to noise (S/N) ratio and extraction of kinetic information by phase sensitive detection (PSD) 

[27]. 

In this work, the reaction mechanism of LT-WGS on a gold-ceria catalyst is investigated using DRIFT 

spectroscopy under steady-state, pulse-reaction and modulated (MES-PSD) experiments, and 

complementary DFT calculations. Direct evidence on the role of key reaction intermediates are 

presented. 

 

RESULTS AND DISCUSSION 

WGS reaction 

Table 1 summarizes the main features and the WGS activity of CeO2 and Au/CeO2 catalysts. As is 

shown in Table 1, deposition–precipitation with urea was an efficient method for the preparation of 

the Au/CeO2 catalyst, achieving a gold loading close to the nominal value and a high metal dispersion 

of 68% (see Figure S1). Au/CeO2 presented a high WGS reaction activity, reaching the equilibrium 

conversion at ca. 523 K. The dispersion of gold remained almost constant after the reaction as 

determined by TEM. Conversion curve as a function of temperature is presented in Figure S2. 

 

Table 1. Characterization and WGS activity of CeO2 and Au/CeO2 

Characterization CeO2 Au/CeO2 

Au (wt%) - 1.87 

SBET (m2/g) 62 57 

D (%)a - 68 (57)b 

WGS activityc  

T (K) rCO (cm3/g/h) 

373 - 90 

423 - 395 

473 - 880 

523 63 1054 

WGS activity of other Au/CeO2 catalysts reported in the literature 

Catalysts  Feed composition Temperature (K) rCO (cm3/g/h) Ref. 

2.6%Au/CeO2 1%CO; 2%H2O 453 887 [29] 

4.75% Au/CeO2 2% CO; 10.7% H2O 473 296 [30] 

2% Au/CeO2 523 48 [31] 
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2% Au/CeZrO4 
2% CO; 2.5% CO2; 

7.5% H2O; 8.1% H2 
448 720 [29] 

4.5%Au/CeO2 1%CO; 2%H2O 453 1306 [29] 

0.5%Au/CeO2 2%CO; 8%H2O 393 114 [32] 

a Metal dispersion by TEM 

b Metal dispersion post WGS activity measurement 

c Conditions: 1% CO + 2% H2O balanced with He (total flow = 100 cm3/min), 50 mg of catalyst. 

 

WGS reaction under steady state monitored by DRIFT spectroscopy 

The water gas shift reaction was studied under steady state condition over the Au/CeO2 catalyst using 

DRIFT spectroscopy. Figure 1 shows the collected spectra after 1 h of exposure to the reaction 

mixture (1%CO +2% H2O) at each temperature between 373 and 623 K. For comparison, infrared 

spectrum under He before introduction of the WGS mixture is also included.  

Exposure to the reaction mixture at 373 K promotes the formation of a large number of bands 

associated with different carbonates and formate species on the support, and CO adsorbed on Au sites. 

Bands assigned to different types of formate species (HCOO) bound to the ceria support are observed: 

(CH) = 2830 cm-1, the combination modes δ(CH)+as(COO) = 2945 cm-1 and δ(CH)+s(COO) = 

2711 cm-1, as(COO) = 1580,1550 cm-1, s(COO) = 1336 and δ(CH) = 1370 cm-1 [33,34]. Broad and ill 

resolved bands are also developed in the 1700-1200 cm-1 region, which can be ascribe to carbonate 

groups [35,36].  

 

Figure 1. DRIFT spectra taken after 1 h of exposure to the reaction mixture (1%CO + 2%H2O) over 

Au/CeO2 catalyst between 373 and 623 K. The bottom spectrum was taken under He at 373 K 

before exposure to the reaction mixture. 

10.1002/cctc.202300435

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemCatChem

This article is protected by copyright. All rights reserved.

 18673899, ja, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202300435 by U
niversidad N

acional D
el L

itoral, W
iley O

nline L
ibrary on [22/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

6 

 

In the region between 2500-1900 cm-1 the bands associated with CO adsorbed on Auδ+ and Au0 sites 

are observed at 2120 and 2096 cm-1, respectively [37–42]. These carbonyl species show up at the lowest 

temperature tested, and their intensities decrease as the temperature raises, disappearing at 473 K 

(Figure 2). A complementary spectrum collected at a resolution of 0.5 cm-1 (inset Figure 1) allows to 

differentiate among the rotovibrational signals of gas phase CO from the broad signal at ca. 2125 cm-

1 due to the presence of Ce3+ reduced surface sites (forbidden electronic transition 2F5/2 → 2F7/2) [43,44] 

at 473K. 

In the OH region of the spectra, important changes occur due to the exposure to the WGS reaction 

mixture. Before reaction, characteristic bands are observed at 3705, 3658, 3590 and 3510 cm-1 

assigned to linear, OH(I), two-fold bridged, OH(II), thee-fold bridged OH(III), and hydrogen-bonding 

hydroxyls, OHb, or oxyhydroxy species on the oxidized ceria surface (Ce+4 sites) [45]. After the 

introduction of the reaction mixture at 373 K, the OH(I) band disappears and new signals appear at 

3676 and 3634 cm-1 due to the partial reduction of the support, giving rise to type II-A and II-B OH 

species, respectively, bonded to Ce+3 sites [43,45]. Additionally, a very broad band from 3600 to 3000 

cm-1 markedly increased due to the adsorption of water on the support, which at high coverage 

produces broadening of the (OH) stretching mode, due to hydrogen bonding.  

Figure 2 shows the integrated absorbance of selected signals. As the temperature rises, an increase of 

the band at ~ 2350 cm-1 of gaseous CO2 is observed as a consequence of the progress of the reaction. 

Simultaneously, bands due to formate species and CO bound to gold decrease as the reaction 

temperature increases. On the other hand, integration of the carbonate region between 1550 and 1385 

cm-1, where there is no overlap with formate bands, shows that the coverage of the carbonate groups 

grows with increasing reaction temperature. 

DRIFT spectra collected under steady state during the water gas shift reaction clearly show that OH, 

CO, carbonate and formate species are formed and their coverage changes as the reaction temperature 

is increased. Additionally, partial reduction of the support is observed. However, the role of these 

surface species (or others undetected under these experimental conditions) as reaction intermediates 

or spectators is not clear. In order to detect the species that could be involved in the reaction, dynamic 

(transient) experiments were carried out. 

 

Pulse experiments monitored by time-resolved DRIFT spectroscopy 

A time-resolved CO pulse study, while keeping the partial pressure of water constant, was performed 

by DRIFT spectroscopy. The experiments were carried out at 423 K, that is, at approximately 30% 

of CO conversion (see Figure S2), to allow a balance between the formation and consumption rates 
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of the intermediates in order to achieve a sufficient surface concentration of such species to be 

detected by IR. Thus, the Au/CeO2 catalyst was exposed to a flow of 2%H2O/He at 423 K, allowed 

to stabilize, and then a pulse of 5%CO (elapsed time = 10 s) was introduced while keeping the partial 

pressure of water constant (5%CO+2%H2O/He). During a period of 50 seconds, spectra were taken 

in rapid scan mode, at a velocity of 2.6 spectra/second. Figure 3 shows, as an example, a few of the 

DRIFTS spectra taken during and after the CO pulse, subtracted from the one collected before the 

pulse. Figure 4 presents the time-evolution of selected IR signals. 

 

 

Figure 2. Thermal evolution of the intensity of the IR bands during the WGS reaction for the  

Au/CeO2 catalyst under the reaction mixture (1% CO + 2% H2O). 

It is worth noting that there is a short delay between the CO(g) and CO2(g) traces (Figure 4), indicating 

that even at 423 K, the WGS reaction proceeds at a high rate. After the end of the CO(g) pulse, the 

signal of Ce3+ remains in the spectra, proving that the catalyst was reduced by CO, even under the 

constant partial pressure of water. For a better visualization, the spectra after subtraction of gas-phase 

CO are shown in the inset of Figure 3. The increase of the Ce3+ signal (Fig. 4) is in the same time-

frame than CO and CO2 signals, showing that the subtraction of oxygen from the ceria lattice is very 

fast. The IR bands of adsorbed CO on Au are not registered or are overlapped with the CO gas during 

the pulse. In any case, after the pulse no Au-CO species were observed. 
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During the introduction of CO pulse, a fast accumulation of carbon-containing species in the 1900-

1100 cm-1 region of the spectra is also observed. The integrated area of the region between 1565-1300 

cm-1 as a function of time shows that the formate/carbonate species grew and its concentration 

remained constant after the end of the CO pulse. Nevertheless, it is difficult to extract information 

from this spectral zone due to the overlapping among the high intensity carbonate bands and other 

(smaller) IR bands due, for example, to formate species. 

A small band at 2826 cm-1 and a pair of bands at 1590 and 1370 cm-1 assigned to formate species are 

also detected. As shown in Figure 4, the evolution of the 2826 cm-1 IR signal, which is free of 

overlapping with others IR bands, depicts that formate species slowly accumulates on the catalyst 

surface, after the partial reduction of the ceria surface. This result suggests that Ce3+ species might be 

necessary in order to stabilize formate groups in the surface of the support, and/or that formate 

stabilizes Ce3+. This last suggestion is consistent with the constant IR signal of Ce3+ after the CO 

pulse (t > 30 s). 

 

Figure 3. DRIFT spectra taken during and after 5%CO pulse (elapsed time = 10 s) study on the 

Au/CeO2 catalyst at 423 K. Water concentration (2%H2O) was kept constant throughout the 

experiment. The inset shows the Ce3+ signal after subtraction of gas phase CO.  

 

Interestingly, in the (OH) stretching region, the negative bands at 3705 and 3658 cm-1 assigned to 

OH type I and II on Ce4+ are an indication of consumption of these OH specie during the CO pulse 

(Figure 4). On the other hand, although the concentration of water remains constant, the wide band 

in the 3400-3200 cm-1 developed with the time of exposure to CO (g). The wide OH band initially 

centred at 3400 cm-1 grows and shifts toward lower wavenumbers, and after the CO pulse, stabilized 

at 3300 cm-1. These results are in agreement with the reduction of Ce4+ to Ce3+ during the experiment, 

described above. A complementary experiment of isothermal oxidation with water of the reduced 
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Au/CeO2 catalyst by DRIFTS (Figure S3), showed that the oxidation of Ce3+ to Ce4+ is not complete. 

In fact, only 30% of the Ce3+ was re-oxidized by water. For comparison, Figure S3 also shows the 

evolution of the Ce3+ signal after exposure of the sample to an O2 current. Clearly the oxidation of 

Ce3+ to Ce4+ was complete under O2 flow and faster when compared to oxidation by water. The 

difficult oxidation of Ce3+ by water was reported in the literature [44] and it is in agreement with the 

results observed during the CO pulse experiment. 

 

 

Figure 4. Temporal evolution of the DRIFT signals during the CO pulse experiments at 423 K over 

Au/CeO2. The elapsed time of the pulse is marked by the red dotted lines. Formate species were 

followed by integrating de 2826 cm-1 IR signal, while carbonates species were integrated in the region 

between the 1565-1300 cm-1. CO and CO2 evolutions were measured at 2170-2130 and 2350 cm-1, 

while Ce3+ was follow at 2125 cm-1 after subtracting of the gas phase CO signal. 

 

Furthermore, the time evolution of the DRIFT bands during the CO pulse suggests that the formation 

of formate species is not correlated with the production of CO2 during the transient period of the 

reaction over Au/CeO2 catalyst. That is, formate surface species accumulate after the end of the CO 

pulse, while CO2 is released a few seconds after the introduction of CO into the DRIFT cell reaching 

a maximum at the end of the CO pulse. However, at this point it cannot be ruled out that another type 

of more reactive formate species may exist, which decomposes (to yield CO2) faster than its 

formation, hindering its detection. Additionally, this pulse experiment was performed over the 

oxidized surface of the support, which was different to the one under steady state WGS reaction 
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conditions, that is, where the ceria surface was partially reduced. Then, it cannot be excluded the 

involvement of other formate species under WGS reaction conditions.   

Overall, the CO pulse experiments allowed us to obtain information about the possible role of some 

of the surface species present during the WGS reaction. Particularly, the reduction of the support by 

CO, even under constant H2O pressure was observed. The production of CO2 seems to be related with 

this last process, but the direct involvement of formate species in the CO2 production is not clear. 

Even more, the rapid accumulation of carbonates in the finger-print region hamper the selective 

identification of possible carbonaceous intermediates of the water gas shift reaction. Therefore, to 

bring light to this point on the reaction mechanism, in other words, to further detect intermediates that 

can be actually involved under steady state of the WGS reaction, concentration modulated 

experiments (c-MES) experiments were performed. 

 

Modulation excitation DRIFT spectroscopy 

These experiments were carried out keeping constant the partial pressure of water by switching from 

a 2%H2O/He flow to the reaction mixture of 1%CO + 2%H2O/He with a frequency equal to 8.3 mHz 

(T = 2 min) at 423 K. Figure 5 shows the time domain spectra at 0 and 60 s (half period for clarity) 

in the top panel and the phase domain spectra obtained at selected phase lag of 20, 200 and 300° after 

applying PSD algorithm. Figure S4 shows the 2-D iso-intensity maps spectra as a function of the 

phase lag ( PSD).  

As before, in the steady-state and pulse experiments, time-resolved spectra during the c-MES 

experiment are highly complex in the 1800-1000 cm-1 region, due to intense and overlapped signals. 

These very intense bands only slightly change with the modulation. However, phase-resolved spectra 

after applying the PSD algorithm, allow a better observation of the spectral changes (see Table 2 for 

the detailed assignment of the most significant IR bands detected in the phase resolved spectra). In 

the time-resolved spectra, most of the broad and intense peaks at ca. 1525, 1400, and 1310 cm-1 remain 

almost constant during the modulated experiment, as a consequence they are “filtered” in the phase-

resolved spectra. That indicates that the carbonates (CO3
-2) bounded to the ceria are spectators. A 

similar behaviour is observed for the peaks at 2944, 2831, and 2712 cm-1, indicating that this type of 

formate species are not reacting and remain as spectator species. It must be noted that this piece of 

information is provided by MES-PSD experiments [28]. Burch and collaborators arrived to similar 

conclusions by in situ quantitative DRIFTS experiments over high activity WGS catalysts (Pt/ZrO2, 

Au/Ce(La)O2, Pt/CeO2 and Au/CeZrO4) [33,34]. 
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In the OH region, peaks at 3624 and 3583 cm-1 assigned to OH type II-A and III are in-phase with 

CO partial pressure, indicating that they are perturbed or react with CO. While the OH type I, II and 

II-B at ca. 3690 cm-1, 3676 and 3647 cm-1 are out-of-phase with the presence of CO, which can be 

interpreted as a replenishment of OH consumed/perturbed in the previous cycle by the CO. 

Phase-resolved spectra also allow the identification of a series of bands that synchronically changes. 

The set of bands at 1565, 1370, and 1358 cm-1 assigned to the as(COO) stretching, the δ(CH) bending 

and the νs(COO) stretching of formate (HCOO) species, respectively, with a phase lag, PSD = 265° 

are clearly observed. These infrared peaks are also in-phase with the signals at 2945, 2830 and 2710 

cm-1 corresponding to the δ(CH)+as(COO) combination, (CH) stretching mode and 

δ(CH)+s(COO) combination mode of formate species, which corroborate the assignation to formate 

species. The position and  [as(COO) - s(COO)] = 207 cm-1, allows to assign these set of bands to 

monodentate formate species (m-HCOO) coordinated to one Ce3+ and stabilized by adjacent OH 

groups [33]. Another pair of bands synchronically changes at 1583 and 1335 cm-1 with characteristic 

phase-lag at PSD = 278°. These couple of bands could be assigned to the νas(COO) and the νs(COO) 

stretching mode, respectively, of another type of monodentate formate species, coordinated with Ce3+ 

and 3 OH species [33]. 

 

Table 2. Experimental frequencies of assigned surface species.  

IR mode m-HCOO CO2
- C(O)OH 

experimental 

C(O)OH 

DFT 

(OH)   3245 3524 

δ(CH)+as(COO) 2945    

(CH) 2830    

δ(CH)+s(COO) 2710    

as(COO) 1565,1583 1605 1650 1660 

δ(CH) 1370    

as(COO 1358,1335 1280   

δ(OH)   1210 1210 

 

In the CO) stretching region, the periodic change of the reactant and product of reaction, CO (PSD 

= 305°) and CO2 (PSD = 315°) is observed. The spectra after subtraction of gas phase CO (blue lines) 

reveals the presence of two small bands assigned to CO adsorbed on gold (Au-CO) at 2096 and 2120 
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cm-1 (Au+-CO and Auo-CO, respectively). Additionally, in the time domain spectra, the presence 

Ce3+ signal is detected. However, after PSD algorithm is applied, the Ce3+ signal disappears, which 

means that the redox state of the ceria support does not change during the modulation of reactants. 

This is in agreement with what was reported before for Pt/CeO2 catalysts, suggesting that the redox 

mechanism is not the main reaction pathway for the LT-WGS reaction [46]. 

 

Figure 5. Time domain spectra at 0 and 60 seconds (A) and the phase domain spectra obtained at an 

angle 20° (B), 200° (C) and 300° (D) after applying PSD algorithm. In the 2500-1800 cm-1 region, 

the spectra after subtraction of gas phase CO is also represented (blue lines). Additionally, in the 

(OCO) region, the deconvolution of the phase-domain spectra is shown (grey lines). 

 

It is worth noting that CO2 production occurs faster (lower phase lag) than the production of formate 

(HCOO), which indicates that the formate is not participating in the production of CO2 or is a slower 

route. Furthermore, two pair of bands with almost the same phase-lag (PSD = 305°) are detected at 

1650 and 1210 cm-1 and 1605, and 1280 cm-1, both of them are in-phase with the production of CO2. 

(see Figure S5 for more details). Based on the position and splitting of the bands at 1605 and 1280 

cm-1 (Δ ∼ 325 cm−1), they are ascribed to carboxylate species (CO2
δ−) [14,47,48]. Similar species were 

detected on Pt/CeO2 catalyst [46]. The peaks located at 1650 and 1210 cm-1 are also in-phase with the 

broad band at 3250 cm-1, indicating that they belong to the same surface species. 

Very recently, Meunier and collaborators reported the formation of a band at 1660 cm−1 during CO 

adsorption over zirconia-supported Pt [49]. This band was assigned to a Pt2−CO bridging carbonyl 

interacting head-on with a support surface hydroxyl. This adduct was unstable and converted into a 

linear and bridged carbonyl bound only to Pt, while at the same time, H-bonded hydroxyls were 
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quantitatively converted into free hydroxyls. However, as mentioned above, the band observed here 

at 1650 cm-1 changes synchronically with the bands at 1210 and 3250 cm-1, which excludes the 

assignation to carbonyl species. 

Thus, another possible assignation would be a carboxyl intermediate [C(O)OH] [24]. The associative 

carboxyl mechanism was theoretically proposed [9,23]. However, up to date, scarce spectroscopic 

evidence for the elusive carboxyl intermediate exists in the WGS literature mainly because of the 

highly overlapped carbonate/formate spectral zone together with a low intensity and low stability of 

such a carboxyl species. For instance, a small IR peak at 1242 cm-1 was assigned as a possible 

hydroxycarbonyl intermediate on Au/TiO2 during CO oxidation reaction [50]. Metallocarboxyl, M-

C(O)OH, has been synthetized in gas phase a result of the reaction of metal hydrides with CO2 [51–53], 

showing infrared bands of the (C=O) mode at 1610-20cm-1. Gas-phase HOCO trapped in a Ne matrix 

showed signals at 3628, 1848, and 1210 cm-1 [54]. Additionally, DFT calculations on Au(110) and 

Pt(111) predicts the COOH vibrational frequencies at 1680-1670 cm-1 and 1230-1260 cm-1, 

corresponding to the (CO) and δ(OH) modes, respectively [55].  

In order to further corroborate the band assignation, a complementary DTF calculation of a model 

carboxyl group at the Au/CeO2(111) interface was performed (Figure S6). The calculated vibrational 

modes are: (CO) = 1660 cm-1, (OH) = 1110 cm-1, (OH) = 3524 cm-1. Then, the experimentally 

phase-resolved bands at 3250, 1650, 1210 cm-1 are assigned to the carboxyl species, possible bounded 

at the metal-support interface. 

 

LT-WGS reaction mechanism 

The role of different carbonaceous species, such as formate and carboxyl/carboxylate species, in the 

WGS reaction mechanism, is still a matter of debate [13,18,34]. The carboxyl mechanism for the WGS 

reaction was theoretically predicted [9,23]. Nevertheless, carboxylate species have been proposed as an 

indirect probe of the presence of a carboxyl species [C(O)OH], but those carboxylate has only been 

detected on single crystals model catalysts [22,56] and, to the best of our knowledge, no direct 

observation of carboxyl species has been reported yet [24]. The difficulties in detecting carboxyl 

species arise from the strong peak intensities of spectator carbonate/formate groups, which are always 

present in the same IR spectral region. 

In the present study, which employs in situ DRIFT spectroscopy under steady-state water gas shift 

reaction on an Au/CeO2 catalyst, it is showed that CO is adsorbed on metal sites, and formate and 

carbonate species dominate the spectral features, while ceria is partially reduced (Ce3+) under the 

reaction condition. At increasing temperatures, the coverage of CO on gold (Au-CO) and of formate 
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species decrease, while carbonates accumulate as CO2 production increases. However, it is clear that 

misinformation can be obtained by observing only the production of surface species, as no 

differentiation can be made between true reaction intermediates and spectators. 

Time-resolved DRIFT spectroscopy during CO pulses under constant water partial pressure on the 

oxidized Au/CeO2 catalyst provides further information. It was observed that under isothermal 

conditions (423 K), the CO is absorbed on the support as carbonates (very intense bands are formed), 

and also reduces Ce+4 to Ce3+, producing CO2, while formate groups (HCOO) accumulate on the 

surface at a lower rate, indicating a slower reaction route. Nevertheless, broad and intense bands, 

particularly in the fingerprint region (1900-1000 cm-1), prevent the identification of others possible 

carbonaceous intermediates. 

Thus, isothermal c-MES experiments were carried out modulating the CO partial pressure while 

keeping the water partial pressure constant, to provide selective spectroscopic information. It is 

important to notice that WGS reaction was produced during the cycles, as shown by the emergence 

of CO2 when CO in introduced into the cell (Fig. 5). Moreover, after stabilization of the cycles, the 

ceria support remained partially reduced (band at 2130 cm-1). Phase-resolved spectra indicated that 

the electronic (2F5/2 → 2F7/2) signal of Ce3+ was not affected by the modulation, as it was filtered from 

the spectra. This is an important result, since the reoxidation of Ce3+ to Ce4+ by water only proceed 

partially under H2O flow (Figure S3). Then, it is proposed that the redox mechanism, involving the 

reversible Ce3+   Ce4+ cycle, is not operating on the Au/CeO2 catalyst at LT-WGS reaction 

conditions. However, this mechanism could be could be significant at high temperatures, as reported 

previously [11]. 

The use of phase-resolved spectra enables the resolution of infrared signals in the 1900-1000 cm-1 

fingerprint region, providing critical information. Firstly, signals from carbonate were eliminated in 

the phase-resolved spectra, indicating that these species act as spectators of the reaction. Secondly, it 

was observed that monodentate formate (m-HCOO) species, possibly bonded to surface Ce3+, proceed 

via a slower route, as the phase lag was larger than the production of CO2. 

In addition, bands assigned to carboxylate (CO2
) and carboxyl [C(O)OH] species were identified 

in-phase with the production of CO2. The IR band assignation to carboxyl species was confirmed by 

complementary DFT calculations. These elusive reaction intermediates have been theoretically 

predicted as key WGS reaction intermediates [9,23]. However, direct observation of these species by 

IR spectroscopy has not been possible with the traditional techniques (e.g., time-resolved, pulse) due 

to the highly overlapped bands in this spectral region. 
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All this spectroscopic evidence can be summarized in the reaction mechanism proposed in Scheme 

1. Initially, CO adsorbs onto gold sites and reacts with OH at the metal-support interface to form the 

carboxyl intermediate, [C(O)OH]. Those OH species are provided by water that dissociates at the 

ceria-gold interface with a low activation barrier (0.64 eV) [9]. CO pulse and c-MES experiments 

clearly indicate that monodentate formate (m-HCOO) is also formed and consumed during the LT-

WGS reaction on Au/CeO2, but it proceeds through a minor or slower route. Chen et al. [9] and 

Aranifard et al. [23] proposed that carboxyl and m-HCOO species can be reversibly isomerized at the 

metal-support interface. So, it seems reasonable that under periodic variation of the CO concentration, 

m-HCOO acts as a pool of carbonaceous species that can further react, through C(O)OH, to produce 

CO2 once the CO concentration stopped. 

At this point, it is important to highlight the crucial role of the Au-CeO2 interface. A complementary 

experiment of temperature-programmed surface reaction with CO (TPSR-CO) was performed over 

CeO2 and Au/CeO2 (Figure S7). There, the thermal evolution of m-HCOO species showed that the 

production of this species on pure CeO2 is delayed almost 200 K as compared with the supported-

gold catalyst. Then, as reported previously, the metal-support interface plays a central role in the CO 

activation in the LT-WGS reaction.  

Following the main reaction steps, carboxyl is transformed into carboxylate by losing a hydrogen 

atom, which recombines with an H from water (or OH) to release a hydrogen molecule. Finally, 

carboxylate desorbs as CO2. 

 

 

Scheme 1. Proposed low-temperature water gas shift reaction mechanism on Au/CeO2 catalyst. 
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CONCLUSIONS 

The use of in situ DRIFT spectroscopy combining steady-state, pulse of reactant and c-MES-PSD 

technique provides complementary information regarding the mechanism of the water gas shift 

reaction over an Au/CeO2 catalyst. While in situ DRIFT is useful for characterizing stable surface 

species under steady-state conditions, time-resolved in situ IR spectroscopy is required to elucidate 

the dynamic of surface processes that occur during a solid catalyzed reaction. A CO Pulse under 

constant partial pressure of water is able to reduce Ce4+ to Ce3+. However, formate and carbontate 

groups are accumulated on the surface but cannot be directly related to the CO2 production. C-MES 

experimentation, coupled with processing the spectra with the PSD algorithm, allows the selective 

and sensitive identification of intermediate carbonaceous groups in the carbonate/formate region. It 

was demonstrated that the ceria support remains partially reduced under reaction and carbonate and 

most part of formate are reaction spectators. Moreover, carboxyl and carboxylate species were 

identified. Direct observation of these species has not been possible previously due to the highly 

overlapped bands in this spectral region. The c-MES results suggest that the low temperature WGS 

reaction proceed via a “associative mechanism”, where monodente formate (m-HCOO) are a slower 

route, while carboxyl [C(O)OH] and carboxylate (CO2
) species are in-phase with the production of 

CO2 (fast route). This information is important for understanding the WGS reaction mechanism and 

can be used to design more efficient catalysts. 

 

EXPERIMENTAL  

Catalyst 

Details of the material preparation methods have been previously reported [57]. Briefly, CeO2 was 

prepared by precipitation in ammonia solution (pH 8.5) of Ce(NO3)3∙6H2O (99.99%, Sigma-Aldrich) 

dissolved in bi-distillated water. The gold supported catalyst was prepared by the method of 

deposition-precipitation method with urea (DPU) developed by Zanella et al. [58]. The metal dispersion 

was determined by high-resolution TEM (HRTEM) and high-angle annular dark field scanning 

transmission electron microscopy (HAADF-STEM). The catalytic activity of the catalysts for the water 

gas shift reaction was measured in a fixed-bed tubular reactor, i.d. = 4 mm (Supplementary 

Information). 

 

DRIFT experiments 

The water gas shift reaction on CeO2 and Au/CeO2 was investigated using a modified high-temperature 

Harrick DRIFT cell with ZnSe windows [59]. Time-resolved infrared spectra (up to 1 spectrum/0.39 s) 
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were recorded at a resolution of 1 or 4 cm−1 using an FTIR spectrometer (Thermo iS50 with a cryogenic 

MCT detector). To eliminate CO2 and water vapor contributions to the spectra, the bench of the 

spectrometer and the optical path were continuously purged with purified air (Parker Balston FTIR 

purge gas generator). Gas flow was regulated using mass flow meters (Cole-Parmer). The entrance of 

the gases was controlled by a flow-through 10-ways valve electronically actuated (Vici-Valco) 

synchronized with the FTIR. 

The cell was filled with 35-40 mg of the catalyst. The temperature of the catalyst was continuously 

monitored with a 1/32” thermocouple insert into the catalyst bed [60]. The catalyst was activated in situ 

at 523 K under oxidizing atmosphere, that is, 5% O2/He flow (60 mL/min, 1h) and then purged under 

He flow (60 mL/min, 1h). Next, the catalyst was cooled down to 373 K and a reaction mixture with 

1% CO and 2% H2O composition was introduced into the DRIFT cell. IR spectra were collected 

between 373 and 623 K in steps of 50 K (remaining 1h at each temperature) during the WGS reaction. 

The desired concentration of water in He was obtained from a gas saturator filed with bi-distillated 

water immerse into a thermostatic bath. All the lines in contact with water were heated to prevent 

condensation. 

Transition experiments were performed as follows. The Au/CeO2 catalyst was exposed to a 2% H2O 

current at 423 K for 1h. Next, a pulse of 5% CO (elapsed time = 10 s) was introduced, while 

maintaining the water current constant. IR spectra were taken at a velocity of 2.5 spectra/second. 

Concentration-modulation excitation spectroscopy (c-MES) experiments were carried out by 

periodically switching between the reaction mixture (1% CO + 2% H2O) to 2% H2O/He (100cm3/min) 

with a frequency (ω) of 8.3mHz into the DRIFT cell (square wave stimulation). The data was 

collected at a velocity of 0.25 spectra/second, and averaging 10 scans per spectra. The experimental 

set-up allows rapid exchange of gases, reaching the catalyst bed in less than 1 s, and the exchange of 

98% of the gas composition occurs in less than 10 s [60]. 

Time-resolved spectra were further analysed using the phase sensitive detection (PSD) method 

developed by Baurcht and Fringeli [27]. This method is based on the perturbation of a system operating 

under steady state conditions (ss) by the periodic variation of an external parameter such as 

temperature, pressure or concentration of reactants. Therefore, all species in the system that are 

affected by the external parameter will change periodically with the same frequency as that of the 

disturbance, but with a phase delay (φ) [28,59]. A more sensible and selective analysis of the obtained 

information (spectra) can be achieved by demodulation of the oscillating response signal, A(t), as 

shown in Eq. (1): 
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 

T

PSD

k

PSD

k dttktA
T

A
0

)··)·sin((
2

)(    (1) 

where, T is the length of one period,  is the stimulation frequency, k is the demodulation index, 

PSD
k is the demodulation phase angle for k· demodulation, and A(t) and A(PSD) are the active 

species response in time- and phase-domain, respectively. In other words, the Eq. (1) transforms time-

domain spectra, A(t), into phase-resolved spectra, Ak(PSD
k). More details are provided in 

Supplementary Information. 

The PSD method possess the following advantages: i) the spectra in the phase domain allows to 

distinguish and separate easily static signals from the changing ones, that is, spectator from active 

intermediate species; ii) the signal-to-noise (S/N) ratio in the spectra improves; and iii) the delays in 

the signals of different active species, which are due to the reaction mechanism, are better resolved 

in the phase-domain than in time-domain. The phase delays from different signals (e.g., intermediates 

species) determined by PSD, that is, the in-phase angle value of PSD at which the amplitude reaches 

a maximum, contain kinetic information of the system, and the dynamic behaviour can be studied. 

Then, based on the  values, species with different kinetics can be separated and insights into the 

catalytic mechanism can be addressed [28,61].  
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