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Research article 

Exploiting the continuity equation for mechanistic understanding through 
spatially resolved SSITKA-DRIFTS: The role of carbonyls in RWGS over Pt/ 
CeO2 

Damián Vico van Berkel , Atsushi Urakawa * 

Catalysis Engineering, Department of Chemical Engineering, Delft University of Technology, Van der Maasweg 9, 2629 HZ Delft, the Netherlands  

A B S T R A C T   

Insight into mechanisms of heterogeneously catalyzed reactions holds importance in the development and optimization of new catalytic materials. Yet, the ap
proaches often used in such investigations heavily rely on assumptions concerning the reactor and kinetics. Herein we report a new kind of kinetic investigation 
taking CO2 hydrogenation reaction, specifically the reverse water–gas shift (RWGS) reaction over 3 wt% Pt/CeO2, as an exemplifying case. The reported approach is 
based on spatially resolved steady-state isotopic transient kinetic analysis (SSITKA) and diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 
identifying gaseous/surface species and their spatial variations along the reactor. This approach allows accurate evaluation of reaction mechanism by identifying 
correlations among the concentrations of gaseous/surface species and by quantitative description of their spatial variations by a kinetic model. Spatially resolved 
SSITKA-DRIFTS experiments show carbonate decomposition via a Pt-bound carbonyl to be the main route towards the production of carbon monoxide. Further 
kinetic modeling of the spatially resolved data confirms this mechanism proposal, and points to the production of water as the rate-limiting step.   

1. Introduction 

The significant weight of catalysis in economy and sustainability 
within the chemical industry has motivated the adaptation and 
upgrading of catalyst design, in which rationale is applied rather than 
brute force. Such fundamental goal is, however, hampered by the 
intrinsic complexity involved in understanding the behavior of a het
erogeneous catalyst, arising from the vast network of phenomena and 
parameters influencing catalytic activity (e.g. reaction rate and network, 
mass and heat transport, concentration and temperature gradient on 
both the pellet and reactor scales, material’s geometrical and electronic 
structures, operating conditions including reactor type) [1]. These 
mutually influencing factors contribute to the difficulty in determining 
intrinsic reaction mechanisms and kinetics. For example, the elucidation 
of different elementary steps involved in surface-catalyzed reactions can 
be obfuscated by the influence of transport phenomena such as mass 
transfer limitations [2,3]. For mechanistic studies, with the aim to 
discern catalytically active species and dormant (i.e. spectator) ones, the 
application of transient techniques coupled with operando spectroscopy 
methodologies by means of modulation-excitation technique and 
isotope labeling has gained popularity [4–6]. For the determination of 
intrinsic kinetic parameters as well as plausible reaction mechanisms, 
steady-state isotopic transient kinetic analysis (SSITKA), involving 

switch in the concentration of isotopomers, constitutes an attractive 
technique, as the reaction environment is not perturbated from the 
chemical potential point of view (thus steady-state, neglecting kinetic 
isotope effects) [7–10]. This is of crucial importance, as the role of 
different surface species might depend on the composition of the reac
tion atmosphere, as shown by Meunier et al. who demonstrated that the 
reactivity of carbonates on ceria depends on the nature of the feed [11]. 
In addition, SSITKA coupling with operando vibrational spectroscopy 
readily expands the more precise mechanistic insight by providing key 
information on the nature of active species, typically investigated by IR 
[12–14]. However, an important factor generally overlooked in the 
state-of-the-art kinetic studies is that packed-bed reactors, the most 
common reactor configuration in heterogeneous catalysis and SSITKA 
studies, are governed by the continuity equation, which directly stipu
lates the presence of gradients within the catalytic reactor. In other 
words, solely probing one point in the reactor does not guarantee a 
complete picture of the reaction mechanism at hand, as mechanistic, 
redox state, temperature gradients could be present [15–18]. The same 
holds for the kinetic study despite the use of low conversion (i.e. dif
ferential) conditions, which constitutes the go-to approach for kinetic 
studies. Even though their application can yield important insights into 
reaction mechanisms, carrying out kinetic studies under industrially 
attractive conversions can yield important insight into the reactor- 
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catalyst relationship, and provide answers to unclear insights gained 
under the low conversion regime. 

In this work, we report the combination of SSITKA with spatiotem
porally resolved diffuse reflectance infrared Fourier transform spec
troscopy (DRIFTS) and gas sampling as a powerful tool towards the 
elucidation of the reaction mechanisms and kinetics. With the reverse 
water–gas shift (RWGS) reaction over Pt/CeO2 as a probe reaction, we 
show the importance of considering the chemistry throughout the entire 
catalyst bed, providing key insight into the role of different in
termediates and a more complete extraction of the kinetic parameters. 
The latter is aided by kinetic simulations, in which the required opti
mization procedures are based on the spatiotemporally resolved data, 
constituting, to the best of our knowledge, the first model of its kind. 

2. Experimental 

2.1. Catalyst synthesis 

Pt/CeO2 catalyst was prepared by incipient wetness impregnation. 
The selected support were impregnated with a 72 mM [Pt(NH3)4] 
(NO3)2⋅H2O precursor solution. The resulting solid was dried at 80 ◦C for 
24 h and then calcined at 500 ◦C for 5 h. The obtained catalyst powder 
was pelletized at 10 tf cm− 2, crushed, and sieved to a particle size range 
between 212 and 300 µm. 

2.2. Catalytic tests 

The catalytic tests were performed using a quartz bed reactor of 4 
mm internal diameter, placed horizontally within the spatial sampling 
module. Heating was provided by a BOSCH hot-gas blower with a 
reflective material to achieve homogeneous heating of the reactor. Step 
switches to each isotopically labeled reactant feed were introduced 
through a VICI Valco four-way switching valve controlled through 
LabVIEW. Flow of all reactants were controlled by EL-FLOW Select 
Bronkhorst digital mass flow controllers (MFC) (Figure S1). 

The catalyst bed was packed between quartz wool at both ends in 
order to ensure the fixation of the catalyst particles and the pre-heating 
of the gases. The experiments were preceded by activation of the catalyst 
by in situ reduction at 300 ◦C under 10 % H2 in He (50 mL min− 1) for one 
hour after heating the bed at a rate of 10 ◦C min− 1 under He flow. 
Consecutively, the catalyst bed was flushed with 30 mL min− 1 pure He 
for removal of weakly bound hydrogen species. 

The concentrations of CO2 and H2 were 2.25 and 9 vol%, respec
tively. The selected isotopically labeled reactant was 13CO2 (Cambridge 
Isotope Laboratories, 99.7 %). Helium was used as carrier gas, and an 
inert tracer of 2.5 vol% Ar was included within the 13CO2-containing 
stream. The total flow rate was 50 mL min− 1. Outlet gas concentration 
profiles were measured by a Bruker ALPHA-II Compact FT-IR spec
trometer, equipped with a gas-phase cell. Spectra were acquired at 4 
cm− 1 resolution and 5 s time resolution. The switch to each stream was 
carried out multiple times, allowing cycle averaging and a subsequent 
increase in signal-to-noise (S/N) ratio. 

2.3. Spatially resolved SSITKA 

Isotopically labeled experiments were concurrently evaluated in a 
spatially resolved fashion through a Pfeiffer Vacuum Omnistar mass 
spectrometer, attached to a stainless steel capillary (I.D.: 500 μm, O.D.: 
700 μm, REACNOSTICS GmbH) inserted inside the catalyst bed. Move
ment of the gas-sampling capillary was achieved through a set of actu
ators (ZABER) with 1 μm resolution (P1 = 0.5 mm, P2 = 2.5 mm, P3 =

4.5 mm, P4 = 6.5 mm). Sampling of selected m/z fragments was ach
ieved through the four concentric 50 μm holes within the capillary, 
which were aligned with the outlet position of the bed prior to any 
experiment. Cycle slicing and evaluation of the true start time of each 
experiment was achieved through taking the derivative of the Argon 

response, allowing the identification of the time point at which the Ar 
response had a non-zero rate (i.e. is detected by MS). Accurate quanti
tative evaluation of 12C-based species was not possible due to large m/z 
overlap with their 13C counterparts. Concerning the latter, individual 
contribution of 13CO2 and 13CO species was identified through blank 
experiments carried out at the start of each day. Spatial profiling of 
temperature was attained through the thermocouple attached at the 
opposite end of the capillary, and its tip (temperature measurement 
point) was aligned with the position of the gas sampling holes. 

2.4. Spatially resolved SSITKA-DRIFTS 

Operando DRIFTS experiments were carried out using a INVENIO FT- 
IR Bruker spectrometer equipped with a liquid nitrogen-cooled MCT 
detector. Spectra were acquired with a time resolution of 1.04 s (5 scans 
with 40 kHz scanner velocity). A custom-built cell set out to imitate the 
flow patterns within the packed-bed reactor was used [19], with the 
catalyst inserted between quartz wool as previously explained. The cell 
equipped with a ZnSe window was placed within a Harrick praying 
mantis optical system. Spatial resolution was enabled by mounting the 
entire cell on motorized stages. Respective background spectrum at each 
position of the catalyst bed was taken under He flow at the selected 
operating temperature before the start of the SSITKA experiments. 
Analogously to the gas-sampling experiments, averaging over repro
ducible cycles was employed in order to increase S/N ratios. Catalyst 
amount and activation procedure were identical to those of the catalytic 
test (vide supra). The reactor effluent was analyzed by the aforemen
tioned FT-IR spectrometer. 

2.5. Kinetic modeling 

Additional insights into the reaction mechanism were investigated 
through kinetic modeling of the attained SSITKA data, entirely carried 
out within MATLAB. The governing partial and ordinary differential 
equations, (shown in Supplementary Information S2) were solved and 
optimized with respect to the experimental data using the Nelder-Mead 
algorithm and a root mean square error (RMSE) objective function, 
providing the set of kinetic parameters best fit to describe the experi
mental data. Moreover, the kinetic modeling was performed using the 
reactor effluent concentration profiles and their spatially resolved 
counterparts, to understand possible variations in accuracy stemming 
from spatial variations of gaseous and surface species and thus 
reactivity. 

3. Results and discussion 

3.1. Catalytic activity and effluent-based SSITKA 

Figure S3 shows the catalytic activity results. CO2 conversion of 14.1 
% and 19.6 % were obtained at 200 and 250 ◦C, respectively. Com
parison to the equilibrium conversion (XCO2,200 = 15.2 % and XCO2,250 =

19.6 %) indicates that both experiments lie close to or at the thermo
dynamic limitation [20,21]. Selectivity towards CO was always > 99.9 
%, with no other products such as CH4 within our detection limit, 
demonstrating high activity and selectivity of Pt/CeO2 in RWGS. During 
the 10 h long operation, the catalysts only suffered a mild deactivation, 
possibly entailed by carbon deposition and/or Pt sintering. These 
deactivation patterns have been also portrayed by previous research on 
RWGS over ceria-supported Pt catalysts [13,22,23]. 

The nature of the experimental setup allowed the SSITKA experi
ments to be evaluated through the lens under which traditional reactor- 
effluent SSITKA studies are carried out, due to the outlet being analyzed 
with gas-phase IR spectroscopy. Comparison between the 12C- and 13C- 
based species measured at 200 ◦C (Fig. 1a) confirmed the maintenance 
of the overall steady-state once the isotopically labeled stream was 
inserted into the reactor, as the crossover point occurred at half the 
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steady-state concentration value. Moreover, such behavior also in
dicates the absence of noticeable kinetic isotope effects (KIE) brought 
upon the heavier 13C-based species, implying that the rate-determining 
step (RDS) of the reaction did not involve a carbon-containing bond 
formation/cleavage [7,24,25]. However, insight into KIE involving 13C- 
based species is limited due to its complex detection, which may also 
explain these observations. These results further make apparent a delay 
of xCO profile compared to that of xCO2 (x = 12 or 13), pointing to the 
reaction proceeding upon the adsorption of CO2 and subsequent surface 
reactions. The slower exchange of CO species can also be correlated to 
the surface intermediates leading to CO not being directly involved in 
the RDS. 

At higher temperature Fig. 1b, the exchange between isotopically 
labeled species was faster, directly indicating larger reaction rates at the 
higher temperature. 

3.2. Spatially resolved SSITKA 

In order to envisage possible concentration gradients within the 
reactor, we applied spatially-resolved MS gas sampling to the SSITKA 
experiments. The CO concentration profiles at the four axial positions 

are presented in Fig. 2a. Evidently, CO concentration increased at more 
down-stream bed positions, as its production spans the entire catalyst 
bed. In other words, the increasing area difference between the re
sponses of CO and Ar with increasing position along the bed directly 
shows its proportionality to the amount of active surface species, and 
demonstrates that this reaction path proceeds via surface reactions 
originating from a surface-bound CO2 precursor. At the first two posi
tions screened, the productivity of CO was found to be more prominent, 
leading to 66 % of the overall CO production. Due to the RWGS reaction 
being endothermic, the possible decrease in temperature at more 
downstream positions could have explained such variations. However, 
the spatial temperature profiling (Figure S4) did not support this 
reasoning as no substantial temperature gradients were present. 
Therefore, the gradients stem from variations in reaction rate within the 
bed. This is due to the frontal positions having the largest reactant 
concentration, promoting their conversion towards CO and H2O, which 
subsequently leads to lower reaction rates downstream. In addition, CO 
is known for readily adsorbing on Pt, which could lead to poisoning of 
downstream active sites and/or its adsorption on non-catalytically 
active moieties. 

The normalized responses for the product CO, generally used to 

Fig. 1. Outlet concentration profile of carbon-containing species after the switch from 12CO2/H2 to 13CO2/H2/Ar at a) 200 ◦C and b) 250 ◦C. Conditions: H2/xCO2 = 4 
(cxCO2 = 2.25 vol%), cAr = 2.5 vol%, cH2 = 9 vol%, P = 1 bar, Wcat = 180 mg, F = 50 NmL/min. 

Fig. 2. Spatially resolved gas sampling results attained after a switch from 12CO2/H2 to 13CO2/H2/Ar at 200 ◦C over 3 wt% Pt/CeO2. a) 13CO concentration profiles 
and b) normalized responses of 13CO. Conditions: H2/xCO2 = 4 (cxCO2 = 2.25 vol%), P = 1 bar, Wcat = 180 mg, F = 50 NmL/min. P1 = 0.5 mm, P2 = 2.5 mm, P3 = 4.5 
mm, P4 = 6.5 mm. 
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evaluate the kinetics within SSITKA studies as they serve as a direct 
measure of the exchange rates [4,26,27], attained upon a switch from 
12CO2/H2/He to 13CO2/H2/Ar/He at 200 ◦C are shown in Fig. 2b. An 
observable delay between 13CO2 and Ar suggests the strong reversible 
interaction of CO2 with the catalyst [20,23]. Concerning spatial varia
tions, the surface lifetime or mean surface residence time (τ0.5), near the 
front of the bed was roughly 35 s shorter than that near the outlet, 
indicating the presence of noticeable variations in reaction rate 
throughout the catalyst bed. These differences may be attributed to the 
presence of larger concentrations of the reactants towards the inlet po
sition. However, merely investigating gaseous species provides no 
insight into possible surface intermediates, indicating the need for 
multimodal approaches [28]. 

3.3. Surface species quantification 

SSITKA readily allows the quantification of surface intermediates 
(NCOx) leading to a specific product [4]. Traditionally, the area between 
the inert tracer and the response of the reactant and product are assumed 
directly proportional to the amount of surface intermediates that lead to 
CO(g) [29–31]. However, if only reactor effluent SSITKA is conducted, a 
sole value for the coverage of such species is obtained. As depicted by 
the continuity equation, this is inherently not accurate, and only serves 
as a cumulative value throughout the entire catalyst bed, lacking any 
insight into how this value proceeds throughout the bed. Therefore, we 
computed these values throughout the entire bed on a per-position basis, 
for which the results are shown in Fig. 3, using the methodology 
described in Supplementary Information S4.2. The conversion from 
surface concentration to coverage was carried out through employing 
the dispersion values attained through CO chemisorption measurements 
(63 %). 

Fig. 3 shows that the coverage of both CO2 and CO surface species is 
largest at the inlet position, in line with the expectations of larger re
action rates at these positions. Interestingly, for CO2 the coverage on Pt 
is always larger than unity, which can be translated to the amount of Pt 
sites simply not being enough to account for all the adsorbed CO2 species 
[20,32]. In other words, another site is responsible for the adsorption of 
CO2, suggesting that it occurs on the support rather than on the metal, as 
previously established in RWGS studies over reducible support-based 
catalysts of metals with low oxophilicity such as Pt [20,30,33]. The 
large CO2 coverages obtained could also indicate the inability for all 
surface CO2 species to undergo reaction, suggesting that a pool of 
adsorbed CO2 might lie in sites away from Pt and therefore can not 
undergo hydrogenation. Concerning adsorbed CO species, the amount of 
Pt sites is enough to explain all of the CO(g) formed, pointing to a direct 

role of Pt. Therefore, the involvement of Pt and the apparent activation 
of CO2 by the support indicates the importance of the platinum-ceria 
interface and/or the support sites vicinal to the metal nanoparticles 
[34]. 

3.4. Spatially resolved SSITKA-DRIFTS 

Surface intermediates formed during the RWGS over Pt/CeO2 were 
studied by operando DRIFTS concurrently to the isotopic switches, 
allowing to relate the formation of CO to the responses of surface spe
cies. SSITKA-DRIFTS readily allows to discern active species from 
dormant (and less active) species, as only those that undergo a reaction 
(not necessarily towards the product) will potentially showcase an ex
change towards their isotopically labeled counterpart, while spectators 
species remain undisturbed at the surface [27]. 

The DRIFT spectra under both xCO2 + H2 feeds over Pt/CeO2 at 
200 ◦C are presented in Fig. 4. Within the ν(CO) region (Fig. 4a), a band 
at 2005 cm− 1 was observed under the 12CO2-containing feed, ascribed to 
linear carbonyls on Pt [35–38]. However, these bands are noticeably 
red-shifted with respect to usual carbonyl bands on Pt (i.e. 2070–2080 
cm− 1), suggesting a stronger back-donation of Pt to CO. This would 
decrease the bond strength and explains the observed red-shift. The 
origin for such effects likely stems from the highly reduced ceria surface 
hindering electron transfer from Pt to the ceria. This also indicates that 
these carbonyl species are present at the Pt-ceria interface [39–41]. 
Under the 13CO2/H2/Ar, a red-shift of this band towards 2005 cm− 1 was 
observed, indicating the exchange towards 13C-carbonyls on the surface 
of the catalyst. Similar observations were made with respect to formate 
species (Fig. 4b), where the Fermi resonance doublet is present for both 
12C and 13C species, with the latter following the theoretical isotopic 
shift of 0.977 [42,43]. The second ν(CO), generally including bands 
corresponding to vibrational (C-O) stretching (1590–1510 cm− 1), and 
bending modes of formates (1390–1350 cm− 1) complicated discerning 
the nature of the bands [27,31,44]. Therefore, the last spectra of the 
13CO2-stream cycle was used as an internal background, aiding the 
investigation of variations between the two streams. This renders any 
13C-based surface species to have a negative-going band. Such analysis 
provided two bands at 1251 and 1605 cm− 1. Lopez et al. carried out the 
same procedure under a CuO/CeO2 catalyst and obtained two similar 
bands, which they ascribed to mono or poly-dentate carbonates adsor
bed on ceria [27]. Our multivariate spectral analysis using multivariate 
curve resolution (MCR) provided similar results, suggesting the presence 
of bidentate carbonate species on the support (Figure S6) [45]. 

The power of SSITKA-DRIFTS lies within investigating the temporal 
evolution of surface intermediates upon the isotopic switch, which 

Fig. 3. Coverage of a) CO2 and b) CO surface species on Pt calculated by means of SSITKA experiments at different positions. Conditions: H2/xCO2 = 4 (cxCO2 = 2.25 
vol%), P = 1 bar, Wcat = 180 mg, F = 50 NmL/min, T = 200 ◦C. 
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accelerates the identification of the main surface components. For such 
intermediates, their exchange occurs either earlier or at a similar pace 
than the gas-phase product, whilst species involved to a lesser extent will 
experience significantly slower exchange rates compared to CO. Fig. 5 
shows the surface species responses attained through MCR at different 
positions together with the normalized response of gaseous CO. These 
results readily make apparent the slower exchange of formate species, 
which had a surface lifetime much greater than that of CO(g) at all the 
positions investigated. The mechanism of the RWGS reaction has been 
shown to depend on the nature of the catalyst and the operating con
ditions [32,33,37]. In addition, the presupposed active sites have been 
portrayed to be highly dynamic under reaction conditions [37]. For 
noble-metal nanoparticles supported on reducible metal oxides, two 
main pathways have been proposed: a regenerative mechanism and the 
associative or formate pathway [21]. In the former, hydrogen species are 
not directly involved in the production of CO(g), and their role is limited 
to replenish the oxygen vacancies, which are the sites in which CO2 
reduction occurs. In the associative mechanism, the dissociated 

hydrogen atoms on the metal react with surface intermediates leading to 
formates, with the subsequent decomposition of such intermediates to 
CO(g) [46,47]. Considering the slow exchange of formate species, our 
results suggest that the associate/formate route is not the prevailing 
mechanism under the conditions of this study. However, at 250 ◦C the 
exchange rate of formates are drastically accelerated, possibly suggest
ing that this route can be favoured and possibly dominant at even higher 
temperatures (Figure S7). It is worth mentioning that formates are re
ported to lead to the formation of CO(g), albeit at lower amounts [31]. 
This is in line with the results reported by Goguet et al. who quantified 
formate species on ceria via calibration with formate impregnated on 
the metal oxide and stipulated that these precursors could not account 
for the production of CO(g) completely [20]. 

On the other hand, carbonate species always exchanged at a faster 
rate than CO(g), confirming their direct contribution. Moreover, CO2 
intermediates present in larger amounts than Pt atoms available for 
reaction (vide supra) suggests that CO2 activation proceeds via adsorp
tion on the ceria surface. This is seconded by both acid-base 

Fig. 4. Spectra under 12CO2 + H2 or 13CO2 + H2 at 200 ◦C. a) ν(C-O) region, b) ν(C–H) region, c) ν(CO) region. Both a and b are shown with an external background 
under He, whilst for c) an internal background was used (last spectra of 13CO2 cycle) in order to allow the reader to visualize the exchange better. Red lines indicate 
13C-containing species, while black lines correspond to 12C-containing species. Conditions: H2/xCO2 = 4 (cxCO2 = 2.25 vol%), P = 1 bar, Wcat = 180 mg, F = 50 
NmL/min. 

Fig. 5. Normalized surface species (scatter) and gas species (solid line) step responses after a switch from 2.25 vol% 12CO2/9% H2 →2.25 vol% 13CO2/9% H2/2.5 % 
Ar at 200 ◦C over a 3 wt% Pt/CeO2 catalyst. Conditions: F = 50 mL/min, P = 1 bar, Wcat = 180 mg. 
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considerations and the well-known oxygen vacancy assisted adsorption 
of CO2 [48–50], which is expected to yield bidentate carbonates. This 
matches with the kinetically pure spectra attained by deconvolution 
through MCR. The exchange rate of carbonyls markedly resembled that 
of gaseous CO(g) at all positions, which could be explained by either 
carbonyls being an intermediate or a product of the subsequent 
adsorption of CO(g) in proximity to the Pt-ceria interface. 

In order to further investigate the role of carbonyls, the integrated 
absorbance of the carbonyl bands at different positions was used as an 
approximate indicator of the concentration of such species, shown in 
Fig. 6. Although DRIFT spectra do not show a direct linear relationship 
with concentration (i.e. Beer-Lambert law) due to the measurements 
being obtained in reflectance mode (although this is absorbance/system 
dependent [51]), the fact that the spectra at different positions were 
normalized to the same intensity allows us to assume that higher ab
sorbances are directly correlated to higher concentrations of said spe
cies. As can be seen by the results, the first position displays the highest 
absorbance of carbonyl species, pointing to their roles as intermediates. 
If carbonyls would not precede the formation of CO(g), their surface 
concentration would have been higher at the outlet-most position, as 
these species would stem from the adsorption of CO(g). 

3.5. Mechanistic discussion 

Correlating the gaseous and surface normalized responses by means 
of spatially resolved gas sampling and DRIFTS, respectively, during 
SSITKA experiments with Pt/CeO2 provided clear indications on the 
involvement of different surface intermediates. As previously described, 
the consensus in literature suggests the presence of a redox and asso
ciative/formate mechanisms, with oxygen vacancies having been 
postulated to enhance CO2 activation and conversion [21]. In fact, many 
reports point to a reversal in the role of the metal and the support, where 
the latter actually constitutes the active sites. Our results point to this 
being the case for CO2 activation, which likely occurs on ceria rather 
than CO2 dissociating on Pt nanoparticles, which has also been shown to 
be energetically unfavorable with DFT calculations due to the low 
oxophilicity of Pt [33]. For materials such as CeO2 and TiO2, the 
inherent presence of oxygen vacancies under net reducing atmospheres 
and temperatures above 180 ◦C most likely assisted the activation of 
CO2, yielding carbonate species [50,52]. In fact, previous research in our 
group pointed to oxygen vacancies being the activity descriptor within 
Au/TiO2 catalysts by means of operando UV–Vis spectroscopy [21]. 
Therefore, Pt would not be directly involved in the adsorption of CO2. 
However, noble-metals are known for increasing the reducibility of such 

metal oxides by means of electron transfer. In addition, other factors 
such as hydrogen spillover would also enhance the presence of oxygen 
vacancies, or reverse (oxygen) spillover from the support to the metal 
[53–56]. All these phenomena are intrinsically localized near the Pt 
sites. Therefore, the active carbonates formed on ceria likely lie near Pt, 
suggesting an important interplay between Pt and ceria. Concerning the 
minor roles of formates at the temperatures screened herein, at values 
above 300 ◦C, the RWGS reaction over Pt/CeO2 has been shown to 
proceed through both the redox and formate pathway concurrently, 
leading to increased activity of these catalysts with respect to Pt/TiO2, 
which are generally more active than ceria-supported catalysts at low 
temperature [32]. This is supported by our SSITKA-DRIFTS results, in 
which formates show the highest dependency on temperature out of all 
surface species. These temperature dependent variations further 
contribute to the lack of any definitive proof for catalytic pathways 
within RWGS catalysis. 

The pathway for the subsequent decomposition of carbonates still 
remains unclear within the literature, although insights seem to point at 
two different possibilities: direct carbonate decomposition or carbonate 
decomposition via a Pt-bound carbonyl, as shown in Scheme 1. In the 
former, the production of CO(g) would re-oxidize the ceria surface 
without any participation of Pt atoms. On the other hand, the latter 
route suggests that Pt aids in the decomposition of carbonates either by 
charge transfer and/or providing a vicinal site for the subsequent 
adsorption of CO. Having previously established the presence of these 
carbonyls at the Pt-ceria interface and the close proximity of carbonate 
species to Pt, both routes seem possible. This possibility has been widely 
discussed within the literature, with Goguet et al. first proposing these 
two routes [11,20]. Herein, we show that spatial resolution provides 
further insights into the role of carbonyls. As previously described, the 
coverage of carbonyls was found to be largest at the inlet position of the 
bed, which strongly put forward their involvement as intermediates. 
This is due to the concentration of intermediates stemming directly from 
that of the reactants, which is inherently higher at the inlet of the 
reactor. If carbonyls would have been a result of the adsorption of CO(g) 
onto Pt, our results would have portrayed a larger coverage of these 
species at the outlet, where CO(g) concentration is largest. Therefore, it 
is likely that over Pt/CeO2 the reaction proceeds via a special redox 
pathway, in which the Pt is in fact directly involved in the production of 
CO(g). Consequently, Pt does not simply act as a site for hydrogen 
activation, but also its interface with the ceria surface could also cata
lyze the formation of CO(g). This could also explain why activity of Pt/ 
CeO2 catalysts is largely dependent on the length of the Pt-CeO2 inter
face [57,58]. Over WGS conditions, Kalamaras et al. reported ceria- 
supported Pt catalysts to undergo a similar mechanism [32]. 

This mechanism is substantially different from the proposed route for 
the RWGS reaction over Au nanoparticles supported on reducible metal 
oxides, in which the main intermediate is believed to be a hydrox
ylcarbonyl (OCOH), stemming from the interaction of inbound CO2 and 
H within the Au surface [59]. In addition, carbonates species on Au/ 
TiO2 are believed to be spectator species, which is not the case for Pt/ 
CeO2. 

3.6. Kinetic modeling 

The capabilities of the spatially-resolved SSITKA with the aim to 
enhance the determination of kinetic parameters were also tested. This 
should also aid in the determination of the most plausible reaction 
mechanism. As in all kinetic models, the governing equations of the 
reactor system at hand are solved through considering different sets of 
reactions, aiming at finding which kinetic model describes the experi
mental data more accurately. In our case, all spatially resolved profiles 
were used as input simultaneously, aiming at enhancing the decoupling 
of kinetics and transport phenomena. Importance should be given to 
using all experimental data concurrently for optimization, to ensure that 
the same kinetic parameters are obtained throughout the reactor. 

Fig. 6. Carbonyl band area at different positions over time after a switch from 
2.25 vol% 12CO2/9% H2 →2.25 vol% 13CO2/9% H2/2.5 % Ar at 200 ◦C. Con
ditions: F = 50 mL/min, P = 1 bar, Wcat = 180 mg. 
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Moreover, the previously described two plausible mechanisms involving 
the direct decomposition of carbonates and the pathway involving car
bonyls at the Pt-ceria interface were considered in the form of their 
respective elementary reaction steps. No assumptions such as quasi 
steady-state assumption (QSSA) or reaction equilibrium assumption 
(REA) were applied due to spatial resolution providing enough data 
points for all of the kinetic parameters to be fitted. 

The results for both models are presented in Fig. 7. It shows that 
when the involvement of Pt in such decomposition was included within 
the elementary reaction steps, the agreement with the experimental data 
was much more accurate. These computations further indicate that the 
RDS corresponds to either the water formation or the diffusion of 
hydrogen towards the oxidized ceria surface (see Table S3). This is in 
agreement with our SSITKA results, indicating that the RDS does not 
involve the participation of any C-containing species. In addition, these 
findings also suggest the importance of oxygen vacancies and surface 
hydroxyls, with their regeneration being the rate limiting step. These 
results imply that further improvement of Pt/CeO2 could be achieved 
through facilitating the spillover of hydrogen and the subsequent 
regeneration of oxygen vacancies. 

4. Conclusions 

This work set out to demonstrate how the application of concepts 
generally only considered in chemical engineering (i.e. continuity 
equation considerations) could be helpful at determining reaction 
mechanisms. The coupling of SSITKA with spatiotemporally resolved 
methodologies such as MS gas sampling and operando DRIFTS during 
RWGS conditions over Pt/CeO2, allowed to gain insight into the reaction 
mechanism. Comparison between the exchange rates of surface species 
and gaseous CO readily showed the important role of reducible oxides in 
RWGS catalysis, with the oxygen vacancies likely being directly 
involved in the reaction mechanism by means of CO2 activation in the 
form of carbonates. In addition, the possible participation of formates as 
intermediate was ruled out, although their participation becomes 
increasingly important at higher temperatures. 

Moreover, specifically thanks to spatial resolution, we determine the 
participation of carbonyls as intermediates, which has been debated for 
decades, suggesting that spatial resolution could aid the investigation of 
the role of surface species. The direct participation of carbonyls at the 
metal-support interface further indicates the importance of the interplay 
between Pt and ceria. 

Scheme 1. Representation of the regenerative/redox mechanism for the RWGS reaction over Pt/CeO2 at low temperatures.  

Fig. 7. Kinetic modelling results for the two proposed sets of elementary reactions, showing the experimental (scatter) and simulated (solid line) data. Conditions: F 
= 50 mL/min, P = 1 bar, Wcat = 180 mg, T = 200 ◦C. 
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Altogether, it is believed that this methodology could provide 
deepened insights into the kinetics governing steady state reactions, and 
the coupling of multimodal experimental and computational techniques 
constitutes an attractive route towards more complete insight into the 
system at hand, allowing to observe the catalysts under true working 
conditions. 
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