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Localized thermal levering events drive 
spontaneous kinetic oscillations during CO 
oxidation on Rh/Al2O3

Donato Decarolis1,2,3, Monik Panchal    2,4,5, Matthew Quesne    1,2, 
Khaled Mohammed    6,7, Shaojun Xu1,2,8, Mark Isaacs4,9, Adam H. Clark    10, 
Luke L. Keenan    3, Takuo Wakisaka11, Kohei Kusada    11,12, Hiroshi Kitagawa    11, 
C. Richard A. Catlow    1,2,4, Emma K. Gibson    2,13, Alexandre Goguet    2,14  & 
Peter P. Wells    2,3,6 

Unravelling kinetic oscillations, which arise spontaneously during catalysis, 
has been a challenge for decades but is important not only to understand 
these complex phenomena but also to achieve increased activity. Here we 
show, through temporally and spatially resolved operando analysis, that 
CO oxidation over Rh/Al2O3 involves a series of thermal levering events—
CO oxidation, Boudouard reaction and carbon combustion—that drive 
oscillatory CO2 formation. This catalytic sequence relies on harnessing 
localized temperature episodes at the nanoparticle level as an efficient 
means to drive reactions in situations in which the macroscopic conditions 
are unfavourable for catalysis. This insight provides a new basis for coupling 
thermal events at the nanoscale for efficient harvesting of energy and 
enhanced catalyst technologies.

Understanding the spontaneous oscillatory behaviour of catalytic 
performance has provided an ongoing challenge since this was first 
reported in the 1970s1–4; the phenomenon is characterized by notable 
swings in activity that periodically alternate between high and low 
output. We need to determine the events that drive these variations 
in productivity and, if possible, use this knowledge as a basis for har-
nessing the improved kinetics at the maxima of catalytic turnover. 
Such behaviour has been observed with many oxidation reactions  
(for example, of propane and methane)5–13. CO oxidation is one of the 
reactions in which this phenomenon appears and has been used as a 
model reaction to understand the mechanism behind this behaviour. 

In the case of platinum, palladium and rhodium, extensive studies 
have been performed on model systems under idealized conditions 
(for example, single crystals and ultrahigh vacuum)14–19. For both plati-
num and palladium, these oscillations have been ascribed to reversible 
surface phase transitions. Vendelbo et al. were able to visualize these 
changes using high-resolution in situ transmission electron micros-
copy20. However, when considering more realistic conditions, other 
parameters have to be taken in account, such as oxide formation and 
in-plane restructuring.

In this regard, X-ray spectroscopy has been an important tool in 
identifying the key information regarding the oxidation state and the 
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beam damage37–39, for example, by reducing the beam flux to ~10% of 
the maximum (Supplementary Figs. 4–15). By assessing the normalized 
intensity of the initial XANES peak at 23,238 eV, we were able to track the 
progression of the reaction front, that is, as the reaction proceeds the 
catalyst becomes progressively oxidized (Fig. 1). This initiated at the 
outlet of the catalyst bed and propagated towards the inlet, consistent 
with other spatially resolved studies24,29,30. Interestingly, we were able to 
observe oscillatory behaviour in the end-pipe MS analysis, the intensity 
of adsorbed carbonyl bands through DRIFTS and the intensity of the 
XANES white line at each spatial position (Supplementary Figs. 17–21)27. 
We have used the outlet of the reactor (axial position 6) to illustrate 
the series of linked events (Fig. 2). Furthermore, we performed EXAFS 
analysis at different axial positions to ensure there was no observable 
particle growth, either as a function of position or successive regen-
eration cycles (Supplementary Fig. 35 and Supplementary Table 4).

The end-pipe MS data show the calibrated m/z responses for 
CO2, CO and O2. In the period between 0 and ~2,800 s we observed no 
change to the mass spectrometry, while plotting the intensity of the 
two Rh1(CO)2 bands as a function of time shows a steady increase in the 
intensity of these two bands. This change, however, cannot be ascribed 
to a change in structure of the rhodium nanoparticles, as confirmed 
by multivariate curve resolution (MCR) analysis of the XANES (Sup-
plementary Fig. 39), as well as the EXAFS Fourier transform analysis 
(Supplementary Fig. 40). As time, and by extension the external tem-
perature, increased we observed a gradual decrease in the levels of CO 
and O2, with a concomitant rise in the level of CO2. These steady changes 
are punctuated by periodic events, during which sharp bursts of CO2 
production and CO and O2 consumption are observed. This behaviour 
is different from that observed for Pd/Al2O3, in which the bursts of CO2 
were not correlated to a decrease in the concentration of CO. In the case 
of palladium, the increased CO2 production was rationalized by the 
removal of sequestered CO adsorbed on the catalyst surface, that is, the 
CO2 production did not require additional gas-phase CO. In this study 
on Rh/Al2O3, when we compared the end-pipe MS data to portions of the 
XANES (white-line intensity at 23,238 eV) (see Supplementary Fig. 37 
for the full MCR analysis) and DRIFTS (adsorbed carbonyl, 2,060 cm−1 
(linear) and 1,889 cm−1 (bridging), gas-phase CO2, 2,340 cm−1) spectra 
(see Supplementary Figs. 33 and 34 for full infrared spectra)40, distinct 
oscillatory behaviour was also observed. During the spikes of CO2 
production, the XANES data indicated increased oxidation of rhodium 
at the CO2 peak maxima; the reaction was carried out in an excess of 
O2 and as more CO is consumed at these points a more oxidized form 

local geometry of the nanoparticles involved. Using this approach, it 
has been discovered that this phenomenon originates from the bista-
bility14–18 of different phases (metallic and oxidic) under analogous 
conditions, or as a consequence of the changing local environment (for 
example, temperature, gas composition) that takes place at the point of 
catalytic light-off. For both the palladium and platinum cases, operando 
analysis has been able to follow the changes in metal speciation during 
the periodic fluctuation in CO2 production19–24. In the case of platinum, 
it has been shown by Singh et al. that this oscillatory behaviour is due to 
the absorption of CO on the platinum nanoparticles, which lowers the 
activity25. Subsequently, local fluctuations in CO concentration cause 
the CO-covered platinum surface to react with the surface oxide, caus-
ing a sudden ignition, during which CO disappears from the surface 
and platinum is oxidized25. Dann et al. have shown a similar behaviour 
happening on Pd/Al2O3, where the rate-limiting step is the dissociative 
absorption of O2 on the nanoparticles, and CO acts as a poison, reducing 
the reaction rate to the low-activity regime24.

However, in the case of supported rhodium catalysts, despite 
exhaustive studies, there has been no report of spectroscopic signa-
tures that vary in phase with the catalytic activity19,26–28. The periodic 
behaviour of signals in previous operando studies is limited to mass 
spectrometry data and spikes in gas-phase CO2 from the headspace 
of an operando sample environment, and is postulated to derive from 
the burn-off of adsorbed carbonaceous material27. The precise series 
of events, supported through spectroscopic analysis, has remained 
elusive. Furthermore, Dann et al. and Singh et al. demonstrated a dra-
matic dependence of the catalyst nature on the spatial position across 
a packed-bed reactor24,25. In particular, Dann et al. were able to follow 
the kinetic oscillations of CO oxidation over Pd/Al2O3 and found that 
only the inlet of the reactor influenced the end-pipe mass spectrometry 
(MS) oscillations24. This need for spatial analysis during spectroscopic 
investigations is often overlooked, that is, determining which points of 
a catalytic fixed-bed reactor truly contribute to the oscillatory behav-
iour29–32. This can provide crucial information that is often missing in 
the commonly used single-point analysis.

We have now performed a temporally and spatially resolved 
study of Rh/γ-Al2O3 that combines X-ray absorption spectroscopy, 
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 
and end-pipe MS, and observed oscillatory behaviour in each of the 
analytical methods. This study identifies a series of localized ther-
mal levering events that are the source of the oscillatory behaviour 
of rhodium-catalysed CO oxidation: the localized heat generated 
by CO oxidation is sufficient to promote the Boudouard reaction 
(2CO → C + CO2)33–35 and the oscillations are the result of successive 
burn-off cycles of accumulated carbon.

Results
Operando X-ray absorption fine structure/DRIFTS 
investigations
A sample of 4 wt% Rh/γ-Al2O3 was prepared through a wetness impreg-
nation method which yielded well-dispersed rhodium particles with 
an average size of 1.9 nm as confirmed by high-angle annular dark-field 
scanning transmission electron microscopy (Supplementary Fig. 1). 
This was further supported by extended X-ray absorption fine structure 
(EXAFS) analysis of the reduced form of the catalyst (Supplementary 
Fig. 8)36. We then performed a spatially resolved, combined DRIFTS/
EDE (energy-dispersive EXAFS) investigation, in conjunction with 
end-pipe MS analysis, using our recently reported, custom-designed 
operando reactor (Supplementary Fig. 3)24. This study assessed differ-
ent axial positions during a controlled temperature ramp under CO 
oxidation conditions. At each position the catalyst was regenerated to 
the initial state by a series of reduction–oxidation–reduction cycles at 
elevated temperatures, generating a reproducible initial X-ray absorp-
tion near-edge structure (XANES) spectrum (Supplementary Fig. 8)27. 
To achieve reliable EDE data, it was crucial to avoid photon-induced 
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Fig. 1 | Evolution of Rh K edge XANES. White-line intensity at 23,238 eV during 
CO oxidation on Rh/Al2O3 as a function of time and position along the catalyst 
bed. The colour indicates the intensity of the white line at each spatial position 
(red highest, blue lowest) during the temperature ramp. Reaction conditions: 1% 
CO, 3% O2, He to balance; temperature ramp, 91–139 °C (2 °C min−1).
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of the catalyst is expected, consistent with other operando studies in 
this area24.

With respect to the DRIFTS, we observe fluctuation in the infrared 
bands associated with gas-phase CO2 and adsorbed carbonyl species, 
with the same periodicity as the features associated with the XANES 
and MS data. Considering that the spectroscopic signatures originated 
from discrete axial positions, and the MS data represented the sum-
mation of the entirety of the catalyst bed, it is curious that the phasing 
of different forms of analysis were synchronized in this way. Indeed, 
when we assessed the XANES data, as a function of position (Fig. 1), we 
observed that these oscillations were always in phase with the end-pipe 
MS data, regardless of position and do not appear to be due to a change 
of particle size as evidenced by the EXAFS (Supplementary Fig. 38 and 
Supplementary Tables 4 and 5). This suggested that there was a ‘trigger’ 
that initiated the series of events throughout the catalyst bed.

To investigate this in more detail, we assessed the relative fractions 
of CO and O2 during the experiments (Fig. 3). We also analysed the 
adsorbed carbonyl bands identified through our DRIFTS data (Sup-
plementary Fig. 27): Rh1(CO)2, 2,092 cm−1 (symmetric) and 2,020 cm−1 
(asymmetric), and Rh(CO) associated with rhodium oxidation >1 at 
2,132 cm−1. Plotting the intensity of the two Rh1(CO)2 bands as a func-
tion of time shows that the intensity increases steadily until ‘light off’, 
when it stops increasing and plateaus. When comparing the normal-
ized data for the Rh1(CO)2, Rh0

2(CO) and Rh0(CO) species it is possible 
to see that the Rh1(CO)2 species are not subject to the same oscillatory 
process that occurs on the Rh0, suggesting a lack of involvement in the 
oxidative process. This is not the case for Rh>1(CO) species, where it is 
possible to see a behaviour akin to the oscillatory features exhibited 
by the Rh0(CO) species, albeit with some difference. In particular, it 
appears that during a ‘spike’ in CO2 production, as the concentration 

0.3 1.62.1 2.8

O2

CO2

0.2 0.9

CO

Mass (%)

1,925 1,870 1,815

Wavenumber (cm–1)

a b c

2,380 2,330

3,000

3,200

3,400

3,600

3,800

Ti
m

e 
(s

)

23,235 23,240

Energy (eV)

Fig. 2 | Combined XAFS, DRIFTS and MS analysis. a, Evolution of DRIFTS 
signature in the regions that correspond to adsorbed CO2, from 2,400 to 
2,300 cm−1 (left) and CO, from 1,945 to 1,781 cm−1 (right) (red highest, blue 
lowest). b, Evolution of Rh K edge XANES from 23,233 to 23,244 eV (red highest, 

blue lowest). c, Evolution of CO2, CO and O2 concentration derived from MS 
(m/z = 44, 28 and 32, respectively) as a function of time at the catalyst bed outlet 
during the temperature ramp (axial position 6). Reaction conditions: 1% CO, 3% 
O2, He to balance; temperature ramp, 91–123 °C (2 °C min−1).
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Fig. 3 | Assessing the product/reactant ratio and its impact on catalyst 
speciation with increasing temperature. a, Ratio between instantaneous CO2 
produced and O2 consumed (top) and CO2 produced (bottom) obtained from 
MS. The grey dashed lines indicate the region in which the CO2 spike appears 
due to carbon combustion. b, Baseline-corrected DRIFTS intensity of the peak 

at 2,336 cm−1 for CO2(g), plotted versus rhodium-defective oxide percentage, 
obtained from MCR analysis of XANES, as a function of time for axial position 6 
during the CO oxidation temperature ramp. Reaction conditions: 1% CO, 3% O2, 
He to balance; temperature ramp, 91–121 °C (2 °C min−1).

http://www.nature.com/natcatal


Nature Catalysis

Article https://doi.org/10.1038/s41929-024-01181-w

of Rh0(CO) drops, the Rh>1(CO) species signal increases, simultane-
ously with the observed increase in oxidic fraction derived from MCR 
analysis of the XANES results (Fig. 3; see Supplementary Fig. 37 for the 
full MCR analysis). However, the lack of a decrease in the amount of 
Rh>1(CO) species upon catalyst reduction suggests that these species 
are not involved in the reaction process, and they increase only due to 
the steady increase in the oxidation state of rhodium.

Assessing the ratio between CO2 produced and O2 consumed 
allowed us to investigate parallel reactions. For CO oxidation, whether 
the CO2 derives from adsorbed/sequestered CO or from gas-phase CO, 
the CO2 produced/O2 consumed ratio is equal to 2 based on the reac-
tion stoichiometry. However, the ratio observed fluctuated between 
~1.2 and 3, with the same periodicity as observed for the bursts of CO2 
production. This indicated that additional reactions were involved. 
Considering our reactants (CO2 and O2), the only plausible process 
that can generate CO2, and require less O2 than direct CO oxidation 
(equation (1)), is the Boudouard reaction, which produces CO2 without 
consuming any oxygen. A combination of CO oxidation and Boudouard 
reaction (equation (2)) would result in a CO2 produced/O2 consumed 
ratio >2 and is also consistent with the reaction stoichiometry prior to 
‘light-off’. The other associated product of the Boudouard reaction is 
carbon. When we assessed the points of maximum CO2 production, the 
ratio of CO2 produced/O2 consumed dropped to a minimum value (<2). 
This indicated that more O2 was being consumed to produce CO2 than is 
required by direct CO oxidation and is consistent with the combustion 
of carbon to produce CO2 (equation (3)).

2CO +O2 → 2CO2 CO2 produced∶O2 consumed = 2 (1)

2CO → CO2 + C CO2 produced∶O2 consumed = ∞ (2)

C +O2 → CO2 CO2 produced∶O2 consumed = 1 (3)

The observed CO2 produced/O2 consumed ratio of between 1 and 2  
is consistent with a mixture of carbon combustion and direct CO oxi-
dation. Coupling these events together, we propose: (1) that prior 
to ‘light off’ there is a mixture of CO oxidation and the Boudouard 
reaction that deposits carbon, (2) at a certain point the combustion 

of carbon is initiated, which triggers an associated exotherm (which 
travels throughout the catalyst bed as seen in Fig. 1) and burns off any 
laid-down carbon, and (3) this process then repeats itself. An alterna-
tive mechanism could involve abstracting oxygen from rhodium oxide 
clusters to produce CO2 without consuming any oxygen. However, 
this would require consumption of the surface oxygen and would be 
associated with a concomitant decrease in rhodium oxide. When we 
assessed the CO band associated with Rh>1 (Supplementary Fig. 27), 
we observed that rather than decreasing the band remained constant 
during these temporal regions. regions. Moreover, Gustafsson and 
co-workers have established metallic rhodium to be the active surface 
for this reaction41. This allowed us to discount this alternative series of 
events. Our initial hypothesis is further confirmed by the speciation 
of carbon using X-ray photoelectron spectroscopy (Supplementary 
Figs. 28 and 29) which shows a >2-fold increase in the amount of CC/CH 
species with a spent catalyst compared with its fresh state. As no carbon 
species other than CO in the feed are present, this increase can only be 
explained by a deposition of carbon, be it amorphous or graphitic, on 
the surface of the catalyst as a consequence of the Boudouard reaction. 
More importantly, a sudden drop in performance is not consistent with 
solely CO oxidation; the reaction is heavily exothermic and one would 
anticipate a conventional light-off behaviour. Indeed, the linked behav-
iour of these thermally levered reactions should manifest themselves 
by a reduction of oscillatory behaviour when the catalyst is diluted. We 
observed that the intensity of the oscillations was negligible compared 
to the pure catalyst when diluting the catalyst in SiC (dilutions of 1:10 
and 1:20 Rh/Al2O3:SiC; Supplementary Figs. 41 and 42).

We assessed the possibility of rhodium carbide formation34, as 
previously suggested during CO oxidation on rhodium, by compar-
ing the structure of a recently reported Rh2C (ref. 42) with the XANES 
results (Supplementary Fig. 30). However, the data could not sup-
port the formation of this species. Prins and Koningsberger assessed 
Rh/γ-Al2O3 catalysts during the Boudouard reaction and proposed that 
aspects of the EXAFS data could be consistent with the presence of a 
rhodium-carbide-like structure34. However, the authors also report 
notable complexity with the EXAFS data and that exact confirma-
tion on the nature of rhodium species was hard to extract. Elsewhere 
within catalysis research, there are an increasing number of papers that 
report the presence of carbide structures that form during catalysis 
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(for example, for palladium on exposure to acetylene, ethene43, and 
during furfural hydrogenation44). Considering the growing awareness 
of the role of carbides in catalysis and that the Boudouard reaction 
generates elemental carbon, we decided to explore this in more detail. 
Recently, methods have been established for the facile synthesis of 
transition-metal carbides including Rh2C (ref. 42). Using the Rh2C from 
this published work we acquired XAFS data to compare to our data col-
lected under reaction conditions (Supplementary Fig. 30). Using both 
a visual comparison and multivariate curve resolution approaches we 
could not identify or abstract any carbide-like components from the 
XANES data; indeed, there are major differences between the XANES 
of the Rh2C spectra and that acquired during our time-resolved stud-
ies. Based on these observations, there was nothing within this study 
to suggest that rhodium carbide was formed during catalysis or was 
responsible for any of the oscillatory behaviour.

At the end of the temperature ramp, we continued to collect data 
under isothermal conditions (Fig. 4). Interestingly, we still observed 
periodic fluctuations in the CO2 production (and associated CO2 pro-
duced/O2 consumed ratio). However, the lifetime of these events was 
markedly reduced and now appeared as sharper spikes in the data. 
Throughout the broad oscillations found during the temperature 
ramp, we identified periodic fluctuations in the intensity of adsorbed 
carbonyl (both bridged and linear) bands and the XANES features asso-
ciated with oxidic/metallic rhodium. Interestingly, under isothermal 
conditions, the MS-recorded spikes observed in the CO2 concentration 
only manifested themselves in the data for rhodium adsorbed linear 
carbonyl, that is, the bridge-bonded carbonyl did not display any signal 
periodicity. We propose that this observation may be indicative of a 
site specificity for the deposition—and subsequent combustion—of 
the carbon associated with the Boudouard reaction

DFT calculations
To further explore the contribution of the Boudouard reaction, we 
assessed the reaction of CO over our Rh/Al2O3 catalyst in the absence 
of oxygen. We found that the Boudouard reaction was initiated at a 
temperature of 600 °C (Supplementary Fig. 31). If higher macroscopic 
temperatures are required to promote the Boudouard reaction over 
this catalyst, what promoted the reaction during our CO oxidation 
study? Our work on non-thermal plasma-assisted catalysis has previ-
ously established that the temperatures experienced, at the level of the 
particle, can be in excess of the macroscopic temperature—for example, 
an exothermic reaction generates localized heat at a NP surface that 

is subsequently dissipated to the macroscopic environment45. In this 
study, we propose that the exothermicity of CO oxidation is sufficient 
to drive the Boudouard reaction at lower macroscopic temperatures. 
To evaluate this result, we performed a series of DFT calculations (using 
periodic boundary conditions techniques implemented in the VASP 
code46–48) of the reaction path of both direct CO oxidation and alter-
nating pathways of the Boudouard reaction (Supplementary Fig. 32). 
All energies reported here refer to values obtained in combination 
with the Perdew–Burke–Ernzerhof49 exchange functional, although 
major trends were replicated with the metaGGA (SCAN) functional50. 
The ambient-phase face-centred cubic structure of rhodium was fully 
optimized51 before this structure could be cut along its low-index planes 
using the METADISE code52,53. Each slab was constructed by doubling 
the primitive cell in each Cartesian direction to produce slabs with four 
atomic layers in the z direction. Reactivity appeared to be greatest on 
the (011) and (111) surfaces with carbon oxidation to CO proceeding with 
a barrier of <1.5 eV. For comparison, the rate-limiting barriers for the 
Boudouard reaction mechanism was judged to be consistently >2.5 eV, 
which would be inaccessible under reaction conditions of less than 
600 K. Using standard thermodynamic tables54 it is established that 
the maximum total localized energy contribution from CO oxidation 
is approximately −2.9 eV at 300 K. The liberated reaction energy from 
CO oxidation is more than sufficient to overcome the high Boudouard 
barrier and is an agreement with our postulated series of events. The 
full reaction landscapes of the alternating Boudouard reaction and 
carbon combustion was subsequently constructed from these ener-
gies (Fig. 5), with these results confirming the very exothermic nature 
of these processes.

Discussion
Spontaneous kinetic oscillations during heterogeneous catalysis have 
garnered considerable attention over several decades20,24,55. Model 
studies on palladium24 and platinum25 catalysts for CO oxidation have 
identified the role of structural bistability, where the catalyst fluctuates 
between different active states. In this study, we propose that thermal 
levering of connected reactions drives this behaviour. Specifically, 
through both experimental and theoretical studies we confirm that 
exothermic CO oxidation facilitates the Boudouard reaction, which 
lays down elemental carbon that is periodically exhausted to create the 
oscillations in CO2 output. Our spatially resolved combined DRIFTS/EDE 
spectroscopic study was able to identify changes in rhodium specia-
tion throughout the oscillatory phenomena. These investigations both 
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confirm that the fractions of Rh0 and Rh>1+ fluctuate throughout the 
oscillatory behaviour, with rhodium becoming progressively oxidized 
throughout the temperature profile. The inherent kinetic performance 
of these phases towards CO oxidation cannot explain the end-pipe 
MS data. The alterations in outlet composition confirm that multiple 
reactions are taking place; to achieve a CO2 produced:O2 consumed 
ratio >2 requires a different process to CO oxidation, regardless of 
whether the CO is adsorbed on the catalyst surface or from the gas 
phase. Considering the reactants, the only plausible explanation is a 
combination of CO oxidation and the Boudouard reaction. More impor-
tantly, a sudden drop in performance is not consistent with solely CO 
oxidation; the reaction is heavily exothermic and one would anticipate 
a conventional light-off behaviour.

Moreover, we see at higher macroscopic temperatures and lower 
CO coverage that the reaction still proceeds. These observations point 
to an exhaustible supply of carbon that is responsible for the bursts in 
CO2 production, which were subsequently confirmed by ex situ XPS 
analysis. This is also consistent with previous operando analysis that 
suggested deposited carbon was responsible for spikes in CO2 produc-
tion in the headspace of a conventional DRIFTS set-up.

These results are also consistent with emerging work elsewhere 
within the field of heterogeneous catalysis. Our work on non-thermal 
plasma-assisted catalysis has demonstrated that the temperature 
achieved at the level of the nanoparticle can greatly exceed what is 
measured macroscopically45. Elsewhere, combining autothermal pro-
cesses within the same sites is developing into an emerging area. Recent 
work has demonstrated how ammonia decomposition (endothermic) 
can be combined with small amounts of selective ammonia oxidation 
(exothermic) to facilitate the process without any external temperature 
stimulus56. These approaches offer unique ways to develop the catalytic 
processes that are required for future technologies.

Methods
Sample preparation
Synthesis of Rh/γ-Al2O3 was performed according to a method simi-
lar to that described by Kroner et al.57 γ-Al2O3 (4.80 g, 47 mmol) was 
suspended in water (150 ml) and stirred at 350 rpm for 5 min. To the 
resulting cloudy white solution, RhCl3·xH2O (0.535 g, 2.56 mmol) was 
added as it was stirred, which resulted in a cloudy red solution which 
was left to stir for 30 min. Sample was filtered and left to dry overnight 
in air, to afford a light red solid (4.80 g) which was calcined under 20% 
O2/He for 6 h at 400 °C then reduced under pure H2 at 300 °C for 5 h 
which formed a black solid of Rh/γ-Al2O3.

Combined operando EDE/DRIFTS/MS measurements
In situ XAFS measurements were obtained at I20-EDE, the 
energy-dispersive beamline of the Diamond Light Source (UK). Dispersive 
XAFS at the Rh K-edge (24,358 eV) were collected in transmission mode 
using a Si(3 1 1) polychromator and a FReLoN charge-coupled device 
camera as the X-ray detector. The dispersive X-ray beam was focssed at 
the sample to a spot size of 0.5 mm horizontally and 0.15 mm vertically.

The wiggler was opened from 18.5 mm (1.3 T) to 27 mm (0.86 T) 
which reduced the incident flux by two-thirds (to 34.66% of the maxi-
mum flux possible). We then used 25 μm molybdenum, 10 μm lead and 
4.8 mm carbon filters. These attenuators reduce the beam to 9.7% of the 
incident flux, that is, a factor of 10 reduction. The reaction cell used for 
synchronous, spatially resolved EDE and DRIFTS measurements was 
designed at the UK Catalysis Hub. The reaction cell was constructed 
from pure grade aluminium with a square cross-sectional channel, 
measuring 5 mm × 5 mm, to contain the catalyst sample. The aluminium 
walls on two sides of the reactor were thinned to 250 μm by drilling a 
50 mm length trench along the sample channel for transmission of 
X-rays through the cell and sample. A rectangular 52 mm × 7 mm CaF2 
window was fitted to the top face of the reactor for infrared transmis-
sion to and from the catalyst surface. Gas lines were fitted to both ends 

of the cell with Swagelok fittings and a K-type Inconel thermocouple 
was inserted through one end of the reactor to measure the tempera-
ture of the catalyst sample. The tip of the thermocouple was positioned 
at the end of the reactor nearest the reactor outlet and so measured 
the local temperature at the end position of the catalyst bed. A heating 
plate was positioned beneath the reactor, and controlled by an external 
thermocouple. An Agilent Carey 680 FTIR spectrometer was positioned 
in the experimental hutch and used a DaVinci arm accessory fitted 
with praying mantis optics to refocus the infrared beam to the catalyst 
surface within the DRIFTS/EDE cell. MS data of the reactor exhaust 
were collected using an EcoCat mass spectrometer. First, 400 mg of 
the 4% Rh/γ-Al2O3 catalyst and 200 mg of bare γ-Al2O3 were sieved to 
a pellet fraction of 250–355 μm and loaded separately into the reactor 
so that the γ-Al2O3 sat upstream of the catalyst, and was held in place 
by quartz wool. The bare γ-Al2O3 was used as a reference to account 
for the absorption and scattering of the polychromatic X-ray beam 
by the support material, and as the background for DRIFTS spectra. 
The Rh/γ-Al2O3 catalyst bed extended a length of 18 mm and DRIFTS/
EDE measurements were collected at six different spatial positions 
along its length. The catalyst was pretreated with a sequence of 4%H2/
Ar, 20% O2/Ar, 4% H2/Ar at 150 °C, then cooled to room temperature in 
argon to reduce and clean the catalyst prior to each run. The reactant 
gas feed (1%CO/3%O2/Ar) was introduced into the sample at a total flow 
rate of 50 ml min−1 and allowed to reach steady state before ramping 
the temperature at 2 °C min−1 to 150 °C, collecting EDE, DRIFTS and 
MS measurements continuously. Each EDE spectrum was acquired 
in 6.5 ms to collect information of the XANES region and used 200 
accumulations for EXAFS analysis. DRIFTS spectra were collected 
with 32 accumulations per spectrum, giving a time resolution of 13.2 s 
per spectrum and using a background collected from the bare γ-Al2O3 
surface, in the reactant (CO/O2/Ar) gas feed. The MS signal was normal-
ized relative to the argon signal (m/z = 20) to account for any detector 
variation. The CO signal (m/z = 28) was corrected for contributions 
from CO2 fragmentation by subtracting 10% of the value of m/z = 44.

XAFS data analysis
XAFS data normalization was performed using DAWN software58. The 
XANES linear combination fit was performed on Athena software59 
using Rh0 and Rh2O3 references. EXAFS was analysed using Artemis 
software59,60. The FEFF6 code was used to construct theoretical EXAFS 
signals that included single-scattering contributions from atomic shells 
through the nearest neighbours, using rhodium as scatterer. The fit 
was performed using a k range between 3 and 11.5 Å–1 and an R range 
between 2.2 and 3 Å. The amplitude reduction factor (S20) was fixed at 
0.69, and the thermal disorder factor (σ2) was fixed at 0.003 as obtained 
from fitting the bulk rhodium foil reference.

XPS data acquisition
XPS data were acquired using a Kratos Axis SUPRA with monochro-
mated Al Kα (1,486.69 eV) X-rays at 15 mA emission and 12 kV (180 W) 
and a spot size/analysis area of 700 × 300 μm. The instrument was 
calibrated to gold metal Au 4f (83.95 eV) and dispersion adjusted to 
give a binding energy of 932.6 eV for the Cu 2p3/2 line of metallic cop-
per. The Ag 3d5/2 line full width at half maximum at 10 eV pass energy 
was 0.544 eV. The source resolution for monochromatic Al Kα X-rays 
is ~0.3 eV. The instrument resolution was determined to be 0.29 eV at 
10 eV pass energy using the Fermi edge of the valence band for metallic 
silver. Resolution with the charge compensation system implemented 
was <1.33 eV full width at half maximum on polytetrafluoroethylene. 
High-resolution spectra were obtained using a pass energy of 20 eV, a 
step size of 0.1 eV and a sweep time of 60 s, resulting in a line width of 
0.696 eV for Au 4f7/2. Survey spectra were obtained using a pass energy of 
160 eV. Charge neutralization was achieved using an electron flood gun 
with filament current of 0.38 A, a charge balance of 2 V and a filament 
bias of 4.2 V. Successful neutralization was judged by analysing the C 
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1s region wherein a sharp peak with no lower binding energy structure 
was obtained. Spectra were charge corrected to the main line of the C 
1s spectrum set to 284.8 eV. All data were recorded at a base pressure 
of <9 × 10−9 torr and a room temperature of 294 K. Data were analysed 
using CasaXPS v.2.3.19PR1.0. Peaks were fit with a Shirley background 
prior to component analysis. Peaks were fit using an LA(1.53,243) line-
shape. Air-free sample transfer to the Kratos XPS spectrometer was 
achieved as follows: the reaction was performed ex situ using the same 
experimental conditions as utilized during the operando experiment. 
The reactor was sealed using Swagelok gas taps and transported to the 
Kratos front loading glovebox, which had previously been filled with N2.

Computational calculations
All calculations were performed with the Vienna Ab initio Simula-
tion package46–48, which was used to test several types of generalized 
gradient approximation functionals within the framework of peri-
odic density functional theory. Results obtained using the standard 
version of the Perdew–Burke–Ernzerhof50 exchange functional were 
supplemented by the metaGGA (SCAN)49. Plane-wave basis sets were 
applied to the valence electrons, whereas the core electrons were 
described by the projected augmented wave method developed by 
Blöchl61. Additionally, long-range interactions were modelled using 
the Grimme dispersion D3 method62,63. Monkhorst–Pack grids were 
used to add K points of 5 × 5 × 5 to the bulk calculations and meshes 
of 5 × 5 × 1 for the surface calculations. All energies converged within 
a cut-off of 520 eV, although different cut-off values and numbers of K 
points were also tested (Supplementary Information). The threshold 
for the ionic relaxation was set at 0.01 eV Å−1. The electronic threshold 
for the self-consistency cycles was set to 10−5 eV.

Once all the different surfaces were fully relaxed, it was possible 
to assess surface energies (σ) and work functions (Φ). Surface energies 
for the unrelaxed surfaces (σu) were calculated using equation (4).  
A denotes the area of each surface with Eslab indicating the total energy 
of the unrelaxed slab and n standing for the number of bulk unit cells 
used to form the slab volume. The factor of 2 in the denominators is 
necessary because two surfaces are formed for each system.

σu = Eslab − nEbulk
2A (4)

σr = Erelax − nEbulk
A − σu (5)

When only half the slab is relaxed, the relaxed surface energy (σ r) must 
be determined as shown in equation (5); here the area of only one sur-
face is included in the denominator and this energy is subtracted from 
that of the unrelaxed surfaces.

Data availability
The data that support the findings of this study are available from the Uni-
versity of Southampton repository with the identifier https://doi.org/ 
10.5258/SOTON/D3028.
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