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Selectively monitoring the operando 
temperature of active metal nanoparticles 
during catalytic reactions by X-ray 
absorption nanothermometry
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Anthony Beauvois    4, Jolien Dendooven    1, Maarten B. J. Roeffaers    2, 
Vladimir Galvita    3 & Christophe Detavernier    1 

Heat involved in catalytic reactions can influence the local temperature and 
performance of the active site, potentially causing catalyst degradation 
and runaway scenarios. Yet, broadly applicable thermometry methods to 
selectively probe the temperature of the catalytically active phase—where 
reactions take place—are generally lacking. Here we explore extended 
X-ray absorption fine-structure thermometry to monitor the operando 
temperature of active Ni nanoparticles, fully deconvoluted from their 
metal-oxide support. During dry reforming of methane, the reaction’s 
endothermicity causes Ni nanoparticles to become local heat sinks with 
their temperature deviating 90 °C from the reactor temperature. By 
thermometry at the single nanoparticle level, we chart the energy balance 
of nanoparticles and relate their temperature to reaction kinetics. Covering 
the full temperature range relevant to catalysis, this broadly applicable 
method enables temperature monitoring of individual catalyst components 
separately. Applying extended X-ray absorption fine-structure thermometry 
to existing datasets worldwide can generate enhanced understanding on 
reaction-induced temperature phenomena in heterogeneous catalysis.

Temperature is a key parameter influencing the kinetics and thermo-
dynamics of chemical reactions and, hence, governs the performance of 
a catalyst1–4. However, in the past century, the main research focus has 
been on charting the structure of catalysts, preferably under in situ or 
operando conditions, to construct structure–performance relations5–20. 
By contrast, monitoring the catalyst temperature has generally been 
disregarded due to characterization challenges and is assumed con-
stant to the temperature of the reactor unit as a whole. Nevertheless, 
chemical reactions commonly exhibit exothermic or endothermic 

characteristics, resulting in the release or uptake of heat at the active 
surface of the catalyst. This results in local temperature changes of the 
active phase21, which may deviate from the reactor temperature as a 
whole, and alters the local performance accordingly. Consequently, 
there is a stringent need to lift this often-forgotten temperature dimen-
sion in catalyst investigations to revisit how catalysts work.

Only a handful of characterization tools have been explored to 
directly probe the catalyst temperature, most recently via light22,23 
rather than thermocouples. For example, infrared (IR) thermometry24–26 
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associated thermal disorder in the nanoparticle lattice. The atomic 
disorder causes damping of the EXAFS signal, which is here instrumen-
talized to selectively extract the temperature of active Ni nanoparticles, 
fully deconvoluted from the passive support. We further demonstrate 
that this method is applicable in the full temperature range relevant to 
catalysis (<800 °C) and showcase that detailed temperature profiles 
can be extracted even at temperatures as high as 750 °C—where other 
thermometry methods are more prone to failure. During DRM, we 
observe a transient temperature decay of 90 °C on a 2 h timescale, 
significantly deviating from the set reactor temperature. In addition, 
for the exothermic CO2 methanation reaction, a mild temperature 
rise is observed in active Ni nanoparticles. By accurate temperature 
bookkeeping at the nanoparticle level, we can chart the energy balance 
of nanoparticles and relate their temperature changes to catalytic 
reaction kinetics.

Results
EXAFS–temperature relation
The temperature of a nanoparticle results from its thermal energy, 
which introduces vibrations and structural disorder at the atomic 
scale. When evolving from low to high temperatures, the atomic lattice 
becomes more disordered (Fig. 2a). This results in a more irregular coor-
dination sphere (Fig. 2a, gold atoms) around the central atom (Fig. 2a, 
purple atom), yielding a bond length distribution around the central 
atom with decreased height and larger width (Fig. 2b). EXAFS heavily 
depends on this bond length distribution and, hence, on the lattice 
temperature. By inverting this reasoning, the temperature depend-
ency of EXAFS can be instrumentalized to extract the temperature of 
nanoparticles during catalysis.

To achieve this, first, an EXAFS–temperature relation needs to 
be established. Therefore, in situ quick X-ray absorption spectro-
scopy (QXAS) is acquired on a prereduced bulk Ni powder during H2 
temperature-programmed reduction (TPR) at the Ni K-edge while 
recording temperature (ROCK beamline, SOLEIL synchrotron40;  
Methods). The Ni temperature is assumed equal to the thermocouple 
temperature (Supplementary Note 1). The H2–He flow during TPR assures  
that prereduced metallic Ni remains unmodified while acquiring EXAFS 
at various temperatures.

During TPR, the k2-weighted EXAFS signals k2χ(k) recorded from 
60 °C (Fig. 2d, blue) to 150 °C (Fig. 2d, red) show a gradual damping  
of the EXAFS oscillations with increasing temperature, especially at 
high k values. This is caused by the Debye–Waller disorder factor σ2, 
which dampens the EXAFS oscillations by a factor of e−k2σ2 (ref. 41). The 
Debye–Waller factor scales to the width of the bond length distribution 
of the X-ray absorber–scatterer pairs (Fig. 2b). Hence, when the tem-
perature of a material rises, the level of structural disorder goes up, 

has been applied to chart the catalyst temperature across a catalytic bed,  
showing that the catalyst temperature can deviate hundreds of degrees 
from the set temperature of the reactor. Recently, Weckhuysen and 
collaborators27–31 pioneered luminescence thermometry by incorpo-
rating luminescent sensors in the catalyst architecture, which function 
as internal temperature read out reporters. It was demonstrated that 
temperature fluctuations occur in the catalyst when changing the 
gas feed composition28,31. This further underpins the importance of 
operando monitoring the local catalyst temperate and the need for 
advanced thermometry tools.

While already an impressive advancement, current state-of-the-art 
thermometry methods lack the ability to selectively monitor the tem-
perature of the catalytically active phase, where the most extreme 
temperature perturbations are expected. In the case of many supported 
nanoparticle catalysts, the nanoparticles constitute the active phase 
responsible for catalytic reaction, while the support can remain a pas-
sive spectator (Fig. 1a). Importantly, nanoparticles typically represent 
only a small fraction of the total catalyst mass32 (1–5%), whereas IR and 
luminescence thermometry monitor the temperature of the catalyst 
as a whole. Consequently, these methods predominantly probe the 
temperature of the passive support while staying virtually blind to the 
active nanoparticles that can form local hotspots or heat sinks during 
catalytic reaction (Fig. 1b).

Selectively probing the temperature of individual catalyst phases 
has been proven possible by monitoring their temperature-dependent 
magnetic properties. For example, 27Al nuclear magnetic resonance33 
has been applied to monitor the support temperature of Pd/γ-Al2O3 
catalysts, while the Ni crystallite temperature of Ni/SiO2 could be 
extracted via their superparamagnetic34 properties. However, these 
methods are applicable to only a very small subset of relevant catalytic 
systems and, hence, not generally exploitable, while also challenging 
to implement. A technique that is widely applicable and non-invasive 
and displays marked selectivity to the phase of interest is extended 
X-ray absorption fine-structure (EXAFS) thermometry35. Although 
still largely unexplored, this method has demonstrated abilities to 
probe the temperature of laser, microwave or inductively heated nano-
particles, for example, in nanomedicine for cancer treatment36–39. Thus 
far, EXAFS thermometry has not been applied in thermal catalysis to 
probe the operando temperature changes of nanoparticles induced 
by reaction heat effects.

Here, we analyse the possible application of operando EXAFS 
thermometry to monitor the dynamic temperature evolution of active 
Ni nanoparticles during catalytic CO2 conversion reactions, namely the 
dry reforming of methane (DRM) and reverse water gas shift (RWGS) 
reactions. During endothermic reaction, heat uptake from the Ni 
nanoparticles causes a decrease in nanoparticle temperature and the 
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Fig. 1 | Schematic illustration of the concept of this study. a, A nanocatalyst 
consisting of active nanoparticles (gold) anchored on a passive support (grey). 
The nanoparticles facilitate reaction at their surface (black frame), for example, 
endothermic DRM (CO2 + CH4 = 2CO + 2H2), leading to heat uptake from the 
nanoparticle proportional to the enthalpy of reaction (ΔH). b, State-of-the-art 
operando thermometry methods to probe reaction-induced temperature 

changes in heterogeneous catalysts. The blue shaded areas illustrate the 
catalyst components for which the methods are temperature sensitive: support 
and active nanoparticles for IR thermometry, luminescent nanoparticles 
for luminescence thermometry and active nanoparticles only for EXAFS 
thermometry.
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leading to a broader bond length distribution and an increased Debye–
Waller factor, thus damping the EXAFS signal. More quantitatively, at 
higher temperatures, the Debye and Einstein models describe that 
σ2(T) follows a quasi-linear relation with the temperature T (Fig. 2c)42.

Damping of the k2χ(k) EXAFS signal translates in a global decrease 
of the R-space EXAFS signal, being the magnitude of the Fourier- 
transformed (FT) EXAFS signal (|FT[k2χ(k)]| = |χ(R)|; Fig. 2e). The FT 
EXAFS signal relates to the radial distribution function around the 
X-ray absorber, in this case Ni, plotted as a function of the interatomic 
distance R.

The EXAFS–temperature correlation is now extracted by plotting 
ln(|χ(R)|max) versus the Ni temperature (Fig. 2f), where |χ(R)|max is the 
maximal magnitude of the first Ni coordination shell in the FT EXAFS 
signal (Rmax ≈ 2 Å; Fig. 2e). ln(|χ(R)|max) is a negative linear function of 
the Ni temperature, with low scatter (R2 = 0.9976).

To demonstrate the generality of the approach, the same  
methodology is adopted in a high-temperature range relevant to  
catalysis, that is 625–800 °C (Fig. 2g–i). The linear relationship between 
ln(|χ(R)|max) and the Ni temperature again demonstrates excellent 
agreement (R2 = 0.9985). This underscores that the Ni temperature can 
be accurately extracted from the EXAFS–temperature relation over a 

relatively wide temperature range (60–800 °C; Supplementary Fig. 1), 
relevant to thermal catalytic processes. The 95% confidence interval  
for the temperature is calculated in the low- and high-temperature 
range and respectively corresponds to 2.7 °C and 4.0 °C (Supple-
mentary Fig. 2). Notably, this confidence interval could vary for  
catalysts with different composition (Supplementary Note 2).

EXAFS thermometry during CO2 conversion to extract kinetics
By instrumentalizing the EXAFS–temperature relation (Fig. 2f,i), 
thermometry can now be applied to monitor the temperature of 
active nanoparticles during catalytic reaction. Therefore, a quartz 
capillary tube containing a catalyst bed with MgAl2O4-supported 
Ni nanoparticles (6.2 ± 2.2 nm; Supplementary Fig. 3) is positioned  
in an oven for homogeneous heat distribution (Fig. 3a). A thermo-
couple used for temperature control of the oven is positioned close 
to the end of the catalyst bed, within the quartz wool plug confining 
the bed. Operando QXAS is performed, yielding Ni K-edge spectra with 
5 s time resolution. Two catalytic CO2 conversion processes are run 
at a setpoint temperature of 750 °C, each time using an identical Ni/
MgAl2O4 catalyst (Fig. 3b and Methods): DRM (CO2 + CH4 = 2CO + 2H2), 
where the CO2:CH4 ratio is cycled between 2:1 and 1:1 in a period of 
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Fig. 2 | Establishing a relation between EXAFS and temperature. a, A schematic 
representation of the atomic structure in the core of a Ni nanoparticle at low 
temperature (blue frame) and high temperature (red frame), here showcased 
for a Ni(111) plane. The black circle indicates the average position of the Ni atoms 
in the first coordination shell (gold) around the central Ni atom (purple), the 
latter being the X-ray absorber during EXAFS. b, The radial distribution function 
at low (blue) and high (red) temperature around the central atom, plotted as a 
probability versus the radial distance from the central atom. The width of the 
distribution is indicated by the dashed line. c, The relationship between the 
Debye–Waller disorder factor σ2 and the material temperature, showing a  

quasi-linear dependency at higher temperatures. d–i, EXAFS–temperature 
calibration workflow in the low-temperature range (60–150 °C) (d–f) and high-
temperature range (625–800 °C) (g–i), with k2-weighted EXAFS signals (k2χ(k)) 
measured at the Ni K-edge during H2 TPR (d and g). The magnitude of the FT 
k2-weighted EXAFS signal (|FT[k2χ(k)]| = |χ(R)|) (e and h) and the resulting linear 
relationship between ln(|χ(R)|max) and the Ni temperature (f and i) are shown. In 
d–i, the colour code ranges from blue to red, corresponding to the lowest and 
highest temperature probed within the range. For example, blue is 60 °C (d–f) 
and 625 °C (g–i), and red is 150 °C (d–f) and 800 °C (g–i). The black lines (f and i) 
are linear fits through the data.
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4 min, and the RWGS (CO2 + H2 = CO + H2O), where the CO2:H2 ratio 
is cycled between 1:1 and 0:1 in a period of 4 min. Both catalysts are 
operated under low-conversion conditions (<10%) and approach 100% 
CO selectivity. Before reaction cycling, the Ni catalyst is reduced by H2 
TPR to 800 °C. The gas outlet is connected to a mass spectrometer for 
product analysis.

For the DRM reaction, the time-resolved X-ray absorption 
near-edge structure (XANES) and FT EXAFS spectra are plotted in Fig. 3c 
and Fig. 3d, respectively, with colours evolving from red to blue over 
time (0–120 min). XANES spectra remain constant and show that the 
Ni nanoparticles do not undergo phase changes (for example, oxida-
tion), which would make EXAFS thermometry more challenging. The 
FT EXAFS time series displays a gradual increase in the amplitude of 
the first Ni coordination shell with time-on-stream, pointing towards 
a decrease of the Debye–Waller factor and, hence, a decreasing Ni 
nanoparticle temperature.

Three aspects certify that the FT EXAFS amplitude increase is 
caused by temperature-induced Debye–Waller factor changes and does 
not originate from coordination number changes, which could also 
induce FT EXAFS amplitude changes (Supplementary Note 3): (1) the 
fitted Ni–Ni coordination number of the FT EXAFS signal before, during 
and after reaction does not change (Supplementary Fig. 4, Supplemen-
tary Tables 1 and 2 and Supplementary Note 4), (2) transmission elec-
tron microscopy analysis before and after reaction shows identical Ni 
nanoparticle size distributions (hence, no size changes; Supplementary 

Fig. 3) and (3) no Ni surface oxidation or reduction processes underlie 
the FT EXAFS amplitude changes (Supplementary Note 5).

Quantitatively mapping the Ni nanoparticle temperature versus 
the time-on-stream during DRM shows a drastic temperature decrease 
of the Ni nanoparticles by 90 °C offset to the setpoint temperature of 
the process over a period of 120 min (Fig. 3e, (1)). In addition, an oscil-
latory fine structure is superimposed upon the temperature decay, 
caused by the CO2:CH4 ratio cycling (vide infra). Surprisingly, however, 
the Ni nanoparticle temperature during the RWGS reaction does not 
show a decrease over time-on-stream, as corroborated by the constant 
XANES and stable FT EXAFS (Fig. 3f,g,e, (2)).

These findings can be understood by linking these Ni nanoparticle 
temperature profiles to the DRM and RWGS reaction kinetics. Both 
DRM (ΔH0 = 250 kJ mol−1) and RWGS (ΔH0 = 42 kJ mol−1) are endothermic 
processes43, implying that heat is absorbed from the Ni nanoparticles 
to execute the reaction. The total energy consumption during catalytic 
reaction equals the reaction enthalpy multiplied by the reaction rate. 
Hence, a combination of a highly endothermic reaction and a high  
activity clarifies the strong temperature decrease of Ni nanoparticles 
during DRM. For the RWGS reaction, the reaction enthalpy is one-fifth 
of the reaction enthalpy of DRM, but still well beyond 0 kJ mol−1 and, 
hence, endothermic. A decrease of the Ni nanoparticle temperature 
would therefore be expected for high RWGS activities, which is not 
observed. Consequently, a relatively low activity can be held respon-
sible for the stable Ni nanoparticle temperature during the RWGS 
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Fig. 3 | Operando EXAFS thermometry to extract the Ni nanoparticle 
temperature during the DRM and RWGS reactions. a, The experimental setup 
to record synchrotron-based, time-resolved Ni K-edge QXAS. A quartz capillary 
filled with Ni/MgAl2O4 catalyst powder is inserted in an oven with a thermocouple 
positioned downstream of the catalyst bed. I0 and IT represent the incoming and 
transmitted X-ray intensity, respectively. b, Gas flow sequences for the DRM 
and RWGS reactions at a setpoint temperature of 750 °C, both preceded by a 
H2 prereduction treatment to reduce the Ni catalyst. For both reactions, gas 
cycling is applied where the CO2:CH4 and CO2:H2 ratio are varied. CO2, CH4 and 

H2 are labelled in brown, orange and black, respectively. c,d, XANES (c) and FT 
EXAFS (d) spectral series during the DRM reaction, with the colour scale varying 
from red to blue over time (0–120 min). e, The Ni nanoparticle temperature, 
extracted via EXAFS thermometry, for both DRM (label 1, red-to-blue coloured 
line) and RWGS (label 2, green line) reactions. The dashed line indicates the start 
of the reaction. f,g, XANES (f) and FT EXAFS (g) spectral series during the RWGS 
reaction, with green colour scale over time. The colour scales in c, d, f and g are 
identical to the ones in e. The dashed spectrum in c and f corresponds to a NiO 
reference.
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reaction, as also suggested by mass spectrometry (Supplementary 
Fig. 5). Differences in the gas composition between RWGS and DRM 
reaction could influence the nanoparticle temperature, but do not 
underlie the discrepancy in the temperature observations between the 
RWGS and DRM reaction in Fig. 3e (Supplementary Note 6). Therefore, 
these findings underpin that valuable information can be extracted 
indirectly on the chemical kinetics of catalysed reactions by monitor-
ing the local temperature of the active phase.

To demonstrate the applicability of EXAFS thermometry at 
intermediate temperatures, the Ni nanoparticle temperature is moni-
tored during the CO2 methanation reaction (CO2 + 4H2 = CH4 + 2H2O, 
ΔH0 = −165 kJ mol−1) at 350 °C (Supplementary Note 7, showcase I). 
The analysis shows a temperature increase of the Ni nanoparticle tem-
perature—as opposed to the DRM and RWGS reactions—resulting  
from heat release during exothermic reactions. EXAFS thermometry 
is also applied on Pt3Sn nanoparticles during RWGS reaction (Supple-
mentary Note 7, showcase II), showing the applicability of the methods 
on more complex multimetallic catalysts.

Temperature bookkeeping at the nanoparticle level
Extracting the real-time temperature of Ni nanoparticles operando 
during catalytic reaction now enables one to understand the impact  
of reaction-induced heat effects on the energy balance of active nano-
particles. The Ni nanoparticle temperature of the DRM process displays 

an oscillatory fine structure, which is superimposed on a globally decay-
ing temperature profile (Fig. 3e). To interrogate the periodicity of these 
oscillations, the Fourier transform of the Ni nanoparticle temperature 
is depicted in Fig. 4a, showing multiple signal contributions. A broad 
intensity band is present around 0 Hz, which originates from the glob-
ally decaying temperature throughout the entire process (a small ω 
implies long timescales). In addition, sharp features at ~0.004 Hz and 
~0.008 Hz originate from the periodic Ni temperature oscillations on 
the timescale of a full cycle (1/0.004 s ≈ 240 s or 4 min) and a half cycle 
(1/0.008 s ≈ 120 s or 2 min). A full cycle consists of a 2 min half cycle 
of CO2 + CH4 with CO2:CH4 ratio 2:1, followed by a 2 min half cycle of 
CO2 + CH4 with CO2:CH4 ratio 1:1. Therefore, the gas cycling frequency 
clearly correlates with the Ni nanoparticle temperature fluctuations.

The FT EXAFS magnitude versus time-on-stream of the DRM 
process indeed shows alternating hills and valleys across the |χ(R, t)| 
landscape (Fig. 4b). From this |χ(R, t)| surface, the Ni nanoparticle 
temperature is extracted (Fig. 4c) and synchronized with the mass 
spectrometry (MS) counts of the CO2 and CH4 reactants and CO and 
H2 products. The vertical lines indicate the points in time where the 
CO2:CH4 ratio is switched from 1:1 to 2:1 and back, displaying a periodi-
cally decreasing–increasing–decreasing Ni nanoparticle temperature.

After switching the CO2:CH4 ratio from 2:1 to 1:1 (Fig. 4c, label 1), the 
CO2 (CH4) concentration in the gas flow gradually decreases (increases). 
Eventually, the gas feed evolves towards an equimolar, stoichiometric 
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CO2–CH4 mixture for the DRM reaction (CO2 + CH4 = 2CO + 2H2), thus 
maximizing conversion into CO and H2. Quite the opposite, switching 
back the CO2:CH4 ratio from 1:1 to 2:1 by decreasing the CH4 flow leads 
to an excess of CO2 (Fig. 4c, label 2). This decreases the conversion 
compared with the CO2:CH4 1:1 case, as evident from the decreasing 
H2 and CO MS signals.

Due to gas mixing across the catalyst bed, the CO2–CH4 gas feed 
composition transiently evolves over time, causing non-stationary 
feed conversion into CO and H2 (Fig. 4c). Consequently, the Ni nano-
particle temperature also dynamically evolves, because it is conversion 
dependent. To rationalize the trend in the Ni nanoparticle temperature, 
the nanoparticle’s energy state can be disentangled into two transient 
regimes (labelled 1 and 2 in Fig. 4d and Fig. 4e, respectively, connecting 
Fig. 4c). In the regime depicted in Fig. 4d, the CO2:CH4 ratio evolves 
to 1:1, implying a stoichiometric gas feed that maximizes conversion. 
Given the endothermic nature of the DRM reaction, the reaction  
heat supplied by the Ni nanoparticle to execute the DRM reaction  
(blue arrows) exceeds the transfer rate to supply heat to keep the Ni 
nanoparticle temperature constant (red arrows). This causes a transient 
decrease in the Ni nanoparticle temperature. In the regime depicted  
in Fig. 4e, the CO2:CH4 ratio evolves to 2:1, implying that CH4 is present  
in substoichiometric quantities. Therefore, only half of the DRM reac-
tions can be executed compared with the regime in Fig. 4d, reducing  
the heat drain from the nanoparticle to the reaction. The heat sup-
ply rate from the environment to the nanoparticle now exceeds the  
consumption rate for reaction, thereby increasing the Ni nanoparticle 
temperature. By alternating between the CO2:CH4 ratios of 1:1 and  
2:1, the Ni nanoparticle temperature transiently evolves through  
both regimes.

The cyclically evolving CO2–CH4 gas feed composition can alter  
the thermal properties of the gas phase, thereby modulating the heat 
supply from the gas phase to the Ni nanoparticles, which might affect 
their temperature. In particular, more heat transfer to the Ni nano-
particles is expected under CO2:CH4 ratios of 1:1 compared with 2:1, 
which would lead to a temperature rise under the former conditions 
(Supplementary Note 6). However, under CO2:CH4 ratios of 1:1, the 
observations in Fig. 4c show that the Ni nanoparticle temperature 
still declines. Therefore, the more significant reaction-induced 
cooling under CO2:CH4 ratios of 1:1 (due to more DRM reaction than 
under CO2:CH4 = 2:1) still dominates the enhanced gas-induced 
heating (Fig. 4d, red arrows), leading to a net decrease in the Ni 
nanoparticle temperature. It is possible, however, that enhanced 
gas-induced heating could dampen the oscillations in the Ni nano-
particle temperature.

Discussion
The observed temperature changes of active nanoparticles have wide 
implications. First, active nanoparticles can become a local heat sink 
or hotspot during endothermic and exothermic reaction. Such tem-
perature deviations in the active phase, offset to the ideal process tem-
perature, can lead to suboptimal1,2,4 or degrading44,45 performance. 
Second, temperature deviations can induce structural modifications, 
such as nanoparticle shape46,47 or size48,49 changes, hence impacting the 
number and nature of active sites50 at the nanoparticle surface, again 
impacting performance.

Today, EXAFS thermometry faces two main limitations. First, the 
technique requires nanoparticles with constant size, because size 
changes influence the FT EXAFS peak amplitude (Supplementary Note 3).  
However, multimodal approaches can fully alleviate this limitation 
by monitoring the nanoparticle size (for example, X-ray scattering) 
simultaneously with EXAFS thermometry, and correct for nanopar-
ticle size changes. Second, EXAFS thermometry cannot probe the 
temperature of few-atom clusters or small nanoparticles, where the 
surface-to-volume ratio approaches 1. In such cases, most atoms of 
the nanoparticle reside at the surface, which can undergo structural 

changes during reaction by reactant or product binding, hence causing 
EXAFS thermometry to lose accuracy. Therefore, large phase-stable 
nanoparticles—oxides or metals—are desirable where the surface frac-
tion becomes small.

Despite these challenges, EXAFS thermometry stands out by sev-
eral advantages compared with state-of-the-art catalysis thermom-
etry methods. First, X-ray absorption spectroscopy (XAS) is element 
specific, enabling EXAFS thermometry selectively and flexibly at the 
phase of interest in a broad set of catalytic systems. This enables one to 
monitor the temperature of the catalytically active phase and the pas-
sive support separately to chart temperature discrepancies between 
different catalyst components. Second, X-rays have higher penetrative 
power through a material10 and achieve higher spatial resolution than 
visible–IR light in luminescence–IR thermometry51. This endows EXAFS 
thermometry with the potential to map temperature heterogeneities 
within catalyst bodies with nanoscale resolution in an element-selective 
way. Ultimately, temperature bookkeeping can be achieved within 
complex catalyst bodies by mapping the temperature of individual 
catalyst components to chart intraparticle heat flows. By extension, 
temperature heterogeneities on the reactor scale can be mapped under 
different conditions (dilutions, bed packing strategies and flow rates). 
Finally, EXAFS thermometry can monitor the temperature of the cata-
lyst as-is, without modification by luminescent sensors. While sophis-
ticated, these sensors might degrade under harsh reaction conditions, 
are challenging to use when coke is formed or, at worst, participate in 
reaction. Also, heat transport limitations may arise between the active 
phase and a spatially remote luminescent sensor, potentially leading 
to perturbed interpretation.

In summary, this analysis of EXAFS thermometry reveals its capa-
bility to selectively monitor the dynamic temperature variations within 
active Ni nanoparticles during catalytic CO2 conversion. This method 
demonstrates significant temperature fluctuations within the nano-
particles responsible for catalysis, indicating that reaction heat directly 
impacts the energy balance of the nanoparticles, consequently affect-
ing their temperature. In addition, by temperature bookkeeping at the 
single nanoparticle level, we demonstrate that EXAFS thermometry can 
extract information on catalytic reaction kinetics. In fact, EXAFS ther-
mometry is an a posteriori analysis approach following time-resolved 
XAS data collection. Hence, a treasure of temperature information 
resides in existing XAS datasets worldwide. Revisiting the analysis of 
these datasets—increasingly available in repositories52—might shine 
light on reaction-induced temperature phenomena in heterogeneous 
catalysts and demystify their catalytic consequences.

Methods
Catalyst synthesis
The MgAl2O4 support was synthesized through coprecipitation using an 
aqueous solution of Al(NO3)3·9H2O (ACS reagent, ≥98%, Sigma-Aldrich) 
and Mg(NO3)2·6H2O (≥99%, Sigma-Aldrich) in accordance with the 
method described by Theofanidis et al.53. NH4OH (ACS reagent, 28.0–
30.0% NH3 basis, Sigma-Aldrich) served as precipitating agent to adjust 
the pH to 10 at 60 °C. After ageing the precipitate for 24 h, it was filtered, 
dried at 120 °C for 15 h and calcined under flowing air at 800 °C for 5.5 h 
with a heating rate of 2 °C min−1.

Ni nanoparticles were deposited on MgAl2O4 (MgAl2O4; sieved 
100–150 μm fraction) via wet impregnation using an aqueous solution 
of Ni(NO3)2·6H2O (99.999%, Sigma-Aldrich) to yield 10 wt% Ni, showing 
maximal stability in the DRM activity. The catalyst was dried at 120 °C 
for 3 h and subsequently calcined in air at 800 °C (3 °C min−1) for 1 h. 
The composition of the catalyst is characterized by inductively coupled 
plasma analysis and amounts to 9.99 wt% Ni, 13.8 wt% Mg, 30.5 wt% Al 
and 45.7 wt% O. The resulting Ni/MgAl2O4 catalyst is well characterized 
in previous work54, containing additional characterization data such 
as X-ray diffraction and the Brunauer–Emmett–Teller surface area of 
the sample termed WI-10Ni/MgAl2O4.
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QXAS experiments
QXAS measurements were conducted in transmission mode at the 
ROCK beamline55 of the SOLEIL synchrotron (France). The storage ring 
operated at 2.75 GeV with a ring current of 500 mA in top-up mode. 
A Frahm monochromator56, oscillating at 2 Hz and equipped with a 
Si(111) monochromator, scanned the Ni K-edge (8,333 eV). This scan-
ning covered both XANES and EXAFS regions in a single scan within the 
energy range of 8,150–8,970 eV. Calibration was ensured through the 
measurement of a Ni foil.

In situ and operando QXAS measurements were conducted on 
the 10 wt% Ni/MgAl2O4 catalyst and bulk NiO (≥99.995% trace metals 
basis, Sigma-Aldrich). To facilitate these measurements, both materials  
were ground into powders, sieved with a 100–150 μm mesh and diluted 
to 50% and 95% with boron nitride for 10 wt% Ni/MgAl2O4 and NiO, 
respectively. A 5-mm-long catalyst bed was placed between two quartz 
wool plugs inside a quartz capillary reactor with a diameter of 1.2 mm 
(wall thickness 0.010 mm, length 115 mm, Hilgenberg). This capil-
lary reactor was integrated into a dedicated frame, connected to gas 
feed lines through Swagelok fittings. The entire setup, including the 
capillary cell, was positioned within a custom-built radiative heating 
furnace40 to achieve the desired reaction temperatures (Fig. 3a). The 
thermocouple for temperature control of the oven was positioned 
downstream to the catalyst bed, touching the end of the catalyst bed. 
The X-ray beam was systematically positioned 2 mm downstream to 
the start of the catalyst bed, and the catalyst bed was not repositioned 
with respect to the beam during X-ray experiments. Gas flow rates at 
the inlet were regulated using calibrated Brooks mass flow controllers, 
maintaining a total flow rate of 7 ml min−1 for all experiments.

To construct the EXAFS–temperature calibration curves shown 
in Fig. 2f,i, bulk NiO was first subjected to a H2 TPR treatment up to 
800 °C in 5% H2/He with a heating rate of 20 °C min−1. This H2 TPR was 
followed by a 30 min dwell time at 800 °C to ensure full reduction of 
NiO into metallic Ni. Subsequently, QXAS spectra were collected during 
temperature-programmed cooldown (20 °C min−1) of reduced Ni under 
a constant 5% H2/He flow, yielding the eventual (FT) EXAFS data and 
associated EXAFS–temperature calibration curves shown in Fig. 2d–i.

To perform operando EXAFS thermometry, as shown in Figs. 3c–g  
and 4b,c, the Ni/MgAl2O4 catalyst was first reduced during a H2 TPR  
in 5% H2/He up to 800 °C, with a 10 °C min−1 heating rate and dwelled 
at 800 °C. After reduction treatment, the cell temperature was set 
to 750 °C in 5% H2/He to run the catalytic reaction. During DRM 
(CO2 + CH4 = 2CO + 2H2), 2 min half cycles of 0.7 ml min−1 CH4 and 
1.4 ml min−1 CO2 in 4.9 ml min−1 He (CO2:CH4 = 2:1, total flow rate 
7 ml min−1) were alternated with 2 min half cycles of 1.4 ml min−1 CH4 
and 1.4 ml min−1 CO2 in 4.2 ml min−1 He (CO2:CH4 = 1:1, total flow rate 
7 ml min−1). A full cycle of DRM thus consisted of 4 min, which was 
repeated 30 times (Fig. 3e). During RWGS (CO2 + H2 = CO + H2O), 2 min 
half cycles of 0.5 ml min−1 CO2 and 2.5 ml min−1 20% H2/He in 4 ml min−1 
He (CO2:H2 = 1:1, total flow rate 7 ml min−1) were alternated with 2 min 
half cycles of 2.5 ml min−1 20% H2/He in 4.5 ml min−1 He (CO2:CH4 = 0:1, 
total flow rate 7 ml min−1). A full cycle of RWGS reaction thus consisted 
of 4 min, which was repeated 30 times (Fig. 3e).

All QXAS data were recorded with 2 Hz time resolution and aver-
aged over ten spectra to optimize data quality, yielding a 5 s time 
resolution. All the averaged data were normalized and aligned using 
the Python normalization graphical user interface, as developed by 
Roudenko and collaborators57.

EXAFS thermometry method
In-house MATLAB scripts were developed to process the normalized 
XAS spectra to ultimately yield the Ni nanoparticle temperature. There-
fore, normalized XAS spectra in energy space were first transformed 
to k2-weighted k-space EXAFS signals. These k-space EXAFS signals 
were then Fourier transformed to R space by using a Hanning window 
(Δk = 2 Å−1 width) from k = 3 Å−1 to 11 Å−1. From the k2-weighted FT EXAFS 

magnitude, the maximum intensity of the Ni–Ni single scattering 
peak around 2 Å (non-phase corrected) was evaluated as a function of 
time-on-stream. By using a calibration curve between the natural loga-
rithm of this Ni–Ni maximum and the Ni temperature, the temperature 
could be extracted. In Fig. 3e, it is observed that a 15 °C difference in the 
Ni nanoparticle temperature is observed before the DRM (~745 °C) and 
RWGS (~760 °C) reaction, which is explained in Supplementary Note 8.

Transmission electron microscopy
Scanning transmission electron microscopy was used to examine the Ni 
nanoparticle size of the Ni/MgAl2O4 catalyst (Supplementary Fig. 3). The 
imaging was recorded using a Cs-corrected JEOL JEM-2200FS equipped 
with a Schottky-type field-emission gun and a JEOL JED-2300D Energy 
Dispersive X-ray Analysis detector, operating at 200 kV. The catalyst 
under investigation was deposited on a lacey carbon film mounted on 
a copper grid by immersing the grid into the catalyst powder.

Mass spectrometry
The gas outlet composition was measured using an online quadrupole 
mass spectrometer (Cirrus, MKS). CO2, CO, H2O, CH4, He and H2 were 
calculated from the m/z signal collected for 44, 28, 18, 16, 4 and 2, 
respectively.

Data availability
All data are available from the corresponding authors upon reason-
able request.

Code availability
Code to perform EXAFS thermometry is available via GitHub at  
https://github.com/matthiasfilez/EXAFS-thermometry.
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