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ABSTRACT: Controlling and understanding reaction temperature variations in catalytic
processes are crucial for assessing the performance of a catalyst material. Local temperature
measurements are challenging, however. Luminescence thermometry is a promising remote-
sensing tool, but it is cross-sensitive to the optical properties of a sample and other external
parameters. In this work, we measure spatial variations in the local temperature on the
micrometer length scale during carbon dioxide (CO2) methanation over a TiO2-supported Ni
catalyst and link them to variations in catalytic performance. We extract local temperatures
from the temperature-dependent emission of Y2O3:Nd3+ particles, which are mixed with the
CO2 methanation catalyst. Scanning, where a near-infrared laser locally excites the emitting Nd3+ ions, produces a temperature
map with a micrometer pixel size. We first designed the Y2O3:Nd3+ particles for optimal temperature precision and
characterized cross-sensitivity of the measured signal to parameters other than temperature, such as light absorption by the
blackened sample due to coke deposition at elevated temperatures. Introducing reaction gases causes a local temperature
increase of the catalyst of on average 6−25 K, increasing with the reactor set temperature in the range of 550−640 K. Pixel-to-
pixel variations in the temperature increase show a standard deviation of up to 1.5 K, which are attributed to local variations in
the catalytic reaction rate. Mapping and understanding such temperature variations are crucial for the optimization of overall
catalyst performance on the nano- and macroscopic scale.
KEYWORDS: luminescence thermometry, CO2 methanation, heterogeneous catalysis, temperature uncertainty, lanthanides

INTRODUCTION
Solid catalysts are typically heterogeneous in composition, size,
and shape.1−3 They consist of components ranging from the
nano- to millimeter size range, so variations in the density of
active sites could be present on the sub-micrometer scale.4 It is
expected that the heterogeneity of the catalyst leads to spatial
variations in reaction rates of endo- or exothermic reactions and
therefore temperature variations and hot spots.5 These
variations can, as shown in the Arrhenius equation, impact the
activity and selectivity of the catalyst on a macroscopic scale.
However, directly detecting these spatial variations on a
micrometer scale is difficult.6,7

Luminescence thermometry is a technique that promises to
image local temperature variations on themicrometer scale. This
technique relies on the temperature-dependent emission from
nanoscale probes to achieve thermal sensing.8 Luminescence
thermometry experiments during a catalytic reaction are
challenging: they require the light-emitting material to operate
under difficult conditions.9,10 In particular, catalytic reactions
are often performed at elevated temperatures of up to several

hundred degrees Celsius, where many luminescent materials are
quenched.11,12 Lanthanide-doped materials are ideally suited for
thermometry at such elevated temperatures, because their
emission can remain relatively bright by tuning the composition
of the material.13 However, the precision of such temperature
measurements depends on various considerations, such as the
lanthanide ion used, the host material, and the doping
concentration.14 The optimal thermometer material further
depends on the temperature regime of interest. Selecting the
best material for studying temperature fluctuations in catalytic
materials at elevated temperatures is therefore not trivial.15,16

While previous work used a spot size of a millimeter to
measure the temperature during catalytic reactions, temperature
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variations on a smaller size scale are also highly relevant for
catalytic reactions.7,17 Measuring at high spatial resolutions
requires the collection of sufficient luminescence signal from
small volumes of sample,18,19 so the selection of bright
thermometer material is important. The desire for a high spatial
resolution may further lead to prolonged measurement
durations in a scanning procedure; therefore, the mechanical
stability of the setup becomes critical, especially under catalytic
working conditions. Finally, the inhomogeneity of the catalyst
on the microscopic scale can lead to spatially varying absorption
and/or scattering effects, which potentially affects temperature
readout.20 These challenges have until now hindered the high-
spatial-resolution operando luminescence thermometry of
catalysts.
In this work, we measure spatial variations in temperature on

the micrometer scale during the catalytic CO2 hydrogenation
reaction using neodymium-based luminescence thermometry
and link them to variations in catalytic activity. This reaction is
typically performed between 473 and 673 K and is relevant for
H2 purification in ammonia synthesis or for the storage of solar

and wind energy in power-to-gas schemes.21−24 Here, we mixed
a Ni/TiO2 catalyst with luminescent Nd3+-doped Y2O3. Using a
small reaction cell loaded on a commercially available
microscope for Raman spectroscopy and imaging, we map
local temperatures during the CO2 methanation reaction at set
temperatures of 573, 623, and 673 K.25 We first carefully
minimize and quantify temperature uncertainties due to
measurement noise as well as systematic errors due to scattering,
absorption, drift, and background fluorescence by the catalyst
sample. The average increase in temperature over all pixels
amounts to 6−25 K, increasing with the average reactor set
temperature. We can then identify the spatial variations in
temperature on length scales of a micrometer, amounting to up
to 1.5 K (standard deviation). These are likely the result of
spatial variations in catalytic activity, for example, caused by
variations in catalyst density. Using these results, luminescence
thermometry could help in understanding the catalyst at work
by, for instance, considering local variations in temperature on
the overall reaction rate and selectivity.

Figure 1. (a) Spectra of the temperature-dependent emission from microcrystalline Y2O3 doped with 3.4% of Nd3+, collected for 785 nm
excitation. Background blackbody spectra were collected and subtracted above 963 K (see Figure S2). (b) Energy-level diagram of a single Nd3+
ion, with the black arrow representing the 785 nm excitation and the colored arrows marking the radiative emission of I2 (red) and I1 (blue) as
also shown in (a), respectively. (c) Natural logarithm of the integrated intensity ratio between I2 (795−860 nm) and I1 (860−960 nm) versus
the inverse temperature 1/T for the spectra in (a) and fitted to the Boltzmann model (black line). (d) Photoluminescence decay curves of the
4F5/2 energy level at different concentrations of Nd3+ (0.2%, 1.1%, 3.4%, and 4.9% going from blue to green, respectively; see Table S1) at room
temperature. The solid black lines are the result of a global fit of all of the decay curves to a cross-relaxation model. (e) Energy diagram of two
Nd3+ ions. The dashed arrows represent cross-relaxation from the 4F3/2 level to the 4I15/2 level of an excited Nd3+ ion, promoting a nearby
ground-state Nd3+ ion to the 4I15/2 level. (f) Same as in (d), but measured at 973 K. The solid lines are calculated decay curves using the cross-
relaxation strength determined in (d). (g) Calculated values for the temperature uncertainties in different temperature regimes, 300 K (blue),
1050 K (orange), and 1150 K (red), respectively. The temperature uncertainties are normalized to the minimum value at every temperature.
These relative temperature uncertainties allow us to compare dopant concentrations, independent of various experimental parameters, such as
measurement duration. Dashed lines indicate the optimal neodymium concentration for that temperature regime. (h) Neodymium emission
intensity between 795 and 960 nm at room temperature, measured on the same microscope as used for the experiments below. The vertical
error is the standard deviation in emission intensity over a 70 × 70 μm area. The horizontal error bar is the uncertainty in Nd3+ concentration
from the ICP-OES measurements in Table S1.
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RESULTS AND DISCUSSION
Boltzmann Thermometry over a Broad Temperature

Range. For luminescence thermometry, we use temperature-
dependent luminescence fromNd3+-doped Y2O3 particles with a
diameter of around 1 μm (see Figure S1 for structural
characterization). Figure 1a shows the temperature-dependent
emission spectra of these luminescent thermometers excited at
785 nm. We observe emissions from two thermally coupled
excited states to the ground state: from the 4F3/2 level at 860−
960 nm and from the 4F5/2 level at 795−860 nm. Figure 1b
shows the energy-level scheme of Nd3+ and the relevant
absorption and emission transitions. With increasing temper-
ature, the emission intensity of the spectral area I2 increases
compared to I1, reflecting a change in relative populations of the
two emitting levels. More specifically, over the temperature
range of 400−1173 K, the natural logarithm of the luminescence
intensity ratio, ln(LIR) = ln(I2/I1), scales linearly with inverse
temperature (Figure 1c). This evidences that the excited-state
populations follow Boltzmann statistics. Deviations from the
linear trend at lower temperatures (T < 400 K) are due to slow
coupling between the emitting levels compared to the
depopulation rate.26−28 As our catalytic reactions take place at
high temperatures of T > 400 K, we have to consider only the
high-temperature properties of the thermometer.29,30 We
calibrate the thermometer material by fitting the linear part of
the data (T ≥ 423 K) in Figure 1c to a Boltzmannmodel (Figure
S2)

= CeLIR E k T/ B (1)

where kB is Boltzmann’s constant and C is a prefactor that
depends on the radiative decay rates and the degeneracy of the
emitting levels, transmission of the sample, and detector
efficiency. The fitted energy difference between the emitting
levels of ΔE = 996 cm−1 is consistent with the literature.31 This
value forΔEwill be used in the remainder of our work to convert
the LIR to temperature maps.
Quantifying the Ion−Ion Interactions. For optimal signal

strengths during operando thermometry experiments, we want to
find the Nd3+ doping concentration that produces the brightest
emission. Two counteracting effects determine the optimum
doping concentration.32 On the one hand, higher concen-
trations lead to brighter emission simply because there are more
emitting Nd3+ ions. On the other hand, if Nd3+ ions are packed
more closely together in the host crystal, ion−ion interactions
lead to emission quenching.33

Figure 1d shows the photoluminescence decay curves at room
temperature of Y2O3 doped with an increasing Nd3+ doping
concentration. Faster and more multiexponential decay is
observed for the higher concentration Nd3+ samples. This is
consistent with cross-relaxation, where a Nd3+ ion in one of the
emitting states can transfer part of its energy to a neighboring
Nd3+ ion in the ground state (Figure 1e). This quenches the
emission and shortens the lifetime of the emitting state. Using a
model with discrete ion-to-ion distances and a global-fitting
procedure, we extract the cross-relaxation strength (eq S2). The
strength of cross-relaxation is independent of the temperature,
as shown in Figure 1f. Using these parameters, we can then
calculate the emission efficiency as a function of doping
concentration (eqs S4−S6). Since the catalytic reaction of
interest in this work is performed below 900 K, thermal
quenching does not yet have a negative effect on the emission
signal (Figure S4a).

Minimizing Temperature Uncertainty. Our model of
emission efficiency as a function of the doping concentration
allows us to predict the dopant concentration that produces the
brightest signal. More specifically, we consider the estimated
temperature uncertainty (σT) as the relevant figure of merit,
which is inversely proportional to the square root of the emission
efficiency and to the square root of number of emitting ions (eq
S7). Figure 1g shows the expected temperature uncertainties as a
function of the doping concentration. Between 300 and 900 K,
the emission efficiency is determined by a competition between
the radiative decay and cross-relaxation. The optimal concen-
tration of neodymium is 1.3%. If we wanted to perform catalytic
reactions at higher temperatures, the optimal concentration of
neodymium would shift to higher Nd3+ concentrations, caused
by a change in the balance between the factors mentioned above
because of additional thermal quenching. Figure 1f also
illustrates this thermal quenching by a shortening of the lifetime
of the excited states. The change becomes evenmore apparent at
1150 K, where 5.0% neodymium results in the lowest
temperature uncertainty. For our CO2methanation experiments
between 573 and 673 K, we synthesized a thermometer with a
neodymium concentration of 1.2% and this sample will be used
to study the local temperature during the catalytic reaction
(Figure 1h).
Measuring Spatial Temperature Variations during

Catalysis. We can now apply the optimized luminescence
thermometer, Y2O3:Nd3+ (1.2%, Table S1), for operando
temperature measurements during catalytic CO2 hydrogenation
experiments. The desired CO2 hydrogenation reaction toward
methane is an exothermic reaction given by

+ + ° =HCO 4H CH 2H O with 165 kJ mol2 2 4 2 r
1

(2)

The catalyst of choice to perform the CO2 hydrogenation is a
TiO2 support with 6 wt % of Ni (characterization in Figure S1).
The catalyst was mixed with Y2O3 thermometry particles by
grinding (1:4 weight ratio, thermometers to catalyst) and
pressed into a self-supporting wafer where the thermometry
particles were in the near vicinity of the catalyst particles to
ensure optimal heat transfer and hence local temperature
readout. Y2O3 has been reported to have no catalytic activity
under the conditions used.22 The sample was loaded into a
commercial Harrick measurement cell and reduced under an H2
and Ar atmosphere (Figure 2a,b). After reduction, the set
temperature in the measurement cell was increased (to 573, 623,
or 673 K) while keeping a constant presence of Ar.We calibrated
that the actual temperatures at the location of the sample, which
we will call the “reactor temperatures” in the remainder of this
work, reach slightly lower than the set temperatures (Figure
S15). A 785 nm excitation laser, which is conveniently available
on our commercial microscope used for Ramanmicroscopy, was
focused and scanned over the surface with a step size of 1.0 μm,
obtaining the emission spectra of neodymium. Next, CO2 and
H2 were introduced to initiate the reaction and the scan was
repeated on the same area.
Figure 2c shows the map of the LIR under an inert

atmosphere of Ar at a reactor temperature of 550 K. The pixel
size is 1.0 × 1.0 μm over a field of view of 28 × 28 μm. We
observe that there are spatial variations in the LIR. As we
introduce the reaction gas mixture of H2 and CO2, the average
LIR of this region rises (Figure 2d), indicating increasing
temperatures due to heat generation by the catalytic reaction.
Mass spectrometry confirmed that the introduction of reaction
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gases results in the production of CH4 (Figure S6a). We convert
the LIR values to apparent temperatures using eq 1 with the
same value of the prefactor C for every pixel. A histogram of the
apparent temperatures over the 28 × 28 μm area shows
temperature variations much wider than expected based on
photon-counting noise (Figure 2e; see also Figure S7). While
the temperature variations during the reaction (Figure 2d) could
be due to heterogeneities in catalyst activity, variations under an
inert atmosphere (Figure 2c) are not expected.
As random photon-counting noise or reaction-induced

heating cannot explain the variations in apparent temperature
under inert conditions, we propose different possible origins:
spatial variations in (1) absorption, (2) scattering of
thermometer emission by the sample, or (3) background
fluorescence. Local variations in absorption and/or scattering at
the wavelengths monitored to determine I1 and I2 would lead to

deviations of the recorded LIR from the emitted LIR.34

Moreover, the fluorescence background from the sample
could add to I1 and I2 and therefore affect the LIR. These
variations result in artifacts in the temperature mapping
experiments, which do not reflect actual local temperature
variations, but they appear as such. Local variations in
absorption, scattering, and background fluorescence therefore
require careful characterization while determining spatial
temperature variations. A similar issue was previously identified
in biological experiments, where wavelength-dependent trans-
mission of tissue was identified as a complicating issue.20 Indeed,
the Ni/TiO2 catalyst turns from green to black upon reduction
(Figure S8), making local variations in the light absorption
likely. The contribution of scattering is evidenced by reference
measurements on a colorless thermometer sample without
catalyst, showing variations in the LIR of the Nd3+ emission
(Figure S9). Moreover, reference measurements on a sample
with undoped Y2O3 material and reduced catalyst shows spatial
variations of background fluorescence (Figure S10). The
variations in LIR are also observed at room temperature without
a gas flow (Figure S11).
To correct for local variations in absorption, scattering, and

fluorescence, we performed a local calibration. Specifically, for
each pixel in the map, we recorded the LIR during three
reference measurements under an inert atmosphere at known
reactor temperatures of 550, 595, and 640 K. We fit these three
reference LIR values to the equation

= +x y C x y E k T B x yLIR( , ) ( , ) exp( / ) ( , )B (3)

where the spatially dependent prefactor C′(x,y) differs from C
due to local absorption and scattering of emitted light and the
term B(x,y) describes the local contribution of background
fluorescence to the LIR. See pages 12−14 in the Supporting
Information for further discussion of eq 3. Figure 3a shows two
examples of local calibration curves, recorded at the pixels
marked in Figure 2c.
Figure 3b,c shows temperature maps constructed based on

the local calibrations of spectral distortions and fluorescence
background. The maps were recorded at a reactor temperature
of 550 K and under an inert atmosphere (Figure 3b) or under a
flow of reaction gases (Figure 3c). See Figure S12 for the maps
recorded at other reactor temperatures and for a description of
the order of the experiment series. The map recorded under an
inert atmosphere (Figure 3b) shows a homogeneous temper-
ature equal to the reactor temperature, as expected, because no
catalytic reaction takes place. The spatial variations in the
temperature map amount to a standard deviation of σT = 0.31 K,
which matches the uncertainty of δT = 0.37 K estimated by using
error propagation (page 17 in the Supporting Information).
When reaction gases are introduced, the temperatures are higher
by an average of 6.3 K (Figure 3c), which is expected because the
reaction is exothermic.35,36 Spatial variations are obvious in the
temperature map during reaction. The spatial variations in the
temperature readout are clearly not random. Indeed, the
standard deviation in temperature of σT = 1.4 K is significantly
larger than the estimated uncertainty of δT = 0.36 K. We
therefore conclude that the map shows real spatial temperature
variations caused by spatial variations of the catalytic activity.
After correcting for random noise due to measurement
uncertainty, the magnitude of real temperature variations is
still estimated at = = 1.4 KT T T,corrected

2 2 . The temper-
ature controller of the Harrick cell did not record a temperature

Figure 2. (a) Measurement cell loaded with a catalyst containing 6
wt % Ni supported on TiO2, mixed in 4:1 ratio with Y2O3:Nd3+ (1.2
wt %) thermometer particles. (b) Scanning electron microscope
(SEM) image of the sample, with thermometry particles (1) and
catalyst material (2). (c) Two-dimensional (2D) map of the
measured luminescence intensity ratios (LIR) under an Ar
atmosphere on a 28 × 28 μm area at a reactor temperature of 550
K. The integration time per pixel was 0.05 s. (d) Same as in (c), but
after the addition of CO2 and H2 to the gas feed. (e) Histogram of
the calculated temperatures from the LIR values in (c) (dark red)
and (d) (light red), analyzed using a single value for the prefactor C
of eq 1. The Gaussian centered at 550 K is the distribution of
temperature values expected for the measurement in Ar, based on
the reactor temperature and the estimated temperature uncertainty.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c05622
ACS Nano 2023, 17, 20053−20061

20056

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c05622/suppl_file/nn3c05622_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c05622/suppl_file/nn3c05622_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c05622/suppl_file/nn3c05622_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c05622/suppl_file/nn3c05622_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c05622/suppl_file/nn3c05622_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c05622/suppl_file/nn3c05622_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c05622/suppl_file/nn3c05622_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c05622/suppl_file/nn3c05622_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c05622/suppl_file/nn3c05622_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c05622?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c05622?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c05622?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c05622?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c05622?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


increase upon introduction of reaction gases. This highlights
how luminescence thermometry provides otherwise inaccessible
information about reaction-induced heating. It also implies that
our studies of local heating are unaffected by the temperature
feedback mechanism.
Figure 3d shows histograms of the recorded temperatures

over the 28 × 28 μm area at different reactor temperatures and
with or without reaction gases. Maps of all measurements are
shown in Figure S12. For comparison, the Gaussian solid lines
reflect the estimated measurement uncertainties. The experi-
ments under inert conditions all show an average temperature
matching the reactor temperature, and variations are approx-
imately as wide as expected based on the uncertainty. This
confirms the validity of our local-calibration strategy, including
the estimates of the temperature uncertainty. The experiments
under the reaction conditions show temperatures exceeding the
reactor temperature. The excess temperature is larger for a
higher reactor temperature. This is expected as reaction rates,
and hence heat generation, increase with temperature.37 Indeed,
online mass spectroscopy confirms that a higher reactor
temperature leads to a higher CH4 production (Figure 3e, see
also Figure S6b). The experiments under the reaction conditions
all show temperature variations wider than the measurement
uncertainty. The magnitude of temperature variations is
approximately constant with the reactor temperature. The
trend of excess temperature and spatial variations as a function of
reactor temperature is summarized in Figure 3f. The spatial

variations in temperature with reaction gases could originate
from several sources or a combination thereof, including (1)
variations in density of active sites, (2) variations in catalyst
activity per active site due to, for example, diffusion limitations,
or (3) variations in heat dissipation. Further thermometry
measurements and analyses could be used to determine, for
example, spatial variations in apparent activation energy or the
presence of diffusion barriers. The necessary measurement and
analysis procedures would depend on the underlying causes of
the temperature variations. Unraveling these causes may require
correlated measurements using, for example, Raman spectros-
copy for local concentrations of reaction intermediates or
electron microscopy and X-ray techniques for local catalyst
density or particle sizes. Such a combination of techniques could
shine more in-depth light on structure−function relationships of
catalyst materials, and the present work reveals the potential of
luminescence thermometry as an additional operando technique
allowing high-resolution temperature mapping to monitor
catalyst activity on micrometer length scales.
Considerations for Further Experiments. The excess

temperatures and spatial variations (Figure 3) are of the same
order of magnitude as those of the potential artifacts originating
from scattering, absorption, and background fluorescence. This
highlights the importance of considering possible sources of
systematic errors. For example, the unrealistic variations in
apparent temperature obtained when we used external (Figure
1c) rather than local (Figure 2e) calibration are as wide as σT =

Figure 3. (a) Local calibrations at the two pixels marked in Figure 2c, using the fit model of eq 3 and LIR values corrected for small sample drift
between measurements (see page 16 in the Supporting Information). (b) 2D map of the temperatures measured in only Ar at a reactor
temperature of 550 K, calculated from the LIR values in Figure 2c and using the local drift-corrected calibration. (c) Same as in (b), but after the
introduction of CO2 and H2. (d) Histograms of the local temperatures recorded at different reactor temperatures (550, 595, and 640 K, going
from red to blue). The histograms indicated with the CO2 and H2 molecules are measured during the catalytic reaction, while the histograms
withoutmolecules aremeasured under inert conditions. TheGaussian solid lines show the expected width of the histogram due tomeasurement
uncertainties. The Gaussian solid lines of the measurements with the reaction gas are shifted to match the maximum of the extracted readout
temperature distribution. (e) CH4 production from mass spectrometry (m/z = 15) at different reactor temperatures. (f) Average local
temperature increase at the different reactor temperatures under reaction conditions, obtained using the local-calibration procedure (eq 3).
The error bars denote the magnitudes of spatial variations (one standard deviation). These are the variations, σT,corrected, which are corrected for
the measurement uncertainty.
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3.0 K for the experiment at 550 K under inert conditions. The
local-calibration strategy resolves this issue. This strategy is,
however, critically vulnerable to sample drift. As our experiments
have micrometer resolution, the calibration measurements (data
points in Figure 3a) must be performed on the same location
within a micrometer. For our experiments under gas flow and at
elevated temperatures, avoiding sample drift is difficult. We
minimize drift by using a short integration time of 50 ms per
pixel. This choice of integration time is possible because the
thermometer particles are sufficiently bright, keeping the
temperature uncertainties to within δT = 0.4 K. Despite the
fast mapping, small drift corrections of 100−1000 nm are
necessary to overlay the calibration measurements and
subsequent experiments (see pages 16−18 in the Supporting
Information). If we skip drift correction, minor but clearly
correlated spatial variations appear in the temperature map
recorded under inert conditions (Figure 4a), while only random
noise is expected (compare to Figure 3b). Furthermore, in some
experiments, we experienced periodic oscillations in the gas feed
(Figure 4b), which we ascribe to instabilities in the mass-flow
controller on the gas lines. This led to oscillations in the
recorded temperature when measuring at a single location
(Figure 4c). As collection of a total map takes a few seconds to
minutes, depending on the map size and integration time per
pixel, these oscillations could manifest as apparent spatial
variations in temperature (Figure S14). Finally, we note that the
determination of absolute temperatures is only as accurate as the
temperature control during the calibration measurements. Any
systematic deviation between the internal temperature reading
of the sample cell and the actual temperature at the location of
the sample affects the calibration model (eq 3) and,
subsequently, the conversion of the LIR to temperature. We
minimize this effect with reference experiments on the Harrick
sample cell, in which wemeasure the absolute temperature at the
location of the sample with an external thermocouple (Treactor) as
a function of the set temperature of the cell (Figure S15).38 The
sample temperatures calibrated in this way are used as inputs for
the calibration model (Figure 3a).

CONCLUSIONS
We have measured reaction-induced heating during CO2
methanation and revealed spatial variations in the catalytic
activity. The emission maps were carefully characterized to
correct for artifacts originating from wavelength-dependent
absorption/scattering of the sample, background fluorescence,
and sample drift. On average, we quantify excess temperatures of
6−25 K, which increases with increasing reactor set temper-
atures. Spatial variations of the readout temperature σT = 1.5 K

exceed the expected temperature uncertainty of δT = 0.4 K,
which is attributed to spatial variations in the catalytic reaction
rate. Variations in temperature during catalysis could affect the
selectivity of the reaction, cause thermal runaways, or could be
used for more accurate simulations of chemical reactors. This
shows that luminescence thermometry is a useful tool to map
catalyst activity that can help to improve the design of catalysts
and reactors.

EXPERIMENTAL METHODS
Chemicals andMaterials. All chemicals were used without further

purification. The chemicals Y(NO3)3·6H2O, Nd(NO3)3·6H2O, and
Ni(NO3)2·6H2O with a purity of 99.99% were purchased from Sigma-
Aldrich. Titanium dioxide (TiO2 P25) was purchased from Acros
Organics. Urea (99.5%) was purchased from Strem Chemicals.
Ammonium oxalate (99.0%) was purchased from J.T. Baker Chemicals.
Ammonia (25%) was purchased from Merck.
Luminescent Thermometer Synthesis. The microcrystalline

Y2O3:Nd3+ was prepared via a precipitation technique based on the
works of Buijs et al.39 4 mmol of RE(NO3)3 (RE = Y and Nd) was
dissolved in 10 mL of ultrapure water (MQ), and 12 mmol of
ammonium oxalate was dissolved in 50 mL of MQ. While stirring, the
ammonium oxalate was added to the RE(NO3)3 solution causing RE
oxalate to precipitate. The pH was checked by using a pH indicator
strip. Ammonia was added until the pH was around 9, after which the
solution was stirred for 1 h. Afterward, the solution was centrifuged
(5000 rpm for 5 min) and decanted, and the precipitate was washed
three times with water (MQ). The sample was dried overnight at 373 K
and calcined at 1473 K in static air for 8 h by using a ramp of 5 K/min.
Catalyst Synthesis. The nickel-based CO2 methanation catalyst,

containing a TiO2 support, was prepared via a homogeneous deposition
preparation, as described by Vogt et al.40 1.6 mmol of Ni(NO3)2·6H2O
and 51 mmol of urea were dissolved in 130 mL of water, to which 22.4
mmol of the TiO2 support (surface area of 41.6 m2/g and pore volume
of 0.18 cm3/g) was added. This mixture was stirred by a mechanical
stirring setup at 650 rpm and heated to 371 K using distilled water in a
double-walled reaction vessel for 20 h. The mixture was left to cool
while stirring for 1 h and then transferred to a beaker. The mixture was
centrifuged for 3 min at 3500 rpm and washed with distilled water 5
times until the decanted supernatant was pH neutral. The precipitated
slurry was first dried in a 333 K oven overnight and then placed in a 393
K oven again overnight.
Mixture of Catalyst and Luminescent Thermometer. The as-

prepared Y2O3:Nd3+ thermometer material and Ni/TiO2 catalyst
material were mixed by grinding in a 1:4 mass ratio, both after grinding
into a fine powder. The 1:4 mass ratio (or 1:3 volume ratio) was an
increase of thermometer material compared to previous work and was
used to ensure a sufficient amount of thermometer in every pixel.7 The
resulting mixture was pelletized using 5 tons of force for 30 s (aiming for
ø = 5 mm and thickness = 0.2 mm).
Material Characterization. Scanning electron microscopy (SEM)

images were obtained using a Phenom ProX microscope with an

Figure 4. (a) 2Dmap of temperatures as in Figure 3b, but without the spatial drift correction. (b)Mass spectrometry (MS) trace for CO2 (m/z =
44), measured at the outlet of the Harrick cell. A clear periodicity of 70 s is observed, while the amplitude and shape of this graph are strongly
affected by the slow instrument response of the mass spectrometer. (c) Single-pixel measurement to illustrate the oscillations in the local
temperature relative to the reactor temperature (ΔT) due to the fluctuation in the CO2 flow.
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acceleration voltage of 10 kV. High-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) images were
obtained using a Talos F200x microscope with an acceleration voltage
of 200 kV. X-ray diffraction (XRD) patterns were recorded with a
Bruker D2 Phaser using Co Kα (λ = 1.79026 Å) radiation. The
measured range in terms of 2θ was 20−80° with a step size of 0.02°.
Inductively coupled plasma-optical emission spectroscopy (ICP-OES)
measurements were conducted on a PerkinElmer ICP-OES Optima
8300. The Y2O3:Nd3+ samples were dissolved in concentrated nitric
acid by sonication and diluted in a 5% nitric acid in MQ solution to
obtain a concentration in the range of 0−1 ppm. The neodymium
concentration was measured using the emission lines at 401.2, 406.1,
and 430.3 nm, while the yttrium concentration was measured using the
emission lines at 324.2, 360.1, and 371.0 nm. The dopant concentration
of neodymium was calculated by using the average parts per million
values obtained with measurements on these three emission lines.
Photoluminescence decay curves were measured using an Ekspla
NT342B OPO laser (λexc = 578−580 nm, 10 Hz), a Triax 550
monochromator (λem = 822−830 nm), and a Hamamatsu H7422
photomultiplier tube. The excitation and emission wavelengths were
varied for the maximum signal intensity. A long-pass filter was used to
block the excitation light, and the average count rate was kept at 1−50
counts per pulse to prevent detector saturation. The emission spectra
for the calibration curve were measured using a Horiba Raman
spectrometer with a 785 nm laser, 600 mm−1 grating, 50× objective
(numerical aperture, NA = 0.5), and 1% laser power (0.48 mW or 105

W/cm2). An edge filter was used to filter out the excitation light. The
controlled heating in all of these experiments was performed in a
Linkam TS1000 microscope stage without a gas flow.
Catalytic Performance Measurements. The reaction chamber

used was a Harrick Raman high-temperature chamber embedded with a
Harrick Screen Set wafer (ø = 6.3 mm; pore size = 0.061 mm). The
emission spectra were measured using a Horiba Raman spectrometer
with a 785 nm laser, 50× objective (NA = 0.5), and 1% laser power
(0.48 mW or 105 W/cm2). The laser power used does not cause
illumination-induced heating of the blackened sample (Figure S16).
The catalysis experiments were performed using gases supplied by
Linde (Ar, CO2, H2). The gas flows were controlled by Bronkhorst mass
flow controllers (MFC). All experiments were performed at ambient
pressure (ca. 101 kPa). The nickel nanoparticles were first reduced in a
gas atmosphere of 20 mL/min H2 and 30 mL/min Ar while heating up
to 685 K (Tset = 723 K) using a ramp of 5 K/min. The sample was
cooled down back to 458 K (Tset = 473 K), and the gas atmosphere was
varied between only Ar and a reaction mixture of 5 mL/min CO2, 20
mL/min H2, and 25 mL/min Ar. The temperature maps were
constructed at reactor temperatures of 550, 595, and 640 K (Tset =
573, 623, and 673 K, respectively). At these temperatures, gas
compositions were changed to study the exothermicity of the reaction
(i.e., 0:0:50 or 5:20:25 for the CO2/H2 introduction experiments). The
mapping experiments were performed at stable CH4 production. Time-
resolved temperature measurements were performed during switching
of the gas atmosphere. The gas composition was monitored with online
mass spectrometry (MS) on an Omni Star GSD 320 O2 Analytical
system (Pfeiffer Vacuum). The inlet was heated to 423 K.
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