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Single-atom catalysts often show exceptionally high performance per metal loading. However, the isolated
atom sites tend to agglomerate during preparation and/or high-temperature reaction. Here we show that
in the case of Rh/ALLOs this deactivation can be prevented by dissolution/exsolution of metal atoms into/
from the support. We design and synthesise a series of single-atom catalysts, characterise them and study
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the impact of exsolution in the dry reforming of methane at 700-900 °C. The catalysts’ performance
increases with increasing reaction time, as the rhodium atoms migrate from the subsurface to the surface.
Although the oxidation state of rhodium changes from Rh(i) to Rh(n) or Rh(0) during catalysis, atom
migration is the main factor affecting catalyst performance. The implications of these results for preparing
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Introduction

The worldwide scarcity of noble metals and the need for highly
selective catalytic processes are driving increased interest in
single-atom catalysts (SACs).'™ These catalysts have the highest
surface-to-volume ratio, and often show different chemoselectivity
compared to traditional supported nanoparticles.”® In fact, they
form a bridge between homogeneous and heterogeneous
catalysis, with the potential benefits of both disciplines.

SACs are usually prepared by impregnating inorganic metal
complexes on porous supports followed by thermal
decomposition.”™ They can also be prepared by more
sophisticated methods, namely chemical vapor deposition,
atomic layer deposition and plasma treatment, though scaling
up these methods is problematic. Like conventional supported
nanoparticle catalysts, SACs suffer from sintering, which
negates their activity and selectivity advantages.”*™* Yet while
conventional catalysts typically show nanoparticle migration
on the surface, SACs show more often solid solvation and
exsolution of active site atoms to/from the bulk."”

Things get more complicated when we consider the
catalytic reactions themselves. Reactions such as dry
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reforming, steam reforming, and dehydrogenation® typically
require high temperatures, which cause exsolution and re-
distribution of the active sites. Yet when you characterize
such catalysts, typically after cooling them down and
preparing samples, the active atoms may diffuse back into
the bulk.

In this paper, we study the factors that govern the
dynamics of atom migration on the surface and subsurface
of supported SACs. Our benchmark reaction is the dry
reforming of methane, running at 700-900 °C. We use metal
exsolution to improve the catalyst efficiency.'*"'> Importantly,
this approach also works for non-reducible metal oxide
supports.'® To the best of our knowledge, this is the first
report that studies the effects of SAC exsolution and
migration on catalyst performance on Rh/Al,O; complexes.

Experimental
Materials and instrumentation

All chemicals were purchased from commercial sources and
used as received. Online gas chromatography was measured
on a Global Analyser Solutions Compact GC4.0 instrument
equipped with two columns (Molsieve 0.32 mm and RT-Q-
BOND fused silica, 0.32 mm) and a thermal conductivity
detector. X-ray diffraction (XRD) patterns were obtained with
a MiniFlex II diffractometer using Ni-filtered CuKa radiation,
ranging from 10° to 70°. The X-ray tube was operated at 30
kv and 15 mA, with a 2.5° step and 1 s dwell time. Electron
paramagnetic  resonance (EPR) measurements were
performed on a Bruker EMX-Plus CW X-band EPR
spectrometer which was equipped with an ER 4112 HV-CF100
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He cryostat (10 K). CO-DRIFTS measurements were
performed on a Nicolet iS-50 Fourier Transform infrared
spectrometer, equipped with a mercury-cadmium-telluride
(MCT) detector. A 4 cm* resolution was used, and the
sample cup was loaded with the catalyst in a Harrick praying
mantis. Samples were pretreated with a high temperature
vacuum (T = 300 °C, p = 10"° bar) to ensure desorption of O,
and H,0, cooled down to room temperature and
subsequently treated with CO until the chamber was
saturated. The chamber was then depressurized to 10~° bar,
ensuring no residual CO, and then adsorption spectra were
collected. Scanning electron microscopy (SEM) images were
obtained on a JEOL JSM-6010LA microscope with an
accelerating voltage of 10 kV. Transmission electron
microscopy (TEM) images were obtained on a JEOL JEM-2011
microscope operating at an accelerating voltage of 200 kV,
recorded using a Gatan 794 CCD camera. X-ray photoelectron
spectroscopy (XPS) was performed using a Scienta Omicron
R4000 HiPP-3 analyzer (swift acceleration mode, 1 mm slit
entrance) and a monochromatic Al-Ka source (1486.6 eV,
base pressure lower than 1.0 x 107° mbar). Adventitious
carbon was used as reference peak. ICP analysis was
performed by Kolbe Labs GmbH.

Procedure for catalyst preparation

Example: 0.5 wt% Rh/alumina: a stock solution of Rh
precursor was prepared by dissolving 12.5 mg RhCl;-3H,0
(Strem Chemical Inc., 40% Rh) in 20 mL deionized water at
room temperature. Then, 1 g of y-alumina was added, which
was pre-ground and dried. The suspension was dried in a
rotary evaporator at 45 °C, 40 mbar, 150 rpm for 1-2 h (slow
drying is needed to prevent nanoparticle formation during
solvent evaporation). The resulting powder was then further
dried and subsequently calcined in static air at 800 °C for 4 h
with a ramp rate of 5 °C min", followed by reduction in situ
in a 95:5 N,:H, mixture at 600 °C for 1 h, see left photo in
Fig. 1 (the right photo shows the same catalyst after coking
has occurred in the reactor in the presence of methane).

The Pt/Al,O; Ru/Al,O; and Pd/Al,O; -catalysts were
similarly prepared, starting from Pt(NH;),(NO3), (Sigma-
Aldrich), RuCl;-H,O0 (VWR, 40-43%), and K,PdCl, (Sigma-
Aldrich), respectively.

Fresh Rh/Al,0;SAC  Methane coked catalyst

g

Sarz °
o~

P
ol
Po

Fig. 1 Images of the fresh SAC and the coked catalyst after methane
treatment at 900 °C. The differences due to coking (blackening) are
significant.
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Hot-quenching was performed by calcining the catalysts at
900 °C in air, 20 °C min* for 1 h and removing them to cool
down to room temperature within a minute.

Acid wash experiments were carried out on a funnel
equipped with a filter, using 120 mL 1 M HCI by gravity
filtration. Samples were then washed with water until
reaching pH = 7, and dried at 120 °C for 1 h.

Procedure for catalyst testing

All dry reforming reactions were performed in a plug-flow
reactor. In a typical experiment, 70 mg crushed and sieved
(435-530 pum) catalyst was weighed and put in a quartz tube
fitted with a glass frit (# inch diameter, 450 mm length, ca. 1
cm catalyst bed length). After in situ reduction at 600 °C, the
catalyst was heated to the desired temperature (typically 700
°C) under a nitrogen atmosphere. The reactant gas
composition, CH,:CO,:N, = 1:1:8, was selected at 7 = 700
°C in a total flow rate of 100 mL min~', corresponding to a
gas-hourly space velocity of 8.57 x 10" mLh™ gcat™. Each
catalyst was tested at different temperatures, from 700 to 900
°C and back to 700 °C in steps of 50 °C, with a ramp rate of
5 °C min~" when heating and -5 °C min~" when cooling. At
each temperature, the conversion and yield were measured
for 30 min using gas chromatography. At the end of the
sequence, the catalyst was cooled down gradually to room
temperature under nitrogen atmosphere.

Results and discussion

First, we examined the dissolution properties of different
noble metal SACs on alumina by preparing a set of M/Al,O;
catalysts (where M = Pt, Rh, Ru, Pd). Each synthesis followed
the four steps of impregnation, drying, calcination and
activation (see experimental section for details). Reaching the
high dispersion of single-atom sites is not guaranteed, as it
requires a good dissolution of the metal ions into the matrix
during the calcination step. Then, during the activation step,
the metal atoms can exsolve to the surface as single sites.
Poor dissolution will cause more nanoparticle formation on
the support surface, rather than forming a SAC. Rhodium
showed excellent dissolution, with no nanoparticles observed
on the surface. Conversely, the X-ray diffraction (XRD)
patterns for the Pt, Pd and Ru/Al,O; catalysts did show metal
nanoparticles, indicating poor dissolution (Fig. 2a). We
therefore focused on the Rh/Al,O; catalyst (throughout this
work we observed only the y-alumina phase"’).

Choosing the catalyst loading is tricky. Too low a loading
will not show anything, while high loadings will mask any
dissolution effect. Assuming that the atoms should be at
least 2-3 atomic distances apart, we arrived at a theoretical
density of ca. one atom per 4 nm®. Then, using trial and error
experiments, we found that a loading of 0.5 wt%, or one Rh
atom per 3 nm? of alumina surface, was suitable.® Samples
with this loading did not show Rh nanoparticles in XRD
(Fig. 2a).

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (A) X-ray diffractograms of the 0.5 wt% noble metal on y-Al,Os3.

Note the absence of Rh peaks, indicating Rh dissolution. (B) Rh 3d XP
spectrum of the 0.5 wt% Rh/Al,Oz species which matches the electron
binding energy of Rh,Os (C). CO-DRIFTS on the Rh/Al,Oz species
showing minimal Rh presence at the surface. (D) TEM image of 0.005
wt% Rh/Al,O3z without hot-quenching showing no Rh species. (E) TEM
image of 0.005 wt% Rh/Al,Oz with hot-quenching showing Rh species
at the surface.

Using the 0.5 wt% loading as our upper threshold, we
focused on preparing Rh/Al,O; single-atom catalysts with
lower loadings, all the way down to 0.001 wt% (equivalent to
one Rh atom per 1500 nm? of alumina surface). All catalysts
were dried overnight to prevent agglomeration, and
characterized using XRD, CO diffuse reflectance infrared
Fourier-transform spectroscopy (CO-DRIFTS), high-resolution
transmission electron microscopy (HRTEM) and X-ray
photoelectron spectroscopy (XPS).

The CO-DRIFTS experiments confirmed the dissolution of
the Rh atoms into the alumina framework (Fig. 2c; the peaks
are in agreement with those reported by Christopher and co-
workers'®). Noble metal catalysts often suffer from CO
poisoning,**>*> and one would expect to see in the DRIFTS
the linear Rh-CO bond vibration. We did not see this. Nor
were any Rh species observed with HRTEM (see Fig. 2d),
further confirming the dissolution of Rh atoms into the
alumina bulk.

This journal is © The Royal Society of Chemistry 2023
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Importantly, the dynamics of atom migration are governed
by the sample cooling rate. Fast cooling, or quenching, is
known to induce material deformities.>*>* Yet we show here
that it also prevents the dissolution of single atoms back into
the bulk. Whereas slow cooling allowed the Rh atoms to
dissolve back into the alumina (see above and Fig. 2d),
quenching left them on the surface (see AC-HRTEM image in
Fig. 2e).

To see whether this dissolution of Rh atoms applies to
other oxide supports, we ran a control experiment of CO-
DRIFTS on Rh/CeO, samples. Here, we saw the linearly
bonded CO-Rh/CeO, peaks® without quenching the sample
(see Fig. S4A,t this also fits with the fact that ceria is denser
(7.13 g ecm™) and less permeable than alumina (3.97 g cm™)
at these temperatures®’). Combined with the fact that Pt, Pd
and Ru/Al,O; did not show dissolution, we conclude that the
metal atom dissolution into the support requires specific
combinations.?®

We then studied the effect of exsolution and dissolution
of rhodium atoms on the catalytic activity. This was done by
running sequential dry reforming experiments at 7'= 700-900
°C (DRM, eqn (1)). In this reaction, methane and CO, are
thermocatalytically converted into syngas.”® The -catalysts
often deactivate through coking, and an important advantage
of using SACs is that they suppress coke formation.*’~**

CH, + CO, — 2CO + 2H, AH3gx = +247 k] mol ™ (1)
Exsolution is best observed at the catalyst operating limit,
where the effect of the additional exsolved atoms is more
visible (if there are already many active sites on the surface,
e.g. at high loadings, the additional exsolved atoms won't
make such a difference).’® Therefore, we measured the
turnover frequencies (mol CO produced per mol Rh per
second) for different Rh loadings (Fig. 3a). We saw that 0.005
wt% was the optimal loading at 850 °C. The Rh loading was
confirmed by ICP analysis (found 0.0041 wt%, caled 0.005
wt%). This loading, which was used henceforth throughout
this work, is low enough to compete on cost with a
commercial 10 wt% Ni/Al,O; catalyst (cf. cost analysis in Fig.
S2bt).

We then studied the catalytic performance by monitoring
the CO yield at varying temperatures (Fig. 3b, the CO yield
was calculated according to eqn S1 in the ESIf). The
increased yield at higher temperatures confirmed the
endothermicity of the reaction. It also matched the
theoretical thermodynamic yields calculated for the surface-
saturated 0.5 wt% M/Al,O; combinations (Fig. S2at). The
ramping from 700 °C to 900 °C and back was done to
verify that changing the temperature influences the
exsolution. Re-running the experiment improved the
catalytic activity, as the repeated heating of the catalyst to
900 °C increased its performance (¢f 2nd and 3rd runs in
Fig. 3b). These results support our Rh exsolution
hypothesis, with maximal exsolution occurring at 900 °C.
This was further supported by additional runs (Fig. S3at)

Catal. Sci. Technol., 2023, 13, 2255-2260 | 2257
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Fig. 3 (A) Turnover frequencies for different Rh/Al,Os catalyst
loadings in DRM. (B) Three consecutive DRM runs in the presence of a
0.005 wt% Rh/Al,O3 catalyst sample, showing the increased yield and
stability at 850 °C after the first run. (C) Temperature-dependent yields
after treating samples of 0.005 wt% Rh/Al,Oz catalysts with different
gasses as indicated. Pretreatment with CH,4 led to coking, blocking the
active sites and giving <3% yield. Note the decreased performance of
hydrogen-treated catalysts compared to the nitrogen-treated ones.

albeit that the stability of the SACs at 900 °C was lower
(Fig. S3bt).

Elsewhere, Tomida and Haneda showed that rhodium
aluminate (RhAIO,) species may form on the surface at these
high temperatures.®® Yet they also observed that such species
reduce the catalytic activity, which we do not see here. We
therefore suggest that part of the activity increase may be due
to the removal of RhAIO, species on the surface, leaving

2258 | Catal. Sci. Technol., 2023, 13, 2255-2260
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highly efficient SACs, in agreement with the results of Li and
co-workers.*”

Nanocluster formation at such temperatures is very
common, and could explain the change in performance after
treatment at 900 °C. To test this hypothesis, we ran a high
temperature pre-treatment of the catalyst samples under
different gasses, before testing these in DRM. The overall
performance varied depending on the gas (Fig. 3c).
Nanoclusters are more likely to form in reducing
atmospheres than in neutral or oxidizing ones.'* We
therefore compared the performance of catalysts treated in
N, and H, to identify whether the active components were
SACs or nanoclusters (all other conditions were identical).
Indeed, we found that hydrogen pre-treatment lowered the
CO yield by 20%. Interestingly, pre-treatment with methane
lowered the catalyst performance to that of the plain alumina
background reaction, indicating a complete blocking of the
rhodium sites by coking (visible to the naked eye in this case,
see photos in Fig. 1). We attribute this to the decomposition
of methane, acting as a reducing agent as well as a source of
coke carbon at these high temperatures.

The higher catalytic activity after the first run could reflect
the presence of more single-atom sites on the surface via
exsolution. Alternatively, it may be due to changes in the
metal oxidation states. To measure the latter, we used
electron paramagnetic resonance (EPR) spectroscopy.
Comparing the EPR spectra of pristine catalyst samples with
those of spent ones (after the first reaction cycle), shows a
transition from a single peak (triplet at g ~ 4.3) in the
pristine state to multiple peaks (doublet at g =~ 2) in the
activated catalyst (Fig. 4a). Simulation afforded g;; = 2.016,
2o = 2.001 and g3; = 1.901, showing a hyperfine coupling
interaction with '®*Rh (I = 1 nucleus; A®";; = 68 MHz). The
simulation of hyperfine coupling with the nucleus '°°Rh
matched the experimental spectra. The hyperfine coupling
and the formation of a doublet spin state both support the
reduction of Rh,0; to lower-valent rhodium (RhO or isolated
Rh(0) atoms).

Control experiments using a 1 M HCI acid wash confirmed
the removal of surface-bonded Rh under acid wash (¢f. EPR
spectra in Fig. 4a). Testing these catalysts in dry reforming
indeed showed a reduced performance, with an increased
activity for activated samples (Fig. 4b).

The extent of Rh atom migration and its impact on the
DRM activity was estimated by preparing Rh/Al,O;@Al,O;
core-shell microstructures on co-precipitated Rh/Al,O;
catalysts. This gave structures comprising 25 wt% Rh/Al,O;
and 75 wt% Al,O; (6 nm thick shell*®) with minimal catalytic
activity (Fig. 3c). Despite its higher nominal loading, this
catalyst performed worse than the 0.001 wt% Rh/AL,O;
catalyst (¢f with Fig. 2a, green bar). Activating the sample at
900 °C for 12 h under CO, atmosphere (which increased the
performance as shown in Fig. 3c), yielded only a minimal
increase in activity (Fig. 4c). This confirms that atom
migrations are more important than oxidation state changes.
These migrations are typically to/from the immediate

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (A) EPR measurements on the 0.005 wt% Rh/Al,O3 catalysts.
Note the difference in peaks for the fresh catalyst, compared to the
activated catalyst. The peak intensity at g = 2.01 and g = 2.024
decreased after acid washing and disappeared. After activation of the
washed catalyst, the peaks match the originally activated catalyst
whereas only a decreased intensity was observed. (B) The effects of
the different treatments on the performance in DRM. (C) The
performance of alumina-overcoated Rh/Al,O3 catalysts, showing only
minimal improvement in activity after activation.

subsurface layer (~1 nm), in agreement with theoretical
studies. In principle, the CO yield can be improved by
reducing the shell thickness or by increasing the activation
treatment period.*”

Conclusions

Formation of SACs by dissolution/exsolution of metal atoms
is metal- and lattice-specific. It occurs readily in the case of
Rh/Al,O3 at 700-900 °C, but not for other platinum group
metal-support combinations. Two processes are at play here:
one is the classical lateral migration of metal atoms and
clusters across the surface, which decreases the catalytic

This journal is © The Royal Society of Chemistry 2023
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performance due to agglomeration. The other is the
dissolution/exsolution of single atoms to/from the immediate
subsurface, which yields in active SACs. Under the reducing
conditions of DRM, Rh(m) ions are reduced to Rh(u) or Rh(0),
but these oxidation state changes are less important
compared to the atom migration processes. Overall, these
findings have important implications for SAC synthesis
protocols: starting from lower-loading formulations, the
surface coverage of which can be calculated a priori, can favor
the dissolution/exsolution route over the lateral migration,
thus increasing catalyst stability.
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