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ABSTRACT: Pt/CeO, single-atom catalysts have recently
attracted increasing interest due to excellent thermal stability,
high atom efficiency, and high activity in catalysis. In this
study, by means of density functional theory (DFT)
calculations, we systematically compare the stability and CO
oxidation reactivity of Pt single atoms supported on
CeO,(111) (Pt/Ce0,) and Ga-doped CeO,(111) (Pt/Ga—
Ce0,). It was found that the formation of an oxygen vacancy
(Oy) is very facile near a surface Ga-doping site (Pt/Ga—
Ce0,—O0y). Significantly, the stability of Pt single atoms
anchored on the Ga site was enhanced compared with those
on the bare ceria surface. In addition, our DFT results suggest
a CO oxidation mechanism on Pt/Ga—CeO,—Oy that differs

3

from that on Pt/CeO,. In particular, the Oy, site plays an important role in activating the oxygen molecule, which then reacts
with CO preadsorbed on Pt. The calculated energy barrier on Pt/Ga—CeO,—Oy is about 0.43 eV lower than that on the
undoped catalyst, suggesting an enhanced reactivity for CO oxidation. Experiments on CO oxidation and in situ diffuse
reflectance infrared Fourier transform spectroscopy are performed to corroborate the results obtained from the DFT
calculations, and a good agreement is achieved. The combination between calculations and experiments sheds light on the
influence of support doping on atomically dispersed Pt/CeO, catalysts.

1. INTRODUCTION

Single-atom catalysis, in which chemical transformation is
accelerated by atomically dispersed metal atoms on supports,
has attracted ever-increasing attention because of their atom
efficiency and unique reactivity and selectivity.' > One issue in
this emerging field is that the dispersed metal atoms tend to
sinter under high-temperature reaction conditions, resulting in
the formation of nanoparticles leading to altered catalytic
activity.'’ To prevent/minimize agglomeration of single metal
atoms under reaction conditions, numerous studies have to be
carried out to identify supports that can provide surface sites to
strongly trap single metal atoms. Such sites have been found
on, for example, FeO,,'" y-Al,O3,'* and the (111) surface of
MgAlL, O, for binding Pt in the form of nanoclusters or isolated
atoms."> However, when temperature is increased to ca. 800
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°C, the formation of large Pt nanoparticles is detected via X-
ray diffraction, indicating the onset of sintering."*"*

CeO, is one of the most attractive supports due to its unique
redox and acid/base properties and the ability to stabilize
metal particles or trap single atoms.'>~"” Some of the current
authors previously reported that CeO, has the unique ability to
trap Pt single atoms and to resist Pt sintering at elevated
temperatures (i.e,, 800 °C) under oxidizing conditions.'® The
resulting Pt/CeO, single-atom catalyst (SAC) showed
comparable specific reactivity in CO oxidation as conventional
supported Pt or Pt single crystal model catalysts.'® After steam
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treatment, the Pt/CeO, SAC was shown to present improved
activity in exhaust catalysis due to the activation of surface
lattice oxygens.'” Although Pt/CeO, SACs demonstrate high
stability, they provide poor selectivity during catalytic propane
dehydrogenation at 680 °C."” To improve the propylene
selectivity, we added Sn metal atoms into the lattice of the
CeO, substrate to modify the performance of the Pt/CeO,
SAC. We found that the doping of Sn atoms significantly
enhances the propylene selectivity in propane dehydrogenation
by tuning the electronic structures of the Pt atoms on the
doped CeO, support, which was confirmed by density
functional theory (DFT) calculations.'” Further studies are
needed to understand the influence of hetero-metal dopants to
modify the structure and performance of Pt/CeO, SACs in
catalysis.

In this work, we explore the stability and CO oxidation
activity of Pt SACs supported on bare and Ga-doped
CeO,(111) (denoted respectively as Pt/CeO, and Pt/Ga-—
Ce0,), using periodic DFT computation. Our calculation
results show that the replacement of a surface Ce atom on the
CeO,(111) surface by a Ga atom promotes the formation of an
oxygen vacancy (Oy) nearby. A Pt atom can then bind strongly
with the Ga dopant on the surface, thus forming a stable SAC
for CO oxidation. The calculation results further suggest that
Ga doping leads to superior catalytic performance for CO
oxidation with a different reaction mechanism than that on Pt/
CeO,. To verify the theoretical predictions, we conducted
experiments on the kinetics of the CO oxidation catalyzed by
Pt/Ga—CeO, with an oxygen vacancy. The experimental
results are found to be consistent with the DFT calculations.
The combined results from the DFT calculations and
experiment provide important insights for developing ther-
mally stable and active metal-doped Pt SACs on ceria.

2. METHODS

2.1. Computational Method. All the calculations were
based on periodic DFT and carried out using the Vienna ab
initio simulation package’’™*” with the PW91 functional. To
accurately describe the highly localized Ce 4f-orbitals, we
performed spin-polarized DFT + U calculations with a value of
U = 4.5 eV applied to the Ce 4f states, following previous
theoretical studies.””> The electronic wave function was
expanded in plane waves up to a cutoff energy of 400
eV>*** and the ionic core electrons were approximated by the
projector augmented wave method.”® The calculated CeO,
lattice parameter of 5.44 A is consistent with the previously
reported experimental and theoretical values.”””® The doped
CeO, system was simulated by replacing one lattice Ce atom
on the topmost layer with a Ga atom (denoted as Pt/Ga—
Ce0,). The slabs were modeled with nine atomic layers
containing a 2 X 2 unit cell. During geometry optimization, the
atoms in the top six atomic layers and the adsorbates were fully
relaxed until the force acting on each atom was less than 0.05
eV/A, whereas other atoms were fixed. To avoid the artificial
interactions along the z-direction between its periodic images,
a vacuum space with a length of 14 A was employed. A 2 X 2 X
1 k-point mesh was adopted to sample the Brillouin zone,
which is tested to be converged.

The formation energy of oxygen vacancy (Oy) is calculated
as E; = E(slab-Oy) — E(slab) + 1/2E(O,), where E(slab) is the
energy of the perfect supercell and E(slab-Oy) is the energy of
the supercell with an oxygen vacancy. The adsorption energy
E.q is defined bY Eu = E(adsorbate—catalyst) — Eigsorbate — E
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where E,goorbate 1S the energy of free adsorbate species, E,yy i
the energy of the catalyst, and E(,gorbate—catalyst) 1S the total
energy of the complex.

The formation energy of the Ga (E;) substituted surface was
calculated using the following equation

Ga(s) + Ce,O,, (surf) + O,(g)
— Ga—Ce,_,0,,(surf) + CeO,(s)

The climbing image nudged elastic band (CI-NEB)* approach
was employed to simulate CO oxidation on the SACs,
generating the reaction path. The activation barrier E, for
each reaction step was calculated as the energy difference
between the transition state and the initial state, whereas the
reaction energy AE for each reaction step was calculated as the
energy difference between the final state and the initial state.
The convergence of relaxation was checked with a 0.05 eV/A
criterion.

2.2, Experimental Method. 2.2.1. Catalyst Preparation.
The Pt/CeO, SAC was prepared by the method reported in
our previous work, "% Briefly, Ce(NO;);-6H,0 (99.999%;
Sigma-Aldrich) was heated in air at 350 °C for 2 h to obtain
CeO, polyhedra (Brunauer—Emmett—Teller surface area: ca.
68 m?/g). The Pt/CeO, catalyst (1 wt % Pt, nominal) was
prepared by incipient wetness impregnation. An appropriate
amount of chloroplatinic acid (Sigma-Aldrich, 8 wt %) was
added dropwise to CeO, under continuous stirring. The
powder was then dried at 120 °C for 12 h. Afterward, the
sample was directly calcined and thermally aged at 800 °C for
12 h in flowing air. The formed sample is designated as Pt/
CeO,, which has been extensively characterized as described in
our earlier publication.'® The Ga-doped Pt/CeO, catalyst (1
wt % Pt, Pt/Ga atomic ratio = 1) was prepared by the similar
impregnation method. First, an appropriate amount of
Ga(NO;); solution was impregnated into the as-prepared
CeO, support. Then, the material was dried at 120 °C for 12 h,
followed by calcination at 500 °C for 6 h in air. After that, an
appropriate amount of chloroplatinic acid (Sigma-Aldrich, 8 wt
%) was added dropwise to the Ga-doped CeO, under
continuous stirring. The powder was then dried at 120 °C
for 12 h. Afterward, the sample was directly calcined and
thermally aged at 800 °C for 12 h in flowing air (similar
procedure as Pt/CeQ,). The obtained sample is designated as
Pt/Ga—CeO,.

2.2.2. Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS). Diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) measurements were
performed on an IR spectrometer Tensor 27 from Bruker,
coupled with a Praying Mantis Diffuse Reflection accessory
from Harrick. A ThermoStar GSD 320 T quadrupole mass
spectrometer from Pfeiffer Vacuum with a Secondary Electron
Multiplier was connected to monitor the outlet flow
composition. The spectra and backgrounds taken had a
resolution of 4 cm™ and 128 scans were averaged for each
spectrum and background. The detailed DRIFTS experimental
procedures can be found in our previous work.'® Briefly, the
catalyst was pretreated at 300 °C for 0.5 h under 10% O,/He
(40 sccm) and purged with helium for 0.5 h (40 sccm) at the
same temperature. The temperature was then decreased to 125
°C and a background spectrum was taken. One percent CO
and 10% O, balanced with He were introduced into the cell at
a flow rate of 40 sccm for 30 min. Afterward, the flow of CO
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Figure 1. Top view (upper panels) and side view (lower panels) of (a) Pt—CeO, and (b) Pt/Ga—CeO, and (c) Pt/Ga—CeO,—Oy. The Oy is
indicated by a square frame. Color scheme: Pt, blue; Ga, green; Ce, yellow; O, red.

was discontinued and O, or He was kept flowing for 10 min
while the spectra were recorded.

2.2.3. CO Oxidation. The CO oxidation experiments were
performed in a quartz tube fixed-bed reactor (OD = 1/4 inch),
and the gases (CO, O, and CO,) were analyzed using an
Agilent 490 Micro-GC utilizing a TCD detector. The powder
samples (60 mg) were packed between quartz wool with a
thermocouple placed touching the sample inside the reactor.
The CO oxidation conditions used were 1.5 mL/min CO, 1
mL/min O,, and 75 mL/min He, with a ramp rate of 2 °C/
min and sampling performed every 3 min.

3. RESULTS AND DISCUSSION

3.1. Geometries and Stability of SACs. Among all the
possible facets, the O-terminated CeO,(111) surface is
considered as the most stable because it has the lowest surface
energy.’’ It is known to provide various adsorption sites for Pt
atoms.’"*” In addition, doping of hetero-metal atoms into the
CeO, lattice has emerged as a useful route to promote the
interaction between the metals and the CeO,(111) sur-
face.*>**

On bare CeO,(111), a Pt atom is found from our DFT
calculations to adsorb at the hollow site (Figure la and
denoted as Pt/CeQ,), consistent with the previous theoretical
studies, in which the metal atoms were found to have the most
stable states when they are loaded on the 3-fold hollow sites of
Ce0,.">?”* For the Ga-doped CeO,, some Ce sites might be
replaced with Ga near the surface (Figure 1b). The formation
energy of the Ga—CeO, surface is found to be —2.39 eV,
indicating that the Ga substitution into the Ce position is
thermodynamically favored. The Pt atom prefers to bind to the
surface Ga site because of a stronger interaction with Ga than
with surface oxygens. Interestingly, we found that an oxygen
vacancy (Oy) can be easily generated near the Ga site (Figure
1c) (denoted as Pt/Ga—CeO,—Oy) with a calculated Oy
formation energy of merely 0.09 eV. The reason is that
when a formally 4+ cation (Ce*") is substituted by formally 3+
cation (Ga*"), the system will become unstable because the 3+
oxidation state of the dopant leads to the addition of one
electron compared to the 4+ cation. The usual way to maintain

the charge balance is through the creation of an O vacancy,
which can then activate the adsorbed oxygen molecule.
However, the calculated formation energy of an oxygen
vacancy is as high as 2.76 eV for Pt/CeO,, thus ruling out
the possibility of a stable oxygen vacancy. The lowering of
oxygen vacancy formation energy by doping of CeO, has been
well documented.'” Considering the formation energies for the
Ga—CeO, surface and Oy, it can be concluded that the Ga
dopant and Oy are likely to coexist.

The binding energies, Bader charges, and key geometrical
parameters for the supported Pt atoms are listed in Table 1.

Table 1. Binding Energies (eV), Bader Charges (lel), and
Geometrical Parameters (A) for the Supported Pt Atoms

Pt/Ce0,(111) Pt/Ga—Ce0,(111)—0y
By/eV —2.69 —4.67
Bader charge/lel +0.08 +0.24
dpe_o/A 2.14 1.99
dpe_ca/A 245

Clearly, from the table, we can see significant differences
among these catalysts. Doping of Ga into the CeO, lattice can
greatly enhance the stability of Pt atoms on the CeO,(111)
support. On bare CeQ,(111), the adsorption energy of Pt is
—2.69 eV. On Ga-doped CeO, with Oy, however, the
adsorption energy of Pt is increased to —4.67 eV. As shown
Table 1, by doping of Ga, the Pt SAC is formed with the Pt—
Ga bond distance of 2.45 A and the distance of Pt—O bonds
equal to 1.99 A.

Single metal atoms tend to agglomerate on support surfaces
when the temperature is increased and the catalytic activity
may be partly or totally lost.** "> To evaluate the stability of
SACs, we calculated the energy barrier of the Pt atom
migration from the most stable adsorption site to an adjacent
oxygen bridge adsorption site. The NEB results show that on
the bare CeO, surface, the diffusion of a Pt atom is facile
because the calculated migration barrier is as low as 0.19 eV.
This means that the Pt atoms on bare CeO,(111) are not
expected to be stable at high temperatures. This is supported
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by our recent experimental observations in Pt/CeO, catalysis
of propane dehydrogenation, where the scanning transmission
electron microscopy images showed that isolated Pt coexists
with Pt nanoclusters having an average size of about 1.1 nm in
the Pt/CeO, after propane dehydrogenation at 680 °C."
Interestingly, as indicated by the experiment with Sn doping,
atomically dispersed species, and subnanometer Pt clusters
with a reduced average size of 0.6 nm were observed.'> Such a
change highlights the importance of doping of CeO, in
improving the stability of single Pt atoms. For Ga on Pt/Ga—
Ce0,—Oy, the calculated migration energy of Pt from the
most stable oxygen bridge site with Ga to an adjacent oxygen
bridge site is as high as +2.28 eV, indicating that the migration
is difficult and the isolated Pt atoms could be anchored on
CeO, with sufficient stability to resist aggregation under high
temperatures.

3.2. Charge Transfer. To better understand the binding
nature of the Pt-support interaction, a Bader charge analysis
was carried out. As listed in Table 1, the supported Pt atoms
possess positive charges of +0.24 and +0.08 lel for Pt/Ga—
CeO,—0y and Pt/CeOQ,, respectively. The significant electron
transfer from Pt atoms to the support is likely relevant to the
stabilization of these single atoms. The trend for the charge
transfer is consistent with that for the stability of Pt on these
two supports. Moreover, the positive Bader charges mean that
the Pt atoms are in oxidized forms, which might promote the
catalytic activity of CO oxidation or the other reactions,"”***
and will be discussed below.

3.3. Adsorption of CO and O,. CO oxidation is a
prototypical heterogeneous catalytic reaction.”***" For this
reason, it is chosen in this work as a probe to explore the
catalytic activity of the Pt single atoms supported on
Ce0,(111) with and without doping. We have tested all the
possible adsorption configurations on the SACs to find out the
most stable states for CO and O, (Figure 2), and the
adsorption energies and the key structural parameters are
summarized in Table 2.

On the Pt/CeO, SAC, CO adsorbs on the Pt atom with an
end-on configuration. The adsorption energy (E,4 = —3.26
eV) is strong, which might cause poisoning of the SAC. It
should also be noted that upon CO adsorption the Pt atom is
pulled out of the adsorption site and connects to only one
surface oxygen (Figure 2a), suggesting a significant weakening
of the Pt—CeO, interaction. For the adsorption of CO on the
Pt/Ga—Ce0,—0y SAC (Figure 2b), the most favorable
configurations appear to be an end-on structure in which the
O—C bond is almost perpendicular to the catalyst plane, which
is similar to that on Pt/CeO,. Interestingly, the interaction
between the Pt atom and CO on Pt/Ga—CeO,—Oy is much
weaker than that on the Pt/CeO, SAC, with the E,;, value
equal to —2.22 eV. More importantly, the Pt atom remains in
its initial position, keeping the strong bonding with three
surface oxygen atoms. The bond lengths of the adsorbed CO
species are 1.16 A, slightly elongated from its isolated state
(1.14 A), indicating minimal perturbation of its electronic
structure after adsorption on the Pt atom.

The O, molecule is found to adsorb on the Pt atom on the
Pt/CeO,(111) SAC (Figure 2a), with the O—O bond length
of 1.38 A, yielding a moderate binding energy of —1.42 eV.
The elongation of the O—O bond by 0.14 A indicates that the
adsorbed O, molecule is activated by the Pt SAC. Meanwhile,
the Pt atom is also somewhat pulled out from its initial
position with the two Pt—O distances of 2.12 A, similar to the

(b)

Figure 2. Side and top views of the optimized structures of CO and
0, adsorbed on the Pt atoms of (a) Pt/CeQ,, (b) Pt/Ga—CeO,—Oy,
and (c) O, adsorbed at Oy, site of Pt/Ga—CeQ,—0y,. Color scheme:
Pt, blue; Ga, green; Ce, yellow; O, red; O in O, molecule, purple.

Table 2. Adsorption Energies (E,4, €V) of CO/O, on the Pt
Atom Sites and the Relevant Key Geometrical Parameters
(A)

Pt/CeO, Pt/Ga—CeO,—Oy

Cco
E,q/eV -3.26 -222
dc_o/A 1.16 1.16
dyi_c/A 1.83 1.84

0,
E,4/eV —1.42 -1.13
do_o/A 1.38 1.39
dy—o/A 1.99, 2.02 1.99

“The corresponding structures are shown in Figure 2.

case for CO adsorption. On the Pt/Ga—CeO,—0, SAC, O,
can adsorb at the Pt atom with one of its oxygen and the
calculated O—O bond length is about 1.40 A (Figure 2b),
yielding a binding energy of —1.45 eV, which is comparable to
that without doping. Obviously, the interaction between O,
and the Pt atom is much weaker than that between CO and the
Pt atom. In addition, the calculation results indicate that these
two species, i.e., O, and CO, cannot coadsorb on the Pt site
after extensive structural optimization. Therefore, O, has to
adsorb at the Oy site near the Pt atom (Figure 2c), with the
binding energies of —1.13 eV and the O—O bond length of
1.39 A for the Pt/Ga—CeQ,—Oy SAC.

As indicated in the previous DFT studies that the activation
of O, is the most important step of CO oxidation,”*~* we
carried out charge density difference (CDD) calculations to
obtain a deeper understanding of the interaction of the O,
molecule with the Pt atom in the Pt/CeO, SAC and with the
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Figure 3. Contour plots of differential charge densities of O, absorbed on (a) Pt/CeO, and (b) Pt/Ga—CeO,—Oy. The charge accumulation
region is rendered in yellow, whereas the charge depletion region is in blue. The isosurface level is 0.007S au. Color scheme: Pt, dark blue; Ga,

green; Ce, yellow; O, red.
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Figure 4. Reaction pathways of CO oxidation on Pt/CeO,. Color scheme: Pt, blue; Ce, yellow; O, red; O in O, molecule, purple.

oxygen vacancy on the Pt/Ga—CeO,—Oy SAC. As displayed
in Figure 3, the calculated CDD reveals that significant charge
is transferred from the Pt/CeO, and Pt/Ga—CeO,—Oy SACs
to the adsorbed O,. The excess charge accumulate at the O—O
bond region and fill into the 27* antibonding orbital of the O,
molecule, resulting in the observed elongation of the O—O
bond length.

3.4. Mechanism of CO Oxidation. Previous experimental
and theoretical studies indicated that CO oxidation can take
place on doped or undoped CeQ,.”***° Particularly,
considering the low oxygen vacancy formation energies on
Pt/Ce0,(110), CO species tend to react with lattice oxygen to

generate CO,,”” following the Mars—van Krevelen (MvK)
mechanism. To find out whether CO oxidation can take place
following this mechanism, we calculated the reaction energies
(AE) of CO oxidation (CO abstracts a lattice oxygen, which
connects to Pt to produce CO,). The values are 2.16 eV on
Pt/Ce0,(111), indicating that the MvK pathway is thermo-
dynamically unfavorable on this SAC and therefore not
considered further.

To gain insights into the catalytic activity of the CeO,-
supported Pt SACs, the NEB method is used to calculate the
energy barriers for CO oxidation. The reaction pathways with
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Figure S. New reaction pathway of CO oxidation on Pt/Ga—CeO,—Oy. The Oy is indicated by a square frame. Color scheme: Pt, blue; Ga, green;

Ce, yellow; O, red; O in O, molecule, purple.

energy barriers (E,) of CO oxidation on these two SACs are
shown in Figures 4 and 5, respectively.

As shown in Figure 4 for the Pt/CeO, SAC, in the initial
state (II), both CO and O, coadsorb on the Pt atom with the
0-0 and C—O bond lengths of 1.30 and 1.15 A, respectively.
In the transition state (III), one O atom of the adsorbed O,
moves closer to the C atom with a distance of 1.80 A.
Meanwhile, the O—O and C—O bond lengths are elongated to
1.38 and 1.17 A, respectively. The first reaction step generates
an intermediate (IV), in which the O, connects to the C and
Pt atoms to form a four-member circle with O—O, O—-C, C—
Pt, and Pt—O at distances of 1.49, 1.40, 1.98, and 2.02 A,
respectively. The calculated energy barrier is about 0.57 eV and
the reaction energy is 0.4 eV. The next step through a
transition state (V) in which a free CO, molecule is produced
with nearly no barrier. After the first CO, desorbs from the
catalyst, there is an isolated oxygen atom on Pt. Subsequently,
a second CO comes to coadsorb on Pt with the O atom (VII),
and the reaction between CO and O is also stepwise. First, an
intermediate (IX) is produced through the transition state
(VIIL), with a small barrier of 0.35 eV and a large exothermicity
of —1.79 eV. A bent CO, intermediate is bound to the Pt atom
with the O—Pt and C—Pt distances of 2.10 and 2.05 A,
respectively. Finally, the desorption of the CO, species requires
an energy barrier of 0.94 eV, which is considered as the rate-
determining step. It should be noted that the Pt atom is always
pulled somewhat away from its original position during the
process of oxidation, suggesting that the Pt atom on nondoped
CeO,(111) might not be very stable during the reaction.

On the Pt/Ga—CeO,—0Oy SAC, however, CO oxidation
begins with an O, molecule adsorption at the Oy site with a
CO species bound to the Pt atom (II, Figure 5). Different from
the case of Pt/CeO,, the generation of CO, requires a

22465

relatively low energy barrier of 0.51 eV with an exothermicity
of —1.71 eV. The MvK mechanism on Pt/Ga—CeO, is
different from that in Figure 4, which is much more complex.
In the transition state (III), the formed C—O bond has a
length of about 1.97 A. After reaction, a linear CO, species is
physically adsorbed at the Pt atom (IV) with the adsorption
energy of —0.46 eV. The desorption of the CO, product
completes the catalytic cycle. Importantly, the Pt atom always
remains in the initial position throughout the CO oxidation
process, implying a very stable SAC. Compared to that (0.94
eV) for the bare CeO,-supported Pt atoms, the overall energy
barrier for the rate-determining step is reduced to 0.51 eV,
indicating a better catalytic performance of the Pt atom
supported on Ga-doped CeO,. It is also found that such an
energy barrier of CO oxidation on Pt/Ga—CeO, is quite close
to that (0.48 eV) on Pt/CeO,(110) with water participation,
which follows a similar MvK mechanism.*” The energy barrier
of CO oxidation on Pt/Ga—CeO, is also much lower than that
on Pt/FeO, (0.79 eV)."!

It is thus concluded based on the DFT calculations that the
Ga doping of CeO, leads to not only stronger Pt binding but
also the facile generation of an oxygen vacancy nearby the Pt
active site. The O, molecule can be efliciently activated by this
Oy site and then reacts with the adsorbed CO species on the
single Pt atom, resulting in a lower energy barrier and a
different reaction mechanism for CO oxidation.

3.5. Experimental Evidence. To verify the above
theoretical prediction, we have carried out experimental
studies on the Pt/CeO, and Pt/Ga—CeO, catalysts that are
prepared using a similar procedure. We first performed CO
oxidation monitored by DRIFTS on the Pt/CeO, and Pt/Ga—
CeO, catalysts to understand the properties of the Pt species.
The CO adsorption and desorption behavior on the Pt/CeO,
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Figure 7. (a) Light-off curves and Arrhenius plots for Pt/CeO, and Pt/Ga—CeO, catalysts in CO oxidation (reaction conditions: [CO] = 1.9%,
[O,] = 1.3% balanced with helium). GHSV: 77 500 mL/(g, h). Temperature ramp: 2 °C/min. (b) CO conversion as a function of time on stream
for the atomically dispersed Pt/CeO, and Pt/Ga—CeO, catalysts. To achieve an initial CO conversion of ca. 95%, Pt/CeO, was tested at 337 °C
and Pt/Ga—CeO, was tested at 319 °C (the activity of Pt/Ga—CeO, was also tested at 337 °C (100% CO conversion, Figure S2 in the Supporting
Information), whereas no deactivation was found in 20 h). All the samples contain 1 wt % Pt. Pt/CeO, and Pt/Ga—CeO, were prepared by
incipient wetness impregnation with CeO, (both catalysts were calcined in air at 800 °C for 12 h).

SAC has been studied in our previous work (Figure 6a)."® For
the Pt/Ga—CeO, SAC, the catalyst was pretreated in 10% O,/
He at 300 °C for 30 min, followed by decreasing the
temperature to 125 °C. Then, CO/O, flow was switched on
and the spectra were collected. As can be seen in Figure 6b, a
peak at 2096 cm™ is seen and the peak persists in flowing He
or O, (ie., stop the flow of CO and switch to flow of He or
O,). Based on the assignment in our previous work (Figure
6a)," the peak at 2096 cm™ is assigned to the CO adsorbed
on single Pt sites rather than on Pt nanoclusters because the
frequencies of CO on Pt clusters, if present, would have been
below 2080 cm™". Hence, the Pt/Ga—CeO, catalyst consists of
atomically dispersed Pt sites under the reaction conditions
used in this work.

We then performed CO oxidation over pure CeO,, Ga—
CeO,, atomically dispersed Pt/CeO,, and Pt/Ga—CeO,
catalysts. Ga—CeO, shows a similar CO oxidation behavior
as the CeO, support, both of which showed little activity
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(Figure S1 in the Supporting Information). The light-off curves
of the two catalysts in CO oxidation are shown in Figure 7a.
Pt/Ga—CeO, shows higher reactivity than Pt/CeO, catalyst,
which is in agreement with our DFT predictions (see energy
barriers in Figures 4 and S). Furthermore, the apparent
activation energy (E,) of the two catalysts for the reaction was
determined from the temperature dependence (inset, Figure
7a). The E, on Pt/CeO, is found to be 0.95 eV, which agrees
well with our DFT result (0.94 eV). The experimental E, of
CO oxidation on Pt/Ga—CeO, is 0.73 eV, which is 0.22 eV
higher than that calculated by DFT. The difference in the
energy barriers between the DFT and the experiment might be
caused by the nonuniform distribution of atomic Pt on the
catalyst such that a portion of Pt atoms are not associated with
Ga atoms.

The stability of the Pt/CeO, and Pt/Ga—CeO, SACs in CO
oxidation was tested at an initial CO conversion of ca. 95%.
The similar initial CO conversion provides similar CO partial
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pressure that produces similar ripening effect because of the
interaction between CO and Pt. The CO conversion of the two
catalysts as a function of time on stream is shown in Figure 7b.
It is seen that both Pt/Ga—CeO, and Pt/CeO, SACs
underwent slight deactivation during the 20 h run under this
condition. However, from the first 3 h run (Figure 7b, inset),
the Pt/Ga—CeO, catalyst shows a lower deactivation rate than
Pt/CeO,, indicating that the former is more stable in CO
oxidation. Therefore, one can conclude that doping of Ga into
Pt/CeO, SAC is beneficial to the catalyst’s stability. This is
consistent with our DFT calculation that the Pt/Ga—CeO,
SAC shows a higher binding energy of Pt than the Pt/CeO,
SAC (Table 1). The DFT calculations show that adding Ga
increases the Pt-support binding energy. A higher binding
energy would suggest that Pt would have increased the stability
at higher temperatures. This may explain the lower
deactivation rate in the first 3 h of the time on stream test
for the Pt/Ga—CeO, catalyst.

Our DFT calculations show that the Ga dopant can decrease
the adsorption energy of CO on the Pt single atoms while
stabilizing the Pt atoms during CO oxidation at high
temperatures. In our previous study, doping Sn into Pt/
CeO, single-atom catalyst was also found to decrease the
adsorption energy of another molecule (ie, C,H,) on pt."”
The present experimental results on CO oxidation indicate
that the Pt/Ga—CeO, SAC shows a higher reactivity than Pt/
CeO, due to the facile creation of an oxygen vacancy near the
active site. Especially, the properties of a Pt SAC can be tuned
by adding a dopant metal atom to the ceria support, and this
finding will help in the broader utilization of stable SACs for
other chemical conversions.

4. CONCLUSIONS

In this work, the stability and CO oxidation activity of Pt SACs
supported on CeO,(111) and Ga-doped CeO,(111) were
investigated by DFT and experiments. Our DFT calculations
show that the binding energy of the Pt atom to the support is
significantly increased with Ga doping, suggesting that the Pt
atom is more stable at high temperatures. Further calculations
show that an oxygen vacancy can be generated near the Pt site
with Ga doping. From the kinetic studies, it is shown that the
energy barrier of CO oxidation is reduced on the Pt/Ga—
Ce0,—Oy SAC, highlighting the benefit of support doping.
Our experimental results agree well with these theoretical
predictions and the combination of theory and experiment
sheds valuable light on the importance of doping a hetero-
metal on atomically dispersed Pt/CeO, single-atom catalysts.
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