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ABSTRACT: In water-promoted CO oxidation, water was thought not to directly
participate in CO2 production. Here we report that via a water-mediated Mars−van
Krevelen (MvK) mechanism, water can directly contribute to about 50% of CO2
production on a single-atom Pt1/CeO2 catalyst. The origin is the facile reaction of
CO with the hydroxyl from dissociated water to yield the carboxyl intermediate,
which dehydrogenates subsequently with the help of a lattice hydroxyl to generate
CO2 and water. The water-mediated MvK type reaction found here provides new
insights in the promotion role of water in heterogeneous catalysis.
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Water, the most abundant molecule in our planet and
widely present under ambient conditions, plays

important roles in a wide range of chemical reactions in
heterogeneous catalysis. It can be a reaction media in liquid-
phase reactions1 or a reactant in water gas shift (WGS),2

hydrolysis,3 and steam reforming.4,5 Moreover, water can be a
promoter or cocatalyst to dramatically increase catalytic
activity,6−14 or even an inhibitor to quickly deactivate a
catalyst.15−17 Revealing the corresponding reaction mechanism
and identification of the active sites are vital for rational design
of catalysts. Water-promoted CO oxidation over supported
gold nanoparticles has been studied extensively. It was
proposed that water enhanced the reaction by promoting the
decomposition of the intermediates.7,18 Alternatively, water was
also suggested to stabilize the adsorption of oxygen molecules
by formation of a hydrogen bond,19−22 or to assist the
activation of oxygen molecules by formation of hydroperoxyl.23

In these studies, neither water nor lattice oxygen of supports
directly participates in the final CO2 production.24,25 The
reaction followed the water-mediated Langmuir−Hinshelwood
(L−H) mechanism. Despite the great progress and valuable
insights obtained from these investigations, the very nature of
water promotion in catalysis remains elusive, complicated
further by the presence of numerous distinct sites in corner,
edge, facet, and metal−support perimeter of the supported
metal nanoparticles.
We report here a great promotion of water in CO oxidation

with direct participation in the final CO2 production via the
water-mediated Mars−van Krevelen (MvK) mechanism on a
single-atom Pt1/CeO2 catalyst. The Pt1/CeO2 catalyst with

uniform active sites and maximized atomic efficiency was
prepared using the atomic layer deposition (ALD) techni-
que.26−28 Compared to the minimal catalytic activity of Pt1/
CeO2 below 100 °C under dry conditions, remarkably, 100%
CO conversion was found at 98 °C in the presence of water.
Density functional theory (DFT) calculations found that water
promotion comes from assisting in reaction of CO with the
hydroxyl from dissociated water to yield a carboxyl
intermediate, and this intermediate subsequently decomposes
with the help of a lattice hydroxyl to generate CO2 and water.
Actually, water contributed to about 50% of the final CO2
production but with zero net consumption, as indicated by
DFT calculations and proved by subsequent isotope-labeling
experiments. This is in sharp contrast to the reported water-
mediated L−H mechanism.24,25 The water-mediated MvK
mechanism found here provides a new scenario for the
promotion of water in heterogeneous catalysis.
We have demonstrated that fabrication of single-atom metal

catalysts using ALD is possible by careful control over the type
and density of nucleation sites and the deposition temper-
ature.27 Here a single-atom Pt1/CeO2 catalyst with a loading of
0.22% was first synthesized using ALD by exposing
(methylcyclopentadienyl)-trimethylplatinum (MeCpPtMe3) at
150 °C followed by calcination at 200 °C in 10% O2 in Ar to
remove the ligands. Aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy
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(HAADF-STEM) images at different locations clearly revealed
that individual Pt atoms (marked by the white circles) were
uniformly dispersed on the CeO2 support without presence of
any Pt clusters and nanoparticles (Figures 1a−d, S1 and S2).

Further analyzing the high-resolution STEM images at different
locations revealed that the isolated Pt atoms are mainly located
on the Ce rows of CeO2(110) facet (Figure 1d) and on the
CeO2(100) facet (Figure S3). However, it was surprising that
no obvious Pt atoms were found on CeO2(111) facet (Figure
S4). Consistent with the STEM observations, X-ray diffraction
(XRD) measurements (Figure S5) did not reveal any Pt-related
diffraction peaks on Pt1/CeO2, implying the absence of large Pt
nanoparticles.
Infrared spectroscopy using CO as the probe molecule is a

fast and convenient characterization method to directly
differentiate single atoms from nanoparticles.29,30 Here diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS)
CO chemisorption measurements were performed on the
single-atom Pt1/CeO2 catalyst and a sample of CeO2-supported
Pt nanoparticles (designated as Pt-NPs/CeO2, seen in Figure
S6) for comparison (Figure 1e). On Pt-NPs/CeO2, the peaks at
2074 and 1835 cm−1 are assigned to the linear- and bridge-
bonded CO on Pt, respectively.29,30 The shoulder at 2113 cm−1

was assigned to linear CO on oxidized Pt particles.31 Thus, the
bridge-bonded CO at 1835 cm−1 can be a signature of Pt atom
ensembles of Pt clusters or nanoparticles.30 On Pt1/CeO2, only

a peak at 2089 cm−1 was observed, which is very close to the
value on isolated Pt atoms reported in literature.30 A blue shift
of 15 cm−1 compared to the linear CO on Pt nanoparticles
(2074 cm−1) is attributed to CO adsorbed on the positively
charged Pt single atoms. Indeed, XPS measurements showed
the Pt 4f7/2 binding energy was 72.9 eV on Pt1/CeO2 (Figure
1f), indicating that the oxidation state of the Pt single atoms is
between Pt2+ and Pt4+, according to the literature.32,33 In
addition, the absence of bridge-bonded CO suggests that either
Pt clusters or nanoparticles were not present on Pt1/CeO2.

30

Next, we evaluated the single-atom Pt1/CeO2 catalyst in CO
oxidation with/without the presence of water. Under dry
conditions (designated as Pt1/CeO2), Pt1/CeO2 showed barely
any catalytic activity below 100 °C, and 100% CO conversion
was obtained at about 160 °C (Figure 2a). With the presence of

water (designated as Pt1/CeO2−H2O), the activity was
remarkably improved by achieving the 100% CO conversion
at 98 °C. As a comparison, the blank CeO2 support showed
barely any activity at below 160 °C in CO oxidation with/
without the presence of water. Varying water partial pressure
from ∼13 to 12 300 Pa (Figure 2b), we found that the activity
sharply increased below 1200 Pa and reached the maximum at
around 1200−2200 Pa; then it gradually decreased at higher
water partial pressures, in line with literature.8 Such water
promotion effect was also demonstrated by the DRIFTS
measurements of the evolution of prechemisorbed CO on Pt1/
CeO2 during sequential O2 and O2 + H2O purge at 50 °C
(Figure S7), wherein the intensity of chemisorbed CO on Pt1/
CeO2 remained intact during O2 purge, similar to the recent
work by Stair et al.,29 but quickly decreased during the O2 +
H2O purge. The Arrhenius plots in Figure 2c illustrate that the
presence of water significantly reduced the apparent activation
barrier from 0.64 ± 0.01 to 0.41 ± 0.02 eV. Nonetheless, we
noticed that the WGS reaction did not occur at below 200 °C
(Figure S8), consistent with literature.2

The stability, in particular at elevated temperatures, is crucial
for single-atom catalysts.27,34−36 Here we examined the stability

Figure 1. Representative HAADF-STEM images of the resulting Pt1/
CeO2 catalyst at (a and b) low and (c and d) high magnifications. A
portion of the atomically dispersed Pt atoms in images (c and d) are
highlighted by the white circles. (e) DRIFTS of CO chemisorption on
Pt1/CeO2 and Pt-NPs/CeO2. (f) XPS spectrum of the Pt1/CeO2
sample in the Pt 4f region.

Figure 2. (a) Catalytic activity of the single-atom Pt1/CeO2 catalyst
and the blank CeO2 support in CO oxidation with/without the
presence of water. (b) Changes of CO conversion at 96 °C as a
function of water partial pressure. (c) Arrhenius plots for CO
oxidation on Pt1/CeO2 with/without the presence of water. (d)
Activity changes at 98 °C by switching on and off water. Reaction
conditions: 1% CO and 20% O2 in Ar; water partial pressure 4000 Pa;
total flow rate 30 mL/min.
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of the single-atom Pt1/CeO2 catalyst at 98 °C by switching on
and off water (Figure 2d, also see another recycling stability test
in Figure S9). The CO conversion quickly declined from 100%
to ∼8% in ∼30 min once the humid reaction gas (water
pressure: 4000 Pa) was switched to dry gas. Next, switching
back to the humidity fully recovered the catalyst activity. Such
declination and recovery of the catalyst activity by switching on
and off water clearly demonstrates the water promotion effect
and suggests that the single-atom Pt1/CeO2 catalyst was rather
stable under the current conditions. A long-term stability test at
92 °C in the H2O-promoted CO oxidation also illustrated the
activity was virtually preserved after 96 h (Figure S10).
HAADF-STEM measurements on the used catalyst illustrated
that nearly all isolated Pt atoms survived after the long-term
stability test, and only a few Pt clusters were observed (Figures
S11 and S12).
DFT calculations were performed to shed light on the CO

oxidation over Pt1/CeO2 with/without the presence of water.
Considering the observation by STEM, we first focused on the
CeO2(110) facet. After optimizing various structures (Figure
S13), we found that single Pt atom substitution in the surface
Ce vacancy is most stable (noted as Pt1/CeO2(110)), where
the positively charged Pt atom is stabilized by the lattice oxygen
via six Pt−O bonds (Figure 3i). The calculated vibrational
frequency of CO on top of the substituted Pt atom is 2076
cm−1 (Figure S14), a blue shift of 17 cm−1 compared to the
calculated frequency of 2059 cm−1 for linear CO on Pt(111),
which is consistent very well with our experimental blue-shift
value of 15 cm−1 between Pt1/CeO2 and Pt-NPs/CeO2 (Figure
1d). This blue shift also agrees well with literature,31 where CO

on Ptδ+ has a higher vibrational frequency than on Pt0. The
calculated Bader charge of Pt1 in Pt1/CeO2(110) is +1.38 |e|.
Compared with the calculated values of +0.95 |e| and +1.62 |e|
for Pt in bulk PtO and PtO2, the oxidation state of Pt1 is closer
to Pt4+, which is again consistent well with our XPS results
shown in Figure 1f. Whereas for CeO2(100) facet, single Pt
atom substitution in the surface Ce vacancy was adopted
(Figure S13), and various structural models were tested (Figure
S14). Unfortunately, either there was no stable configuration
for CO linear adsorption at Pt1−top found, or the calculated
CO stretching frequencies fall in the range far below the
measured values. The CeO2(100) facet is excluded therefore,
although isolated Pt atoms on CeO2(100) facet are observed by
STEM (Figure S3).
In the absence of water, CO adsorbs firmly on Pt1-top with a

binding energy of −2.18 eV (Figure 3ii). Compared to CO
adsorption at the step edge of the vicinal Pt(211) surface, the
binding strength increases by 0.20 eV. To rationalize this, we
note that Pt1 is cationic and electron deficient. As a result, the
donation of CO 5σ orbital toward Pt1 is enhanced, whereas the
back-donation of Pt1 toward CO 2π* is weakened. Indeed,
compared to an overall electron transfer of 0.18 e from the
Pt(211) substrate to CO, it decreases to 0.06 e only on Pt1/
CeO2(110). On the other hand, the binding strength of CO on
Pt1-top is much stronger than the binding of oxygen molecule
(−0.86 eV) at the same site. This implies that CO will
dominate the Pt1-site during CO oxidation. The adsorbed CO
can react with the surface lattice oxygen O(L) coordinated with
the Pt1 atom to form CO2(L) (Figure 3, TS1). The calculated
barrier is 0.79 eV, exothermic by 2.22 eV (see inset in Figure 3).
After desorption of CO2(L) formed, there is one lattice oxygen
vacancy VO left (Figure 3, v). The surface can coadsorb one
oxygen molecule at VO and one CO at Pt1-top (Figure 3, vi).
The differential binding energy of oxygen molecule at VO is
−1.06 eV, and the oxygen molecule is nearly perpendicular to
the surface. Compared to O2 in gas phase, the corresponding
O−O bond length was elongated by 0.2 Å. This indicates that
the oxygen molecule at VO is activated, which is understandable
considering the great redox activity of ceria. Indeed, the high-
lying oxygen of oxygen molecule easily reacts with CO at Pt1-
top to form CO2 with a barrier of 0.35 eV and exothermicity of
0.92 eV (Figure 3, TS4). The catalytic cycle is close after
desorption of CO2. The reaction scenario revealed follows the
MvK mechanism.37,38

To evaluate the role of water in CO oxidation, we first note
that H2O can adsorb molecularly at Pt1-top with a binding
energy of −1.62 eV. However, CO binding strength at the same
site remains 0.56 eV stronger. This means that CO is still
dominating the Pt1 sites even in the presence of water. This
rationalizes well the experimental finding; that is, CO
chemisorption on water-pretreated Pt1/CeO2 was identical to
CO on the untreated sample (Figure S15). Alternatively, water
can molecularly adsorb on CeO2 with a binding energy of
−0.96 eV, similar to the previously reported value of −0.89
eV.39 The molecular water can easily dissociate to a hydroxyl
OH(W) at Ce-top and a lattice hydroxyl OH(L) nearby
(Figure 3, iii). This process is exothermic by 1.36 eV and nearly
barrierless, consistent with the experimental finding of a facile
water partial dissociation on CeO2.

39,40 The hydroxyl at Ce-top
readily associates with CO at Pt1-top to form a carboxyl
COOH(W) intermediate (Figure 3, iv) with exothermicity of
0.49 eV. The corresponding barrier is 0.48 eV (see inset in
Figure 3), which is much lower than that of 1.02 eV in the

Figure 3. Proposed reaction pathways for CO direct oxidation and
H2O-promoted CO oxidation on Pt1/CeO2(110). Here the structures
of intermediates and transition states (TS) of the key elementary steps
are present. The inset in the reaction cycles shows the calculated
energy profile in eV. After one catalytic cycle in both cases, the catalyst
is recovered and releases two CO2 molecules. The yellow, blue, red,
gray, and white spheres represent Ce, Pt, O, C, and H atoms,
respectively.
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alternative pathway, namely, CO association with the lattice
hydroxyl (Figure S16). Dehydrogenation of the carboxyl
intermediate with the help of a lattice hydroxyl nearby to
generate CO2(W) and H2O(L) is very fast with a barrier of 0.16
eV only (Figure 3, TS3). Subsequent desorption of CO2(W)
and H2O(L) into gas phase is exothermic by 0.37 eV (Figure 3,
v). Similar to the above, the catalyst surface with an oxygen
vacancy left can coadsorb O2 and CO (Figure 3, vi) to produce
the second CO2 by passing through a small barrier of 0.35 eV.
The surface is recovered, and the catalytic cycle in the presence
of water is closed. We noted that the surface might be
hydroxylated during the water assisted CO oxidation process.
However, the coverage of surface hydroxyls was found to have
less significant influence on the above reaction mechanism
(Figure S17).
An interesting discovery from calculation is the direct

participation of water in CO oxidation; that is, half the amount
of CO2 product comes from the association between CO and
the hydroxyl from dissociated water at Ce-top. Subsequently,
the H abstraction from the carboxyl intermediate toward the
lattice hydroxyl regenerates water. As a result, there is no water
consumption in the overall process. Compared to the
desorption of H2O(L) formed, its dehydrogenation to produce
H2 is highly endothermic by 4.02 eV. This implies that WGS on
Pt1/CeO2(110) cannot take place, in good agreement with our
experimental result where no WGS activity was observed below
200 °C (Figure S8).
The above calculations show that the rate-limiting step

(RLS) in the absence of water is the CO reaction toward the
surface lattice oxygen with a barrier of 0.79 eV. However, the
RLS in the presence of water becomes the CO reaction toward
the hydroxyl group from dissociated water at Ce−top with
barrier of 0.48 eV. Water promotion on CO oxidation is
evident by lowering the RLS barrier by 0.31 eV, which is close
to the decrease of the measured apparent barrier for CO
oxidation by 0.23 eV (Figure 2c). The water mediation in MvK
with a lower overall barrier is therefore the main reason for the
higher activity of Pt1/CeO2 in the presence of water. It is worth
noting that previous calculation suggested that on bare CeO2
water inhabits the CO oxidation reaction,41 whereas the present
work shows that in the presence of Pt1, water can significantly
promote the CO oxidation reaction.
To examine the suggested catalytic reaction pathways above

in the H2O-promoted CO oxidation, H2
18O isotope-labeling

experiments were performed, where the pulses of the reaction
products were recorded by mass spectroscopy. Indeed,
comparing to the CO oxidation without water (Figure 4a),
nearly half amount of CO2 in the form of C16O18O was
detected in the H2

18O-promoted CO oxidation at the reaction
steady stage (Figure 4b). In addition, we also observed a
significant amount of H2

16O formation, compared to the H2
16O

background as shown in Figure S18, which is not surprising
because a H2

16O molecule is released by consuming one lattice
16O along with the first CO2(W) formation according to the
calculated catalytic cycle with water (Figure 3, TS3). As shown
in Figure 4c, C16O18O could be also formed at room
temperature but with a significantly higher C16O2 to C16O18O
ratio of 16.3. Increasing the reaction temperature, the C16O2 to
C16O18O ratio quickly decreased and reached stable regime of
near 1:1 at near 90 to 105 °C. At lower temperatures, the
formed H2

16O molecules readsorb on the catalyst surface and
participate in the reaction, thereby giving the higher C16O2 to
C16O18O ratio. Therefore, the H2

18O isotope-labeling experi-

ments provide a conclusive proof on the proposed mechanism
from DFT calculation.
Our finding is in sharp contrast to the results of isotopic-

labeling experiments in the L−H type reaction over Al2O3- and
TiO2-supported Au nanoparticle catalysts in literature.24,25 In
these studies, no incorporation of oxygen from water in the
CO2 product was observed in the H2O promoted CO
oxidation. Instead, water assisted mainly adsorption and/or
activation of O2 molecules.

19−23 In present work, dissociation
and desorption of water on ceria are both facile,40 which are
essential for the promotion of water in the MvK type CO
oxidation and responsible explicitly for about half amount of
CO2 formation.
In conclusion, a single-atom Pt1/CeO2 catalyst was

successfully synthesized using ALD technique. In CO oxidation,
water showed a remarkable promotion of the activity of Pt1/
CeO2 catalyst. Our DFT calculations revealed that water affects
profoundly the reaction process by opening a new reaction
channel for CO oxidation with a lower reaction barrier.
Therein, water assists the reaction of CO at Pt1-top with the
hydroxyl group from dissociated water at Ce-top to yield a
carboxyl intermediate, and this intermediate dehydrogenated
with help of a lattice hydroxyl group to generate CO2 and
water. The overall process is more facile than the direct reaction
of CO with the lattice oxygen, resulting in higher activity for
CO oxidation. Another important finding is that water directly
participates in the CO oxidation, responsible explicitly for
about half the amount of the final CO2 formation, clearly
distinct from the water-mediated L−H-type reaction. To the
best of our knowledge, this is the first combined experimental
and theoretical study of the water-mediated MvK type of CO
oxidation. The different roles of water in the water-mediated
MvK and L−H reactions might be likely general. Because water
is commonly present in reactant gases, the present finding of its
direct participation in formation of the final product as a
promoter might be stimulating for other oxidation reactions.

Figure 4. Time-dependent mass spectra of the pulses of the C16O2,
C16O18O, and H2

16O in the direct CO oxidation (a) and the H2
18O

promoted CO oxidation (b) at 98 °C. (c) The C16O2 to C
16O18O ratio

in the H2
18O-promoted CO oxidation at the temperature range of 30−

105 °C.
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