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ABSTRACT: Single-atom catalysts (SACs) often exhibit dynamic
responses to the reaction and pretreatment environment that affect
their activity. The lack of understanding of these behaviors hinders the
development of effective, stable SACs, and makes their investigations
rather difficult. Here we report a reduction−oxidation cycle that induces
nearly 5-fold activity enhancement on Pt/TiO2 SACs for the reverse
water−gas shift (rWGS) reaction. We combine microscopy (STEM) and
spectroscopy (XAS and IR) studies with kinetic measurements, to
convincingly show that the low activity on the fresh SAC is a result of
limited accessibility of Pt single atoms (Pt1) due to high Pt−O
coordination. The reduction step mobilizes Pt1, forming small,
amorphous, and unstable Pt aggregates. The reoxidation step redisperses
Pt into Pt1, but in a new, less O-coordinated chemical environment that makes the single metal atoms more accessible and,
consequently, more active. After the cycle, the SAC exhibits superior rWGS activity to nonatomically dispersed Pt/TiO2. During the
rWGS, the activated Pt1 experience slow deactivation, but can be reactivated by mild oxidation. This work demonstrates a clear
picture of how the structural evolution of Pt/TiO2 SACs leads to ultimate catalytic efficiency, offering desired understanding on the
rarely explored dynamic chemical environment of supported single metal atoms and its catalytic consequences.

KEYWORDS: single-atom catalyst, CO2 hydrogenation, reverse water−gas shift, platinum, titania

■ INTRODUCTION

The hydrogenation of CO2 to CO, also known as the reverse
water−gas shift (rWGS), has sparked research interests from
various perspectives. First, it responds to the call for effective
carbon mitigation technologies, with the bonus of producing
value-added chemicals.1,2 In addition, it is a mechanistic proxy
to understanding the hydrogenation of organic feedstocks
containing CO functional groups, many of which are also
intriguing processes.3−5 Furthermore, its reverse reaction, the
water−gas shift, has significant applications in hydrogen
production and tuning syngas composition, and thus plays
indispensable roles in the global economy.6,7 Previous studies
established that on supported noble metal catalysts, the CO
selectivity increases as the particle size decreases.8−10 Mean-
while, the active sites are proven to be at the metal-oxide
interface, created by the hydroxylation of the M−O bonds.11,12

These findings inspired our interests in studying single-atom
catalysts (SACs) for the rWGS, as they are logically the ideal
catalysts with the optimal selectivity, activity, and site
uniformity for mechanistic investigations.
The recent exploding interests in noble metal SACs are

driven by the pursuit of ultimate metal utilization efficiency

and superior selectivity originating from metal site uni-
formity.13−15 Despite the ample volume of literature, SACs
are rarely explored for high-temperature (>150 °C) hydro-
genation reactions, such as the rWGS.16,17 This is partially due
to their dynamic structures under such conditions: on oxide
supports, metal single atoms are mainly stabilized by M−O
bonds, and thus the interruption of such bonds by harsh
reducing conditions often mobilizes them, inducing structural
changes of the SACs. These behaviors have been shown to
impact the activity of SACs, and also sparsely identified under
oxidizing conditions.18−20 Not only does the lack of under-
standing of processes taking place in SACs under reaction and
pretreatment conditions limit the application scope of SACs it
also hinders the precise understanding of the nature of active
sites and the chemistry occurring on them. In addition to the
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dynamic nature of SACs, the metal−support interaction (MSI)
is another underexplored topic in single-atom catalysis. Unlike
in supported metal nanoparticle catalysts, the chemical
environment of metal single atoms is mostly determined by
their bonding with the support. Therefore, MSI in SACs often
has profound impacts,10,21,22 reminiscent of the significant
influences that ligands cast on metal centers in homogeneous
catalysts. In addition, it has been shown that the nature of MSI
may change when atomic metal dispersion is reached.23,24

Therefore, understanding the role of MSI in the modulation of
the activity and selectivity of SACs is critical.
In this work, we investigated Pt/TiO2 (anatase) SACs for

the rWGS. We show that the potential of Pt single atoms (Pt1)
to carry out the catalytic transformation is initially concealed
by their saturated coordination with TiO2, and can be
unlocked by a reduction−oxidation treatment. Through a
combination of kinetic, spectroscopic, and microscopic
evidence, we illustrate that controlled reducing atmosphere
mobilizes Pt1, forming small, amorphous aggregates that can be
redispersed into Pt1 by mild oxidation. The redispersed Pt1
shows less coordination with surface O than Pt1 of the fresh
catalyst, and thus better accessibility, and consequently higher
activity in the rWGS reaction. Although the activated Pt1/TiO2
deactivates slowly during the rWGS reaction, the activity is
fully recoverable by mild oxidation. Therefore, this work
provides a strategy to properly alter the chemical environment
of metal single atoms to achieve ultimate catalytic efficiency.
This study also offers fundamental understanding on the
structural evolution of SACs under various conditions and how
these events determine the catalytic activity.

■ RESULTS

1. Activating Pt Single Atoms (Pt1) by a
Reduction−Oxidation (Red_Ox) Cycle

We synthesized three Pt/TiO2 catalysts to test for the rWGS.
Small anatase particles were chosen as the support because the
method for preparing Pt/TiO2 single-atom catalysts (SAC) is
available with this phase.25 The anatase support is stable at
≤800 °C, as no phase transformation was observed after
calcination at such temperatures (Figure S1), a result of the
small particle size.26,27 Therefore, any changes in the activity of
these catalysts cannot be caused by support phase changes.
Two catalysts were prepared by the strong electrostatic
adsorption method with Pt loading of 0.025 wt %. Because
of the large difference in the surface areas of the TiO2 used for
the preparation (∼180 and ∼20 m2/g, Table S1), the resulting
materials contain exclusively Pt single atoms (Pt1/TiO2) and
subnanometer Pt clusters (Ptn/TiO2, d = 0.56 ± 0.06 nm,
Figure S2a−c, along with Pt single atoms), respectively. The
third catalyst, 2 wt % Pt/TiO2, was prepared with the incipient
wetness impregnation method and contains Pt nanoparticles
(Pt NP/TiO2, d = 1.0 ± 0.2 nm, Figure S 2d). After calcination
in air at 400 °C, the “fresh” catalysts were obtained. The
atomic dispersion of Pt on the fresh Pt1/TiO2 was confirmed
by high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM), X-ray absorption spectroscopy
(XAS), and CO-probe IR (CO-IR), which will be discussed in
detail in the next section (Figures 3−5).
All three Pt/TiO2 catalysts tested for the rWGS show 100%

CO selectivity at 250 °C. Surprisingly, Figure 1a shows that
Pt1/TiO2, expected to have the most interfacial active sites and
hence the highest activity per Pt,11,12 is not as active as Ptn/

TiO2. Meanwhile, it exhibits a minor (∼50%) rate increase in 3
h, which is absent for the other two catalysts. The unexpected
low rWGS rate and the slight activation under the reducing
rWGS atmosphere led to the hypothesis that Pt1/TiO2 requires
activation by appropriate reduction treatment. Therefore, we
treated Pt1/TiO2 with H2 at 500 °C for 1 h (H500−1h,
reduction conditions below labeled similarly), before testing it
for the rWGS at 250 °C. Figure 1b shows that the H500-1h
reduction alone does not lead to meaningful rate increase (first
group, blue bar), but after reoxidizing H500-1h Pt1/TiO2 with
air at 250 °C, the rate (red bar) becomes nearly 3-fold that of
the fresh catalyst, i.e., Pt1/TiO2 is drastically activated by the
applied reduction−oxidation (referred herein as Red_Ox)
cycle. The reoxidation step can be partially achieved under very
mild conditions, by room-temperature air exposure for several
days (purple bar). In addition, reoxidizing Pt1/TiO2 used in
250 °C rWGS for 13 h (R250-13h) also leads to the activation
(second group), indicating that the rWGS reaction is
equivalent to a reduction step. In contrast, the Red_Ox cycle
has a negligible activation effect on Ptn/TiO2 or Pt NP/TiO2
(last two groups), suggesting that this process selectively
activates Pt1 but not other Pt species (clusters or nano-
particles).
We varied the reduction condition to systematically examine

its impacts on Pt1 activation and maximize the catalytic
efficiency of Pt1/TiO2. Red bars in Figure 2a show the initial
reaction rate (at 10 min time-on-stream) on Red_Ox Pt1/TiO2
with a series of increasingly harsh reduction conditions
(increasing reduction time at various temperatures) from left
to right. The volcano-shaped curve suggests that the reduction
condition needs to be strong enough to activate Pt1, but too
harsh reduction conditions would deactivate them, likely due
to sintering. With the optimized reduction condition (H400-30
min), the rWGS reaction rate on Pt1/TiO2 is enhanced by 4-
fold by the Red_Ox cycle, showing higher activity than Ptn/
TiO2 predicted by mechanistic studies.11,12 Meanwhile, we
noticed that the Red_Ox-activated Pt1/TiO2 experiences
minor deactivation during the reaction, to 75−80% of the
initial activity after 3 h time-on-stream, rather than the slight

Figure 1. Comparing Pt single atoms (Pt1), small clusters (Ptn), and
nanoparticles (Pt NP) supported on anatase TiO2 for the rWGS
catalysis. (a) Variations in the per-Pt reaction rate with time-on-
stream. (b) Changes in the initial rate (t = 10 min) after a reduction−
oxidation cycle. In each group, the black, blue, purple, and red bars
represent the fresh sample, after reduction (H2, 500 °C, 1 h, H500-1h,
or the rWGS reaction, 250 °C, 13 h, R250-13h), partial oxidation (air,
room temperature, 6 days), and complete oxidation (air, 250 °C, 3 h),
respectively. Each group was normalized to the fresh catalyst to
emphasize the changes. Reaction conditions: 30 mg catalysts,
H2:CO2:He = 4:1:15, total flow = 40 SCCM, T = 250 °C, CO2
conversion <2%. The CO selectivity is 100% in all cases.
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activation observed on the fresh sample (green dots in Figure
2a). In contrast, Pt NP/TiO2 exhibits steady activity. The
detailed examination of the deactivation will be presented later,
while the rate increase with time-on-stream can serve as a
diagnostic for the presence of nonactivated Pt1. We note that
even with the deactivation, the Red_Ox Pt1/TiO2 still exhibits
clearly higher activity than the fresh catalyst after 40 h time-on-
stream (Figure S4).
To further understand the Pt1 activation, we applied the

Red_Ox cycle with the optimal reduction condition (i.e.,
H400-30 min followed by room-temperature oxidation for 6
days) to a series of Pt/TiO2 with 0.00625 to 0.1 wt % Pt from
the same synthesis method as Pt1/TiO2. Since Pt1/TiO2 has
0.025 wt % Pt, it is reasonable to assume that at ≤0.025 wt %,
all the Pt is atomically dispersed. Literature showed that at
>0.025 wt % Pt, atomic Pt dispersion cannot be maintained
with this synthesis procedure,25 consistent with the lack of rate
increase with time-on-stream on the fresh catalysts (yellow
dots in Figure 2b, representing the ratio between the final and
the initial rate on each fresh catalyst, not significantly above 1),
the diagnostic for Pt1. The red bars in Figure 2b, representing
the ratio between the initial rate on each catalyst with and
without the Red_Ox cycle, i.e., the activity enhancement by
the cycle, clearly show that the Red_Ox cycle activates all Pt/
TiO2 catalysts (all bars >1), and its efficacy decreases with

increasing Pt loading, consistent with the conclusion that it
selectively activates Pt1 over other Pt species. In addition,
among the three SACs, it is more effective with lower Pt1
surface density, implying that Pt1 sinter during the cycle, which
competes with the activation, consistent with the inference
from the volcano-shaped curve in Figure 2a. We note that the
blue dots in Figure 2b, representing the ratio between the final
and the initial rate on each activated catalyst after 3 h rWGS,
show that the reaction rate on the most diluted sample, with
0.00625% Pt, still increases with time-on-stream after the cycle,
a sign of incomplete activation. Consequently, if the reduction
condition were optimized on this sample, the activity
enhancement would exceed 5-fold. In summary, kinetic data
indicate that the Red_Ox cycle selectively activates Pt1, which
is required to uncover the superior rWGS activity of Pt1/TiO2,
and likely competes with Pt sintering under the reducing
atmosphere.
2. Elucidating the Mechanism of the Pt1 Activation

To elucidate the mechanism of the Pt1 activation, we tracked
the structural changes of Pt1/TiO2 during the Red_Ox cycle
using STEM, XAS, and CO-IR. We chose the optimal
reduction condition, H400-30 min in Figure 2a, so if not
specified, “Red_Ox” below refers to “H400-30 min_Ox”. The
oxidation step was conducted under diluted O2 at 250 °C for
≥6 h. We note that X-ray photoemission spectroscopy (XPS)
was attempted but failed to detect Pt on Pt1/TiO2, as the
loading (0.025 wt %, ∼0.01 at. %) is below the detection limit
of Pt on TiO2 in literature (∼0.1 at. %).32

STEM images of the Pt1/TiO2 catalyst treated under
different conditions are shown in Figure 3 (see Figure S5 for

additional images and line-scan analysis). The fresh catalyst
shows exclusively Pt single atoms, proving the atomic
dispersion of Pt (Figure 3a). After the reduction, the sample
was immediately transferred to vacuum for imaging with
minimal air exposure. A small number of Pt aggregates with ∼1
nm diameter were identified, along with Pt single atoms
(Figure 3b). The aggregates do not resemble typical Pt
nanoparticles: they lack three-dimensional structures and Pt
atoms at the peripheral positions seem loosely connected to
others and were observed to move during imaging. Therefore,
these features are likely amorphous, mobile, and loosely bound
Pt aggregates, visually resembling Pt 2D-rafts reported on
Al2O3.

33 After the entire Red_Ox cycle, we observed only Pt
single atoms again with no evidence of Pt aggregates (Figure

Figure 2. Detailed studies of the Pt1 activation by the Red_Ox cycle.
(a) Efficacy of the cycle with various reduction conditions, with the
red bars showing the initial (t = 10 min) rWGS rate per Pt, and the
green dots showing the ratio between the final (t = 3 h) and the initial
rate on each sample. An optimum in the initial activity exists as the
reduction condition becomes harsher. CO is known for its efficacy in
mobilizing noble metal atoms,28−31 and thus CO400-30 min is
regarded as a “harsher” condition than H500. (b) The efficacy of the
cycle with various Pt loading on TiO2, with the red bars showing the
ratio between the initial rate with and without the cycle, i.e., the
activity enhancement level, and the blue/yellow dots showing the
ratio between the final and the initial rate on each activated/fresh
catalyst. The rWGS conditions are identical with Figure 1b. The
complete data used to construct this figure can be found as Figure S3.

Figure 3. HAADF-STEM images of 0.025% Pt/TiO2 (Pt1/TiO2): (a)
fresh sample; (b) after 4% H2 reduction at 400 °C for 30 min and
immediately transferred into the vacuum; (c) after 20% O2 oxidation
at 250 °C for 12 h following the reduction. All arrows point to Pt
single atoms, and dashed circle in (b) highlights one of the Pt
aggregates. Additional images can be found in Figure S5a−c to show
that the images are representative. Line-scan analysis of the fresh and
the Red_Ox catalysts can be found as Figure S5d, e, respectively, to
further confirm that Pt species are mononuclear on both samples.
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3c). Consequently, STEM reveals that Pt1 experience minor
aggregation during the reduction, but are redispersed into Pt1
during the reoxidation.
Figure 4 summarizes the Pt L3-edge XAS results. EXAFS

data were analyzed by modeling (Figure 4a, showing Fourier

transformation in R-space magnitude with fittings as dashed
lines, the imaginary part and k-space data as shown in Figure
S6) and wavelet transformation (WT, Figure S8). For the fresh
catalyst (black), the best EXAFS model was obtained using
both a Pt−O scattering path and a Pt−Ti path. For
comparison, replacing the Pt−Ti path with a Pt−Pt path
from either Pt metal or PtO2 leads to poor agreement with the
data (Figure S7a). In addition, WT (Figure S8a) shows that
the intensity between nonphase resolved 2 and 3 Å is localized
in a different k range from Pt−Pt (3−7 Å−1 compared to 8−12
Å−1 in Figure S8e, f) that is consistent with lower atomic
number element than Pt, such as Ti. Therefore, we conclude
that as the EXAFS has negligible contribution from Pt−Pt, the
Pt is predominantly atomically dispersed. Figure 4a and Table
S2 also show that the fresh catalyst has high coordination
number (N) of Pt−O, 6.4 ± 0.4, i.e., the Pt1 are highly O-
coordinated. In fact, the N(Pt−O) and N(Pt−Ti) = 4.7 ± 0.6
are close to N(Ti−O) = 6 and N(Ti−Ti) = 4 in anatase
respectively, implying a probable scenario that most Pt
substitute a Ti in the lattice, sitting in a coordination-saturated
environment. Meanwhile, in the XANES region, the white-line
intensity of Pt1/TiO2 (Figure 4b, black) is similar to the Pt(II)
standard Pt(acac)2 and significantly higher than Pt foil,
suggesting that the Pt1 are clearly cationic.
After the reduction, the EXAFS changes significantly (Figure

4a, blue). Three paths are now required for the best fit model
(Table S2): a Pt−O path, a metallic Pt−Pt path, and the same
Pt−Ti path. Models without the Pt−Pt path fail to adequately
account for the intensity between 2 and 3 Å (Figure S7c). In
addition, WT (Figure S8c) suggests that the intensity between
2 and 2.5 Å has contribution from scatterers with high atomic

numbers such as Pt. The presence of a metallic Pt−Pt
scattering path is consistent with the observation of some Pt
aggregates in STEM, and the significantly lower average N(Pt−
O) = 1.1 ± 0.4 is consistent with Ptn clusters bound to the
TiO2 support. Besides, in the XANES region, the white-line
intensity decreases as expected after the reduction, to
approximately that of Pt foil (Figure 4b, blue), indicating
that the Pt is mostly metallic, also consistent with Pt
aggregation. Furthermore, the mean square deviation in half-
path length (σ2) of the Pt−Pt path (0.017 ± 0.007) in the best
fitting is higher than normal values for crystalline Pt (e.g.,
0.005 ± 0.003 for Pt foil in Table S3), implying some disorder
in the Pt−Pt bonds in the small clusters and leading to the
visually weak EXAFS intensity.
After the reoxidation, the EXAFS (Figure 4a, red) changes

back to resemble the fresh catalyst qualitatively: it is also best
fit with the same Pt−O and Pt−Ti paths (Table S2), replacing
the Pt−Ti path with either Pt−Pt path leads to worse fittings
(Figure S7b), and WT (Figure S8b) indicates that the intensity
between 2 and 3 Å is from lighter scatterers than Pt. Therefore,
the Pt is again atomically dispersed. Nonetheless, the scattering
is visibly weaker than in the fresh catalyst, and the fitting shows
significantly lower N(Pt−O) and N(Pt−Ti), i.e., 3.7 ± 0.9 and
2.2 ± 0.7 compared to 6.4 ± 0.4 and 4.7 ± 0.6 (Table S2). In
addition, the white-line intensity recovers (Figure 4b, red)
from the postreduction sample, but is lower than the fresh
catalyst. These results suggest that these Pt1 are in a less O-
coordinated environment than the Pt1 on the fresh catalyst,
with lower average oxidation state. Overall, XAS confirms that
Pt1 aggregate during the reduction, and are redispersed into Pt1
during the reoxidation. It further shows that the redispersed
Pt1 are in a different chemical environment from the fresh Pt1.
IR spectra of the Pt1/TiO2 catalyst after room-temperature

CO exposure and evacuation are shown in Figure 5 (1700−
2300 cm−1

, adsorbed CO region, see Figure S9 for spectra

Figure 4. Pt L3-edge XAS results on Pt1/TiO2: (a) the EXAFS (R-
space magnitude, best fitting shown as dashed curves, each spectrum
offset by 1.5); (b) the XANES. The spectra were collected at room
temperature on the same sample in sequence after each step: black,
fresh; blue, after reduction; red, after reoxidation; green, after 250 °C
rWGS reaction. The EXAFS fitting parameters are listed in Table S2,
and supplemental analysis results can be found in Figures S6−S8.
Dashed lines in b show the white-line intensity of Pt standards with 0
(Pt foil), + 2 (Pt(acac)2), and +4 (PtO2) Pt oxidation state for
comparison.

Figure 5. IR spectra of Pt1/TiO2 after 0.4 Torr CO exposure at room
temperature followed by evacuation. The four spectra represent
irreversible CO adsorption (Pt-bound CO) and were collected on the
same sample in sequence after each step: black, fresh; blue, after
reduction; red, after reoxidation; purple, after CO400−30 min_Ox.
All treatments were performed with 1 Torr corresponding gas.
Between each two steps, the sample was cleaned by 1 Torr O2 at 250
°C to eliminate adsorbed CO.
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during the evacuation). The fresh sample shows peaks with
very low intensities in the region (black), indicating little CO
adsorption. Conducting the experiment at 100 K (Figure S10)
shows no bands from Pt-bound CO either, eliminating the
possibility of CO bound very weakly on Pt. Therefore, Pt on
the fresh catalyst have limited accessibility to CO. The weak
CO bands are mostly beyond 2100 cm−1, assigned to linear
CO on cationic Pt (Ptm+−CO),34−36 with no bridging CO
(1800−1900 cm−1), further confirming the atomic dispersion
of Pt. After the reduction, the sample still exhibits limited CO
adsorption capacity (blue). Interestingly, after the reoxidation,
intense IR bands (red) appear at 2179, 2129, 2121, and 2083
cm−1. The first three features correspond with various types of
Ptm+−CO, whereas the latter one is attributed to Pt(0)−CO
(there is also a very low-intensity band around 1845 cm−1 that
could represent CO adsorbed on contiguous Pt sites in a
bridging configuration).34,35 These bands and their intensities
suggest that after the Red_Ox cycle (1) the accessibility of Pt
to CO significantly increases; (2) most Pt species are positively
charged, and the fraction of Pt−Pt sites, i.e., Pt aggregates, is
low, even after taking the low IR cross-section of bridging CO
on Pt into consideration.37 The sample was further treated
with a CO_Ox cycle (CO400-30 min), which moves it over
the peak of the volcano-shaped activity curve in Figure 2a.
Afterward, the sample shows adsorbed CO bands at similar
positions (purple) with after Red_Ox, but the Pt(0): Ptm+ ratio
significantly increases, and the total intensity drops, suggesting
higher Pt nuclearity. In summary, IR results show the
enhanced accessibility of Pt toward CO adsorption after the
Red_Ox cycle, further proving the changes in Pt chemical
environment suggested by XAS and kinetic data. The results
also show that with the optimal reduction condition, Pt remain
mostly cationic after the cycle, whereas harsher reduction
condition leads to more Pt(0), i.e., larger particles.

3. Deactivation and Oxidative Reactivation of
Red_Ox-Activated Pt1/TiO2

In the discussion of the kinetic data, we mentioned that the
Red_Ox-activated Pt/TiO2 catalysts experience minor deacti-
vation during the rWGS reaction at 250 °C (Figure 2) or 200
°C (Figure S11a). The deactivation was also observed on Pt1/
TiO2 after only the reduction and Ptn/TiO2 but not on Pt NP/
TiO2 (Table S4), indicating that it is unique to highly
dispersed Pt. Further investigation reveals that for activated
Pt1/TiO2 the deactivation can be fully reversed by exposure to
air at room temperature for an extended period of time (7
days, Figure 6a, blue) or by oxidation at 250 °C for short time
(30 min, green), but not under an inert atmosphere (He) at
high temperature (black). The reactivated Pt1/TiO2 exhibits
similar deactivation behavior when used again (Figure 6a). In
addition, we discovered that at 250 °C, H2 alone in the rWGS
feed cannot induce the deactivation, as the catalyst exhibits
identical activity and deactivation with (Figure 6b, blue) and
without (red) a 250 °C, 200 min H2 treatment before the
rWGS. In contrast, the deactivation occurs partially under 0.7%
CO (brown, identical concentration with that produced in the
rWGS stream), and completely under H2 + CO (black),
indicating that the deactivation is caused by the combination of
H2 and CO in the reaction stream but CO is the main
contributor.
The resemblance between the oxidation condition leading to

the reactivation and in the Red_Ox cycle (air, 250 °C or RT
for days) implies similarities between the two processes, i.e.,

under the rWGS conditions, activated Pt1 form similar species
with fresh Pt1 during the reduction−the small, amorphous,
mobile Pt aggregates. The sintering leads to the deactivation,
which can be completely reversed by the oxidative redis-
persion. XAS of Red_Ox Pt1/TiO2 collected after being used
for rWGS at 250 °C for 2 h (Figure 4a, green) supports the
hypothesis as it resembles XAS of Red Pt1/TiO2: damped
EXAFS that requires a Pt−Pt path to fit (in addition to Pt−O
and Pt−Ti paths, Table S2, and Figure S7c), similarly low
N(Pt−O) (1.4 ± 0.3 compared to 1.1 ± 0.4) and high σ2(Pt−
Pt) (0.016 compared to 0.017 ± 0.007), as well as close-to-
metallic Pt suggested by XANES (Figure 4b, green). The
deactivation is not caused by CO poisoning Pt, because at the
experiment temperature of Figure 6 (250 °C), CO completely
desorb from TiO2-supported Pt1 and mostly desorb from Pt
NP.25,38 Also, Pt NP/TiO2 does not show such behavior,
implying that it originates from the instability of low-nuclearity
Pt species. We note that the white-line intensity drop under
the rWGS condition completes much faster (in 25 min, Figure
S12c) than the deactivation (continuing after 20 h, Figure S4),
implying that before aggregation, Pt1 likely catalyzes the
reaction in a reduced but still atomically dispersed state.

■ DISCUSSIONS
The combination of kinetic, spectroscopic, and microscopic
studies elucidates a clear picture of how the Red_Ox cycle
unleashes the rWGS activity of Pt1/TiO2 by altering the
chemical environment of Pt1, conceptualized as Figure 7. The
coordination sphere of the fresh Pt1 is saturated with oxygen
from TiO2, evidenced by the high N(Pt−O) ≈ 6 in EXAFS
(Figure 4a, Table S2) and low CO adsorption capacity (Figure
5). The match between the EXAFS data and the Ti-
substitution model implies that each Pt1 substitute a Ti in
TiO2, and thus are in the surface layer or subsurface instead of
on the surface. The chemical environment predicts low Pt
accessibility, as shown by the lack of Pt−CO bands in IR,
rationalizing the low rWGS activity. Single noble metal atoms
in similar substitutional environment have been reported

Figure 6. RWGS rate per Pt vs time-on-stream showing the
deactivation and oxidative reactivation of the Red_Ox Pt1/TiO2. In
a, the four curves were measured in sequence on a fresh catalyst
following the order and after each treatment in the legends. In b, the
red, blue, brown, and black curves were measured after treating an
activated catalyst with no treatment, 20% H2 at 250 °C for 200 min,
0.7% CO at 250 °C for 200 min, and 20% H2 + 0.7% CO at 250 °C
for 200 min, respectively. The rWGS conditions are identical with
Figure 1b.
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before on TiO2.
18,19 We note that the white-line intensity is

known to be affected by the coordination environment of the
metal centers, in addition to their oxidation state.39−42

Therefore, we refrained from concluding Pt oxidation state
solely based on XANES. In fact, the white-line intensity of the
fresh Pt1 is close to Pt(acac)2, but the Ti-substitution model
suggested by the EXAFS predicts +4 oxidation state,
emphasizing the cautious one should take in determining
oxidation state from the white-line intensity. We also note that
Christopher et al. reported a 2135 cm−1 CO-IR band on Pt1/
TiO2 observed only at <−50 °C and assigned it to weakly
bound Ptm+−CO.18 Nevertheless, even at 100 K, we did not
observe any bands of adsorbed CO besides ones on pristine
anatase TiO2 (2128 and 2137 cm

−1 in Figure S10), i.e., there is
no weakly bound Ptm+−CO. Besides, the weak Ptm+−CO
bands on the fresh Pt1/TiO2 in Figure 5 are located at various
positions, suggesting that Pt1 are not completely uniform, also
different from results from Christopher et al.18,25 Therefore,
the fresh Pt1/TiO2 in the two studies are not identical.
The reduction step hydroxylates and cleaves Pt−O bonds, as

suggested by the decreased N(Pt−O) in EXAFS and shown by
mechanistic studies,11,12 mobilizing Pt1. Pt could hence
aggregate, but the formation of large, stable particles can be
avoided by carefully controlling the reduction condition, so
that only small, amorphous, loosely bound, and mobile Pt
aggregates are formed, as observed in STEM (Figure 3b) and
consistent with the high degree of disorder in the Pt−Pt
scattering path. The volcano-shaped activity curve (Figure 2a)
shows the delicate balance in the reduction step: too mild
condition would fail to cleave Pt−O bonds and thus activate
Pt1 (e.g., H300-1h_Ox catalyst shows low activity and rate
increase with time-on-stream, signs of incomplete Pt1
activation), whereas too harsh condition would create large
and stable Pt particles that cannot be redispersed by the
reoxidation applied (e.g., CO400-30 min_Ox catalyst shows
also low activity and mostly zero-valence Pt). We note that Pt
aggregates after the reduction visually resemble 2D rafts, the
stabilization of which in similar systems was attributed to
support-to-metal electron transfer.17,33,43−47 Actually, we
observed slightly lower Pt white-line intensity than Pt foil
(Figure 4b), so the Pt single atoms and small clusters could

carry partial negative charges. Nevertheless, the Pt−Ti distance
(3.04 ± 0.06 Å) is consistent with a Pt−O−Ti structure, not
direct M1−Ti bonds (∼2.5 Å) at oxygen vacancies (Ov)
reported on defective rutile TiO2.

17,47 Therefore, there is no
direct contact between Pt and Ti cations, likely a result of
surface Ov on anatase being less favored than subsurface
Ov.

48−50 Meanwhile, the 250 °C oxidation does not redisperse
Pt clusters on Ptn/TiO2 (Figure S11c), highlighting the
difference between Pt aggregates created from Pt1 reduction
and those synthesized by wet chemistry methods. In addition,
the catalyst after the reduction exhibit strong metal−support
interaction (SMSI), implied by the lack of CO adsorption
(Figure 5), which may also be responsible for the low rWGS
activity at this stage (Figure 1b) along with the decreased Pt
dispersion.
The reoxidation step completes the activation by redispers-

ing Pt into Pt1. Nonetheless, compared to the fresh Pt1, the
redispersed, i.e., activated, Pt1 are not coordinately saturated
with oxygen, evidenced by lower N(Pt−O) and N(Pt−Ti) in
EXAFS (Figure 4a, Table S2), as well as significantly higher
CO adsorption capacity (Figure 5). These characteristics imply
that Pt1 migrate from the TiO2 surface layer (in-surface) or
subsurface to the surface (on-surface). The increased
accessibility and coordination vacancies of Pt1 logically predict
higher rWGS activity, reflected by the kinetic data. Also, the
less O-coordinated environment is consistent with the lower
XANES white-line intensity (Figure 4b). Anatase TiO2 is
oxidized at this point, and no direct Pt−Ti bonds are suggested
by the EXAFS. Therefore, the activated Pt1 are not likely
anchored by surface defects. We note that in STEM, activated
Pt1 (Figure 3c) appear brighter than fresh Pt1 (Figure 3a),
which could be due to Pt migration onto the surface as well
(different TiO2 thickness might also lead to the observation).
We also note that in CO-IR, Red_Ox Pt1/TiO2 shows a very
weak bridging CO band (Figure 5), despite that both STEM
and EXAFS show atomic Pt dispersion. This could be due to
the different O2 pressure applied during the reoxidation: 1
Torr in CO-IR compared to ∼150 Torr in the other two. This
scheme predicts that the reducing rWGS condition would be
equivalent with a reduction step, validated by kinetic data in
Figure 1 showing that the reaction activates fresh Pt1, and the
qualitatively similar XAS of R250-13h_Ox and H400-30
min_Ox catalysts (Figure S13).
Because previous mechanistic studies clearly showed that the

rWGS always follows the carboxyl pathway on supported noble
metal catalysts at the metal−support interface (rather than
continuous metal sites, and formates are spectators), regardless
of metal nuclearity or support identity,11,12 the rWGS is
expected to follow the same mechanism on Pt1/TiO2 with or
without the Red_Ox cycle. In fact, when the rate is stabilized
on fresh and Red_Ox Pt1/TiO2, the Ea and the reaction rate
dependence on H2 and CO2 partial pressures are all similar
(Figure S14), supporting an identical reaction mechanism.
Therefore, the activity enhancement is mainly due to the
higher chance that such chemistry occurs at the interfacial
active sites, as Pt1 become more accessible to the reactants
(indicated by the enhanced accessibility to CO in Figure 5).
This is reflected by the increase in the pre-exponential factor
on the activated Pt1/TiO2 (Figure S14). Besides, theoretical
calculation suggested that metal sites activate CO2 and stabilize
carboxyl more effectively when less coordinated and more
negatively charged. Consequently, the lower Pt coordination

Figure 7. Summary of the evolution of Pt1/TiO2 during the Red_Ox
activation cycle.
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number (EXAFS) and white-line intensity (XANES) after the
activation imply potentially higher CO2 activation efficiency.
The optimal Red_Ox cycle boosts the per-Pt rWGS rate on

Pt1/TiO2 to 0.4 s−1 at 250 °C, clearly higher than Ptn/TiO2
(0.2 s−1, Figure S11b), consistent with mechanistic studies
claiming metal-oxide interfacial active sites.11,12 The activation
mechanism emphasizes the importance of the metal−support
interaction on SACs: it is crucial to stabilize single atoms, but
the support can saturate the metal coordination sphere, leading
to the loss of catalytic activity. Christopher et al. reported that
450 °C H2 reduction leads to more active Pt1 for CO
oxidation.18 Sautet et al. reported the interchange between
substitutional and supported Rh1 on TiO2 under various rWGS
conditions affecting activity, both resonating with this work.19

These limited examples show that the dynamic responses of
metal single atoms to the atmospheres, which are often
undesired as they cause catalyst instability and complicate the
reaction, could be a blessing in disguisethey can be utilized
to maximize the catalytic potential of single atoms by
manipulating their bonding with the support and thus chemical
environment.
Our results also indicate that during 250 °C rWGS, activated

Pt1 transforms gradually into Pt aggregates similar to those
formed during the initial reduction, reversibly deactivating Pt1/
TiO2. At 250 °C, H2 + CO is required for the aggregation to
proceed slowly (Figure S4), whereas at ≥400 °C during the
reduction, CO is not necessary and only ≤1 h of time is
required. The dynamic Pt1/aggregates interchange by
oxidation/reduction emphasizes the necessity of tracking the
operando catalyst structural evolution to understanding single-
atom catalysis accurately. In addition, as the thermodynamics
of single atoms is predominately determined by the metal−
support bonds, the M−O cleavage under harsh reducing
conditions inevitably destabilizes them. This issue poses
significant challenges to using SACs for high-temperature
hydrogenation reactions, resulting in very scarce reports
beyond this work.16,17 This is further aggravated with CO
involved as the reactant or even low-concentration product
(such as in this work), which leads to mobile metal carbonyl
and facilitates sintering. Consequently, the oxidative redis-
persion under mild conditions (room-temperature air)
reported here offers a potential strategy to effectively alleviate
the problem and thus expand the application scope of SACs.

■ CONCLUSIONS
Here we report on a reduction−oxidation cycle that selectively
activates Pt single atoms on anatase TiO2, achieving optimal
activity for the reverse water−gas shift (rWGS) reaction. The
activation mechanism was revealed by systematic kinetic,
STEM, CO-IR, and XAS studies. After calcination, the catalyst
contains highly O-coordinated Pt single atoms with limited
accessibility and coordination vacancies to participate in
catalysis, consequently exhibiting unexpectedly low rWGS
rate. During the reduction step (H2, >300 °C), the
interruption of Pt−O−Ti bonds leads to small, amorphous,
mobile Pt aggregates, which are unstable and redispersed in the
following reoxidation step (air, RT or 250 °C) into single
atoms. These newly formed Pt single atoms are less O-
coordinated and more accessible, therefore showing signifi-
cantly higher rWGS rate. Careful control of the reduction
condition is required to cleave Pt−O bonds, mobilizing Pt
while avoiding the formation of (large) Pt particles too stable
for the redispersion. Besides, the activated Pt/TiO2 SAC shows

slow deactivation, but is completely reactivated by reoxidation
under mild conditions. This work shows that properly
manipulating the chemical environment of supported single
atoms and their interaction with the support can maximize
their catalytic efficiency. It also provides valuable insights to
the dynamic behaviors of SACs under pretreatment and
reaction conditions as well as their catalytic consequences.

■ EXPERIMENTAL SECTION

Catalyst Synthesis
Pt/TiO2 catalysts were synthesized following a strong electrostatic
adsorption procedure. Twenty milliliters of a NH4OH (Sigma-
Aldrich, 28.0−30.0% NH3 basis) solution of the proper amount of
Pt(NH3)4(NO3)2 (Sigma-Aldrich, 99.995%) was added to 75 mL of
NH4OH + 25 mL of H2O + 1 g of anatase TiO2 (US Research
Nanomaterials, 99.5%, 5 nm) under a 500 rpm stirring at a rate
addition of 1.2 mL/h. The solid was centrifuged, dried at 70 °C, and
calcined under static air at 400 °C for 4 h, resulting in the fresh
catalysts. For Ptn/TiO2, TiO2 was calcined at 800 °C for 6 h prior to
the synthesis to reduce its surface area and thus Pt dispersion. Pt NP/
TiO2 was synthesized by incipient wetness impregnation with anatase
TiO2 and Pt(NH3)4(NO3)2 at 2 wt % Pt loading.

Catalyst Treatment and rWGS Testing
The treatment and testing of Pt/TiO2 catalysts for the rWGS were
conducted in a fixed bed tubular quartz reactor in a tube furnace. A
thermocouple was placed just above the bed to monitor temperature.
The treatment was conducted with 20% H2, 2% CO, or air at ambient
pressure. For typical rWGS testing, the reactor loaded with 30 mg of
Pt/TiO2 and 170 mg of SiO2 was heated to 250 °C under He (40 °C/
min). Then gas feed composition was switched to CO2:H2:He =
1:4:15 with a total flow rate of 40 SCCM vented to atmosphere.
Reaction progress was assessed using an online gas chromatography
(Agilent 7890B with a Supelco Carboxen 1010 PLOT column,
methanizer, and FID detector). The GC was run under isothermal
conditions (35 °C) for 25 or 60 min using He carrier (10 mL/min).
The retention times of CO and CO2 were 2.4 and 13.9 min,
respectively. For the kinetic parameter measurements, one of either
the temperature, H2 concentration, or CO2 concentration was varied
accordingly while the others were kept constant.

Catalyst Characterization
High-Angle Annular Dark-Field Scanning Transmission

Electron Microscopy (HAADF-STEM). Atomic resolution
HAADF-STEM imaging of the Pt/TiO2 catalyst were acquired
using a probe corrected JEOL NeoARM STEM operating at 200 kV.

X-ray Absorption Spectroscopy (XAS). XAS measurements at
Pt L3-edge (11.564 keV) were performed at beamline 9−3 of the
Stanford Synchrotron Radiation Lightsource at the SLAC National
Laboratory. Beamline 9−3 is a 16-pole, 2-T wiggler beamline with a
vertically collimating mirror for harmonic rejection and a cylindrically
bent mirror for focusing. Incident photon energy was selected by the
liquid N2-cooled, double-crystal Si(220) monochromator at crystal
orientation of φ = 90°. Approximately 35 mg of the Pt1/TiO2 catalyst
was loaded to make a 10 mm bed in a 3 mm quartz tube flow-through
reactor.51 The reactor was mounted on the sample stage at a 45° angle
relative to the X-ray beam. Spectra were collected in fluorescence
detection mode using a 100-element germanium detector orthogonal
(90°) to the beam path with a Soller slit and Zn filter (absorption
length of 3). The beam size of 1 mm [v] by 4 mm [h] was used. N2-
filled ion chambers were used to measure the incident X-ray intensity.
A Pt foil was scanned simultaneously with the sample for energy
calibration using a photodiode at an off-axis angle because the sample
was blocking the X-ray beam. In situ EXAFS measurements,
consisting of nine scans, were collected at room temperature under
He for the fresh catalyst and under corresponding treatment gas after
reduction (20% H2/He, 400 °C, 30 min), reoxidation (20%O2/He,
250 °C, 6 h), and the rWGS reaction (20% H2/5% CO2/He, 250 °C,
2 h). Spectra in the XANES region were continuously collected
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throughout each treatment step. Gas flow rates were controlled using
mass flow controllers (Brooks) and temperature was controlled with a
Eurotherm PID controller. To monitor the gas flows, we used a mass-
spectrometer (Hiden QGA) throughout the experiment. For the ex
situ EXAFS measurement of the R250−13h_Ox catalyst, the powder
sample was pressed into a 3 mm thick pellet and was encapsulated
between two layers of Kapton tape. The pellet was mounted on a
sample holder at 45° angle relative to the X-ray beam, and 25 spectra
were collected in fluorescence mode using the same detector setup
used for the in situ experiment as described above.
EXAFS oscillations were extracted using Athena code and analyzed

using Artemis software.52 A Ti atom was replaced by a Pt atom in
anatase TiO2 structure to calculate the Pt−O and Pt−Ti scattering
paths using FEFF. Two Pt−Pt paths were calculated from Pt foil and
PtO2 models, respectively. A Pt−O path was also calculated from the
PtO2 model. The amplitude reduction factor (S0

2) was found for the
Pt foil and fixed for the samples as 0.82 (Table S3). The
photoelectron energy origin correction (ΔE0) was set identical for
all scattering paths of the same sample. The k range for the Fourier
transformation was selected as 3−8 Å−1 to filter out high-k noise that
creates artificial scattering intensity in R-space between 1 and 1.5 Å−1.
Continuous Cauchy Wavelet Analysis (WT) analysis was performed
with the EXAFS spectra. WT analysis is interesting to correlate
coordination atom shells that have the similar bond distance but
yields backscattering contributions coming from different k intervals,
especially when different elements are involved.53 In this case, a better
evaluation of Pt−Ti, Pt−Pt from Pt1 and Ptn clusters and Pt−Pt from
PtO2 can be attained. WT analysis was performed using k2-weight
EXAFS spectra in a range of k = 2.0−12 Å−1, with a Cauchy order of n
= 200.
CO-Adsorption Infrared Spectroscopy (CO-IR). CO-IR experi-

ments were performed in a vacuum chamber with a Bruker Vertex 80
IR spectrometer. The sample pellet was supported on a tungsten grid.
The system was baked overnight, and then the sample was cleaned by
1 Torr O2 at 400 °C for 10 min. All treatments were performed with 1
Torr of the desired gas. For a typical measurement, the sample was
exposed to 0.4 Torr CO at room temperature after background
collection, and CO was then evacuated with continuous spectrum
collection. The sample was cleaned by 1 Torr O2 at 250 °C for 5 min
to eliminate adsorbed CO before next treatment. For low-temperature
measurements, the sample was cooled by liquid N2 to ∼100 K during
the CO exposure evacuation.
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