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Due to the importance of single-atom catalysts (SAC), here, the catalysis of Pt SAC was
studied at the single-molecule single-atom level. Both static and dynamic activity
heterogeneity are observed in Pt SAC. It reveals that the intrinsic catalytic activity of Pt
SAC is higher than that of Pt nanoparticles (NPs), although they follow the same bimo-
lecular competition mechanism. Significantly, Pt SAC presents no catalysis-induced
surface restructuring, meaning that the dynamic activity fluctuation of Pt SAC can only
be attributed to the spontaneous surface restructuring, and the catalysis process does
not affect much of the structure of Pt;-based active sites, all different from Pt NP catal-
ysis, in which the surface restructuring and the catalysis can affect each other. Further,
density functional theory (DFT) calculation indicates that the unique catalytic proper-
ties of Pt SAC or the different catalytic properties between Pt SAC and NPs could be
attributed to the strong adsorptions of both reactant and product on Pt SAC, large
surface energy of Pt SAC, and strong binding of Pt; on support. Knowledge revealed
here provides fundamental insights into the catalysis of atomically dispersed catalyst.

single-molecule fluorescence microscopy | single-atom catalysis | catalytic kinetics and dynamics |
individual atom | surface restructuring

Atomically dispersed metals or metal single-atom catalysts (SACs) have recently attracted
a large amount of attention due to their extremely high atom efficiency or metal utiliza-
tion (~100%) (1-4). For precious metals, such as Pt (3, 5, 6), Au (7, 8), Pd (9-11), and
Ir (12, 13), their SACs as the most cost-effective catalysts are very desirable for practical
applications.

For metal SACs, the individual metal atoms are anchored tightly on supports (such
as carbon materials, metals, or metal oxides) via a strong interaction between individual
metal atoms and supports (6, 10, 14, 15). Such strong anchoring usually occurs via the
vacancy or defects on supports (5, 11, 13, 16). The catalytic activity or selectivity of a
SAC usually depends strongly on the choice of support (3, 17-21), which directly
determines the structure of the single-metal atom-based active sites. To deeply under-
stand the unique catalytic properties of SACs and reveal the property differences
between traditional metal nanoparticle (NP)-based catalysts and SAC (6, 9, 13, 15,
22-24), here, based on single-molecule fluorescence microscopy (SMEM) (25-29), we
study the nanocatalysis of Ceria (CeO,)-supported (30) Pt SAC for a fluoregenic reac-
tion (31, 32) at the single-molecule single-atom level in real time with single-turnover
resolution. It reveals both static and dynamic activity heterogeneity in the catalysis of
Pt SAC. Significantly, no catalysis-induced surface restructuring can be observed on Pt
SAC, which means that the dynamic activity fluctuation of Pt SAC can only be attrib-
uted to the spontaneous surface restructuring, and the catalysis process does not affect
the surface restructuring of Pt SAC on CeO,. Further, density functional theory
(DFT) calculation indicates that the observed unique catalytic properties of Pt SAC
and the difference of catalytic properties between Pt SAC and NPs could be attributed
to the stronger adsorptions of both reactant and product on Pt SAC, larger surface
energy of Pt SAC, and stronger binding of Pt; on CeO, than those on Pt NPs. Such
results deepen our understanding of the intrinsic catalytic properties of SAC and may

help in the design of highly efficient SACs.

Results and Discussion

Synthesis and Characterization of Atomically Dispersed Pt;@Ce0,. CeO, nanocrys-
tals, the support of Pt SACs adopted here, were synthesized based on literature (33),
with Ce(NO3);3 as precursor via hydrothermal treatment at 160 °C and then pyrolysis
at 1,000 °C sequentially. As shown in Fig. 1 A and B, the obtained CeO, nanocrystals
with an average size of about 112 + 6 nm could be dispersed individually without
aggregation. After the sparse deposition of individual Pt atoms on CeO, nanocrystals
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Significance

Here, with single-molecule
fluorescence microscopy, we
study the catalytic behavior of
individual Pt atoms at single-
turnover resolution, and then
reveal the unique catalytic
properties of Pt single-atom
catalyst and the difference in
catalytic properties between
individual Pt atoms and Pt
nanoparticles. Further density
functional theory calculation
indicates that unique catalytic
properties of Pt single-atom
catalyst could be attributed
intrinsically to the unique
surface properties of Pt;-based
active sites.
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Fig. 1. Characterization of atomically dispersed Pt;@CeO,. (A) Typical TEM
image of CeO, nanocrystals as support for Pt SACs. (B) Size statistical analy-
sis of CeO, nanocrystals. (C) Typical HAADF-STEM image of the Pt;@CeO,
catalyst (with Pt 0.05 wt %) to show the dispersion of individual Pt atoms
on surface of CeO,. (D) (Top) The Pt catalyzed reduction reaction of resa-
zurin by hydrogen to produce fluorescent product resorufin; (Bottom) the
in situ fluorescence spectra of the Pt;@Ce0,(0.05 wt % of Pt)-catalyzed
reduction reaction of resazurin by H, to produce highly fluorescent resoru-
fin in aqueous solution (lex = 532 nm). The arrow indicates the gradual
formation of product resorufin with time.

(81 Appendix), the obtained sample, named as Pt;QCeO,, was
characterized by high-angle annular dark-field scanning trans-
mission electron micros (HAADF-STEM) to monitor the dis-
persion of Pt atoms on CeO, support. Typically, for the sample
of Ptyy@QCeO, with Pt loading of 0.05 wt.% (Fig. 10), as
expected, the individual Pt atoms are dispersed sparsely on the
surface of CeO; nanocrystals. To study the catalytic activity of
Pt;@CeO,, the Pt-catalyzed fluoregenic reaction (the reduction
reaction of nonfluorescent resazurin to highly fluorescent resor-
ufin by H,; Fig. 1D) was adopted as the model reaction (31,
32). The control experiment shows that the pure CeO, nano-
crystals are inert to such reaction (S/ Appendix, Fig. S1); only
with the addition of Pt;@CeO,, the reduction reaction of
resazurin by hydrogen can occur rapidly as indicated by the
time-dependent increase of fluorescence signal of the product
resorufin at 583 nm (Fig. 1D and SI Appendix, Fig. S1), con-
firming that the individual Pt atoms (Pt;@CeQ,), just like
traditional Pt NPs (31), indeed, can effectively catalyze such
fluoregenic reduction reaction.

The single-molecule nanocatalysis of Pt;@CeO, was then
done based on the above fluorogenic reaction. To study the
nanocatalysis of such Pt SAC at the single-molecule single-atom
level, based on the mass density (1.9 g/mL) of obtained powder
of CeO, nanocrystals with an average size of 112 nm (Fig. 1 4
and B), a Pt;@CeO, catalyst with an extremely low Pt loading of
0.00001 wt.% (or 0.1 ppm) (87 Appendix, Scheme S1) was syn-
thesized for the fluoregenic reaction to make sure that the aver-
aged number (7) of Pt atoms on a single CeO, NP is much
smaller than one (7 < 1). It means, for such Pt;@CeQO,, there is
statistically only one or zero Pt atoms on the surface of a single
CeO; nanocrystal. By sparsely dispersing such individual CeO,
NPs with one or zero Pt atoms on a quartz slide surface (87
Appendix, Fig. S2), one can make sure that the fluorescence signal
obtained from each location is from the product molecules
formed on a single Pt atom sitting on a CeO, nanocrystal
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(Fig. 24). Such single-molecule nanocatalysis was conducted in a
microfluidic channel, as shown in Fig. 2B. By flowing the solu-
tion containing both nonfluorescent resazurin and saturated
hydrogen into the channel, the reduction of resazurin by hydro-
gen was then catalyzed by Pt;@CeO, to produce rapidly fluores-
cent product resorufin, which was then excited by a green
(532 nm) laser to produce fluorescence and detected via an elec-
tron-multiplying charge coupled device (EMCCD) camera at an
operating rate of 100 ms per frame. The stochastic fluorescence
bursts at many localized spots with individual Pt;@CeO, were
recorded in movies by total internal reflection fluorescence
(TIRF) microscope (34, 35); each spot gives out a stochastic tra-
jectory with fluorescence bursts (Fig. 20) to indicate the in situ
catalysis process occurring on a single Pt atom-based active site
(26). Each fluorescence burst could be attributed to the forma-
tion and the subsequent dissociation of a fluorescent product
resorufin molecule on a single Pt atom-based active site. The
observed stochastic fluorescence off-on signal on turnover trajec-
tory of fluorescence contains two waiting times, 7,gand 7,, (Fig.
20), by dividing a catalytic cycle into two parts. 7,4is the waiting
time before the formation of a product molecule; 7, represents
the time that one product molecule spends before it dissociates
from catalyst surface (26).

The Catalytic Kinetics of Atomically Dispersed Pt,@CeO,. It
has been known that the above 7,4 contains the kinetic infor-
mation of the catalytic product formation process, and 7,, con-
tains that of product dissociation process (26). Therefore, the
whole catalytic kinetics on a single Pt atom can be probed by
resolving these two waiting times. Here, the reaction kinetics
can be defined by the statistical properties. The statistical prop-
erties of <10ﬁ>71 and <7,,> ' obtained from a single trajec-
tory represent the time-averaged product formation rate and
product desorption rate on a Pt atom, respectively (26). When
averaging the turnover trajectories from many individual Pt
atoms, the relationship between reaction rate and substrate con-
centrations can be obtained reliably.

Interestingly, as shown in Fig. 34, in the H,-saturated ([H,]
= 0.8 mM) solution, the average product formation rate
(<10ﬁ>_1) on a single Pt atom initially increases with substrate
resazurin concentration and then decreases inversely after a
maximum, similar to the catalytic product formation process
on a single Pt NP for the same reaction (87 Appendix, Fig. S3.4)
(31). Obviously, such decay of the product formation rate at
high substrate concentration could be attributed to the bimo-
lecular competition mechanism between two different substrate
molecules (resazurin and hydrogen) (25, 29) rather than the
deactivation (S Appendix, Fig. S4). Moreover, as shown in S/
Appendix, Fig. S5, at the same substrate concentration and reac-
tion temperature (298 K), the product formation rates obtained
here on a single Pt atom (Pt;@QCeO,) are all smaller than that
on a single Pt NP with an average size of 4.9 nm (31), mainly
due to the fact that the product formation rate on a single Pt
NP is the sum of the product formation rates of multiple Pt
active sites on the surface of a Pt NP. As for the product
desorption process on a single Pt;@CeO,, Fig. 3B shows that
the product dissociation rate (<7,,>"" is independent of the
substrate concentration, which is also the same as that observed
from traditional single Pt NP for the same product dissociation
process (SI Appendix, Fig. S3B) (31).

The above analysis indicates that the total catalytic reaction
follows the bimolecular reaction mechanism (25, 29), as shown
in Fig. 3C, in which the substrate and product molecules main-
tain fast adsorption/desorption equilibrium on the catalyst.
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Fig. 2. Scheme of Pt;@CeO, and single-molecule nanocatalysis. (A) Scheme to show that the number of Pt atoms on a single CeO, nanocrystal is one or
zero for Pt;@CeO, with Pt loading of 0.1 ppm. (B) Experimental optical setup for TIRF microscopy and the single-molecule nanocatalysis in a microflow
cell based on the reduction reaction of resazurin by H, to produce resorufin catalyzed by atomically dispersed Pt;@CeO,. (C) Typical fluorescence intensity
turnover trajectory of a single atomically dispersed Pt;@CeO, in H,-saturated resazurin (10 nM) solution at 100-ms time resolution.

Based on previous knowledge, the product formation rate per
particle can be expressed as (26)

Yepr@alAlas(B]
(1 + aald] + as[B)*
and the product dissociation rate is

(z >—1 _ 12G[B] + 75
” 1+ G[B]

(1]

<70ﬂ'>71 =

(2]

Here, [A] and [B] represent the concentrations of H, and resa-
zurin, respectively; 7. (= yn7) is the effective rate constant for
the catalytic product formation process on a single particle
(Fig. 30); 7y is the effective rate constant per active site; 77 is
the total number of active site on a single particle; a4 and ag
are the adsorption equilibrium constants of H, and resazurin;
¥, and y3 are the rate constants for the indirect and direct dis-

sociation process of product; and G(: nlAl/(r_, + )/2)>. For

this case, since there is only one or zero atom on a single CeO,
NP (Pt;@CeO,), then, here, ny=1, so y p=y.

By fitting the experimental data of the product formation
rates and dissociation rates using the above equations (Fig. 3 A
and B), the corresponding kinetic parameters for the product
formation process (v gor v, @4 and ap) and product direct dis-
sociation process (y3) were obtained as shown in Table 1. To
reveal the difference of the catalytic properties between single
Pt atoms and single Pt NDPs, the kinetic parameters obtained
before for single Pt NPs (~4.9 nm) (31) for the same reduction
reaction are also listed in Table 1 for comparison. It clearly
shows that the effective rate constant y,gper Pt NO is about 4
times that per Pt atom obtained here, mainly due to the fact
that the number of active sites (77) on a single Pt NP is much
larger than one (Table 1). While, due to the fact that the value
of n7 on a single Pt NP (~4.9 nm) is much larger than one or
five, one can expect that the value of “apparent” y (= y4/n7)
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per active site on Pt NP is smaller than that per active site on
Pt SAC (Pt;@Ce0,), such a difference could be mainly attrib-
uted to the different structure of active sites and the steric
hindrance effect induced by the crowding of active sites on the
surface of traditional Pt NPs (87 Appendix, Fig. S6); it is also
part of the reason for the higher atom efficiency or metal utili-
zation of SAC than traditional metal NPs. As for the adsorption
ability of substrate molecules, as shown in Table 1, H, adsorption
on Pt;@QCeO, is stronger than that on Pt NPs, while the resa-
zurin adsorption on Pt;@CeO, shows no big difference from
that on Pt NPs; as for the desorption of product resorufin, 3 in
Table 1 shows that the direct dissociation pathway on Pt NPs is
faster than that on Pt;@CeO,, indicating that the adsorption of
product resorufin on Pt;@CeO, is stronger than that on Pt NPs.

The Static Heterogeneity of Catalytic Activity of Atomically
Dispersed Pt;@CeO,. In order to further quantify the difference
of catalytic activity of individual atomically dispersed Pt;@CeO,,
the probability density function f47) (26, 36) of 7,gfor product
formation process was adopted to evaluate the static heterogeneity
of the catalytic activity among different single Pt atoms,

Fop (1) = ¥ appexp(—7 1) 3]

Here, 7., is the apparent catalytic rate constant for product
formation process on a single Pt atom (Pt;@CeQ5,). As shown
in Fig. 3D, a typical distribution of 7,4 from one turnover tra-
jectory was fitted with Eq. 3 to obtain the value of apparent
catalytic rate constant y,,, of a single Pt atom on CeO,. Fig.
3E shows the distribution of y,,, from multiple individual Pt
atoms. The broad distribution of y,,,, corresponding to a large
value (90%) of the heterogeneity index (defined as the full
width at half maximum/(In4)'"? [full width at half maximum
from the Gaussian distribution] divided by the average
(<Yapp>)) (31), indicates a huge static activity heterogeneity
among different individual Pt atoms. Such static heterogeneity
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Fig. 3. Catalytic kinetics of atomically dispersed Pt;@CeO,. (A and B) Single-molecule catalytic kinetics of atomically dispersed Pt;@CeO,. In H,-saturated

solution, the product formation rate (<roﬁ>’1) (A) is dependent on resazurin con
it. Each datum is obtained from the average of more than 80 individual turnover

centration, and the product desorption rate (<z,,>"") (B) is independent of
trajectories or particles, with the error bar showing SE. Solid lines are fitted

with Eq. 1 with yes = 0.12 s, a4 =1.07mM~", and az = 0.32 nM~". (C) Kinetic mechanism of the reduction reaction catalyzed by Pt NP, including the product
formation and dissociation process. The meaning of each symbol is described in detail in the S/ Appendix. (D) 7o distribution from a single trajectory of atom-

ically dispersed Pt;@CeO, with [resazurin] = 30 nM in Hy-saturated solution; it is

fitted by a single exponential with the constant ygpp = 0.011 + 0.001 s™". (F)

The distribution of y,, from multiple trajectories or individual atomically dispersed Pt;@CeO; solid line is Gaussian fit.

could be attributed to the different microenvironments among
different individual Pt atoms mainly induced by the support of
CeO, nanocrystals, such as the different facets with different
oxygen vacancies or defects for the anchoring of individual Pt

atoms (37-39).

The Catalytic Dynamics of Atomically Dispersed Pt;@Ce0,. To
further study the catalytic dynamics of individual atomically dis-
persed Pt;@CeO,, we determined the activity fluctuations of
multiple individual atomically dispersed Pt;@CeO,. The activ-
ity fluctuations are reflected by the variation of reaction rates in
both the product formation process (7,5 and product dissocia-
tion process (7,,). Here, to analyze the activity fluctuations of
individual Pt atoms on CeO,, the individual 7,4and 7,, were
extracted from multiple individual turnover trajectories, and
then calculated with the autocorrelation function C,(m)=
(A7(0)Az(m))/(A7*) (26). Here, T represents T,z or T,,
m is the turnover index number from the sequence, and
At(m) = t(m) — (z). If Pt;@CeQO, possesses catalytic dynamic
heterogeneity, C () will be positive and show a decay behavior
with a decay time constant; such a time constant is the activity
fluctuation correlation time (26).

As shown in Fig. 4 A and B, both the typical C;,pand C,,
present an exponential decay tendency, indicating the existence of
activity fluctuations in the catalytic product formation (z,p and
dissociation process (,,), respectively, occurring on the active
sites of single Pt;@CeO,. For the single-atom Pt corresponding
to the data shown in Fig. 4 A and B, the decay constants of C; at

Table 1. Comparison of the catalytic kinetics and dynamics

a certain substrate concentration are m,g = 1.9 + 0.5 turnovers
and m,, = 1.2 + 0.4 turnovers. Based on the average turnover
time (83 s) of this turnover trajectory, the fluctuation correlation
times for the 7,7and 7,, reactions are ~159 and 96 s, respec-
tively. Here, the fluctuation timescales of the dynamic surface
restructuring can be reflected by these two correlation times (26).
Moreover, the activity fluctuations could be attributed to the
small-scale dynamic conformation restructuring or distortion.
That is to say that the correlation times of fluctuation activity are
the timescales of the surface restructuring dynamics. For an SAC
of Py;@CeO,, the activity fluctuadon of individual atomically
dispersed Pt;QCeO, could be attributed to small-scale dynamic
conformation restructuring or distortion around the individual
active sites, similar to that of NPs (26, 27). Here, the distribu-
tions (Fig. 4 A and B, Insets) of the fluctuation correlation times
of atomically dispersed Pt;@CeQO, are wide (the width of the
time distribution is about 200 s), probably due to the different
microenvironment around each Pt;@CeO,, resulting in the
diverse interaction between Pt atoms and support CeO,.

To further reveal the relevance between activity fluctuations
and surface restructuring, we plotted the activity fluctuation
rates (voff = Uspon-off + Vaata-ofs Yon = Uspon—on + Veata-ons yspon is
the spontaneous fluctuation rate, and v, is the catalysis-
induced fluctuation rate) against the turnover rates at various reac-
tant concentrations for both 7,4and 7,, processes (26). Here, the
fluctuation rates are the inverses of the correlation times. As
shown in Fig. 4C, for atomically dispersed Pt;@CeO,, the activity
fluctuation rates for both the 7, reaction and the 7, reaction are

between Pt SAC and Pt NPs (31)

<Vef> <y> ap ag <y3> Vspon-off Vspon-on
nr s s (mm—) (M) s (s (s
Pt NPs >>1 0.51 + 0.12 (0.51/n+) 0.31 + 0.20 0.28 + 0.15 2.35 + 0.02 0.003 + 0.001 0.002 + 0.001
<<0.12
Pt,@CeO, 1 0.12 + 0.02 0.12 1.07 £ 0.10 0.32 + 0.05 1.91 £ 0.10 0.007 + 0.001 0.011 + 0.002
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Fig. 4. (A and B) Exemplary autocorrelation function C(t) of 7o (A) and ., (B) from turnover trajectories of individual atomically dispersed Pt;@CeO, at
35 nM resazurin. The x axis is the turnover index. The solid line is the fit with a single exponential for decay constants of mgs = 1.9 + 0.5 turnovers and
Mon = 1.2 + 0.4 turnovers. (Insets) The distribution of the fluctuation time for 7,5 and z,, processes, respectively. (C) Dependences of the rates of activity
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here. Error bars are SE.

almost independent of the turnover rates (Fig. 4C), indicating
that the fluctuation rate does not change with the substrate con-
centration, and the values of both v o and 2q.on are zero at
any substrate concentration. The substrate concentration—
independent activity fluctuation observed here on Pt SCA reflects
that the underlying dynamic conformation restructuring existing
among atomically dispersed Pt;@CeO, is mainly due to the spon-
taneous surface restructuring of the single-atom Pt—based active
site (Pt;@CeO,) (26); the catalytic process or the substrate bind-
ing/product unbinding approximately has no effect on structure
of the Pt SAC-based active sites. As for the Pt NPs, interestingly,
as shown in SI Appendix, Fig. S7 and reported before (31), the
catalytic process or the substrate binding/product unbinding can
affect hugely the surface restructuring of the Pt NP surface, which
is also called “catalysis-induced surface restructuring.” Such a huge
difference between Pt SAC and the Pt NPs revealed here probably
indicates that the binding of Pt; to CeO, is much stronger than
the binding of Pt; to Pt,, or the structure of Pt;—CeO, is much
more stable than that of Pt;—Pt,. Furthermore, as shown in Fig.
4Cand Table 1, the rate of spontaneous surface restructuring can
be obtained (#4pon-off =0.007 + 0.001 s ! for the product forma-
tion process (7,4 and tponon =0.011 £ 0.002 s ! for product
desorption [z,,] process), corresponding to a timescale of about
90 s to 160 s of the spontaneous surface reconstruction. The
revealing of two different rates of spontaneous surface restructur-
ing indicates that there are at least two different models of sponta-
neous surface restructuring on the same surface; the slow one
(0.007 + 0.001 s~ ') can affect the product formation process or
the substrate binding, and the faster one (0.011 + 0.002 s can
affect the product dissociation process or the product unbinding,.
Interestingly, as shown in Table 1, for both the product forma-
tion and dissociation process on Pt NPs, the rates of spontaneous
surface restructuring are smaller than that on Pt SAC
(Pt;@Ce0,), indicating that the structure of the individual Pt
active site on Pt NP is much more stable than that of the single
Pt atom-based active site on CeO, surface, and the reactant
binding/product unbinding can activate the surface of Pt NPs
and speed up or enhance its surface restructuring,

Furthermore, we did a DFT calculation to deeply understand
the above observation about the unique properties of Pt SAC and
the property differences between Pt SAC and Pt NPs(Pt,) shown
above in Table 1. Based on the HAADF-STEM image (Fig. 10)
of Pt;@CeO, and previous reports about the structure of
Pt;@CeO, (33, 38), DFT calculations about Pt;@CeO, were
done here based on a model with individual Pt atoms trapped by
surface Ce vacancies on CeO, crystals (Fig. 5 and SI Appendix,
Table S1). Firstly, we calculated the adsorption energies (E.q) of
both reactants and products on different surfaces. For the case

PNAS 2022 Vol. 119 No.14 2114639119

with the coexistence of one H, molecule and one resazurin mole-
cule around the active site (S7 Appendix, Fig. S8A) (40), results in
Fig. 5 show clearly that adsorption energies (E.q) of both H,
(Eadiz = —0.517 €V) and resazurin (E,qip.r = —0.382 €V)
on Pty;@QCeO, are larger than those (Egipm = —0.420 eV;
E.qinr = —0.314 €V) on Py, indicating stronger adsorptions of
both H, and resazurin on Pt;@CeO, than on Pt,, consistent
with the obtained values of a4 and ap shown in Table 1. As
for the adsorption of product resorufin, its E,4 on Pt;@QCeO,
(—0.228 ¢V) is also larger than that (—0.204 eV) on Pt,, indicat-
ing a stronger adsorption of resorufin on Pt;@CeO, than on Pt,,
further confirming the slower dissociation (smaller y3) of product
resorufin from Pt;@CeQ, than that from Pt, shown in Table 1.
To understand the bimolecular competition mechanism for this
redox reaction catalyzed by both Pt;@CeO, and Pt NPs (Fig. 3C
and S7 Appendix, Fig. S5), we further calculated E,4 of reactants
(H, and resazurin) by increasing the number of H, molecules or
[H,] around the active sites (41, 42). For the case with the coex-
istence of four H, molecules and one resazurin molecule around
the active site (57 Appendix, Fig. S8B), Fig. 5 shows the variations
of E4 with the increase of [H,]: For the adsorption on
Pt;/CeO,, the adsorption energy of H, increases about 17%,
while the adsorption energy of resazurin decreases 15% inversely;
as for the adsorption on Pt NPs, the adsorption energy of H,
decreases 57%, while the adsorption energy of resazurin increases
inversely about 50%. Obviously, all these results confirm the

n® , 5% .
-0.6- el ORE
CeQ© »iid =
oeled ? é‘i R
loe RT3
Pt;;CeO,
@
~ -0.3-
=
ol Pt,@Ce0,
= Pl
0.0-

Pt, Pt;@CeO, Pl'qglglcj |

Fig. 5. Adsorption energies (E,q) of Ha, resazurin (R) and product resorufin
(Product) on different surfaces (Pt,, Pt;@Ce0O,). Insert shows local struc-
tures of Pt(111) surface on Pt NPs (Pt,) and Pt;@CeO,(111). The 1H and
4H represent the cases with one and four H, molecules around different
surfaces, respectively.
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Table 2. Comparison of surface energy (Esu), binding energy (Ey,), and effect of the surface reconstruction on

catalysis between Pt NPs and Pt,QCeO,

Esury Ep Effect between catalytic process and surface

(eV/A?) (eV) reconstruction of different surfaces
Pt NPs 0.09 —6.972 Catalytic process —= surface reconstruction
Pt,@CeO, 0.19 —12.560 Catalytic process =¢= surface reconstruction

bimolecular competition mechanism observed on both Pt;@CeQO,
and Pt NPs.

Moreover, we also found that the surface energy (E,¢ Table 2)
of Pt;@CeO, (0.190 eV/A®, in SI Appendix) is larger than that
(0.090 eV/A?) of P, confirming the observed higher activity (y)
and faster spontaneous surface restructurings (Zpon-off and Zpon-on)
of Pt;@CeQ, than that of Pt NPs (Table 1) (43). Further results
(Table 2) show that the binding of a Pt single atom on substrate
CeO, (E, = —12.560 eV) is much stronger than that (E, =
—6.972 eV) on Pt NPs, explaining the above observations
on Pt;@CeO, without catalysis-induced surface restructuring
(Fig. 40) and the observations on Pt NPs with catalysis-induced
surface restructuring (S/ Appendix, Fig. S7) (31). To further con-
firm such difference, HAADF-STEM was adopted to analyze the
possible effect of the catalysis process on the microstructure of
the active sites on both Pt;@CeO, and Pt NPs. As shown in S/
Appendix, Fig. S9 A and B, after a long-term (10 h) catalytic
process for the fluoregenic reaction shown in Fig. 1D, the micro-
structures of Pt;-based active sites on CeO, show almost no vari-
ation; such a fact indicates that the restructuring during catalysis
is too gentle to much affect the structure of a Pt;-based active site
on CeO,, confirming that the underlying dynamic conformation
restructuring existing among atomically dispersed Pt;@CeO, is
mainly due to the spontaneous surface restructuring of the single-
atom Pt—based active site (Pt;@CeQ,), while the surface structure
of traditional Pt NPs shows tremendous variation after the same
catalytic process as shown in S/ Appendix, Fig. S9 Cand D, indi-
cating that the catalysis process on Pt NPs is relatively violent
and then leads to serious surface restructuring. Such facts confirm
the above catalytic property differences between Pt;@QCeO, and
Pt NPs. Significantly, the stronger binding (large Ep) of the Pt
atom on CeO, and the faster spontaneous restructuring of
Pt;@CeO, than Pt NPs indicate that the spontaneous surface
restructuring observed on Pt;@CeO, mainly originates from the
surface restructuring of CeO, around the Pt; center; it also
implies that the reactants/products adsorption/desorption or
catalysis process can intensify the restructuring amplitude of a
surface with a slow spontaneous restructuring, while, if the initial
spontaneous restructuring of a surface is fast enough, then the
reactants/
products adsorption/desorption or catalysis process cannot much
affect its surface restructuring. So, as shown in Table 2, for Pt
NPs, the catalytic process and surface reconstruction can affect
each other, like the previous observation on Au NPs (26), while,
for the unique SAC Pt;/CeO, studied here, its surface recon-
struction can affect the catalytic process; inversely, the catalytic
process cannot affect its surface reconstruction. In other words,
the fast spontaneous reconstruction of a surface can weaken the
effect from its environment.
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Discussion

In summary, the catalytic behavior of Pt SAC on CeO,
(Pt;@CeO,) was studied via SMEFM at the single-molecule sin-
gle-atom level. Both static and dynamic activity heterogeneity
were observed in the catalysis of Pty@CeO,. It was found that
Pt SAC follows the same bimolecular competition mechanism as
Pt NP does for the same catalytic reaction, while the intrinsic cat-
alytic activity per active site on Pt SAC is much higher than that
on Pt NPs. Significantly, it was also found that the dynamic
activity fluctuation of Pt SAC can only be attributed to the spon-
taneous surface restructuring, and no catalysis-induced surface
restructuring can be observed due to the fast spontaneous surface
restructuring, indicating that the catalysis process does not much
affect the surface restructuring around the Pt;-based active site on
CeQ,, different from Pt NP catalysis in which the surface restruc-
turing and the catalysis can affect each other. Further DFT calcu-
lation indicates that all these unique catalytic properties of
Pt SAC or the difference from Pt NPs could be attributed to the
stronger adsorption of both reactant and product on Pt;@CeO,,
larger surface energy of Pt;@CeO,, and stronger binding of Pt
on CeO, than those on Pt NPs. The knowledge revealed here
provides fundamental insights into the catalytic behaviors of
atomically dispersed catalyst.

Experimental Section

Materials and Methods. Platinum(|V) chloride, Cerium(lll) nitrate hexahydrate,
Propionic acid, and Ethylene glycol. These chemicals were used as received without
further purification. Ultrapure Millipore water (18.2 MC2 cm) was used as the sol-
vent throughout. Reactant resazurin was purchased from Sigma-Aldrich.

Synthesis of single-atom Pt,aCe0; catalyst. The synthesis of SAC Pt;@Ce0,
with different amount of Pt loading was based on literature (33), with Ce(NOs)s
and PtCly as precursors via sequential hydrothermal treatment at 160 °C and
pyrolysis at 1,000 °C. The specific reaction process is introduced in S/ Appendix.
Single-molecule experiments. Single-molecule fluorescence measurements
were performed on a home-built prism-type TIRF microscope based on an Olym-
pus IX71 inverted microscope (S/ Appendix). A continuous wave circularly polar-
ized 532-nm laser beam was focused onto a small region on the sample. Then
the fluorescence signal of the product was collected by a water immersion objec-
tive, and projected onto a camera controlled by Andor 1Q software. The home-
written interactive data language program was used to analyze the movies,
which allows us to extract a time trajectory of fluorescence intensity from individ-
ual fluorescence spots on the sample.

Data Availability. All study data are included in the article and/or S/ Appendix.
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