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Surface silver atoms with upshifted d-orbitals are identified as the
catalytically active sites in formaldehyde oxidation by correlating
their activity with the number of surface silver atoms, and the
degree of the d-orbital upshift governs the catalytic performance
of the active sites.

Precise identification of catalytically active sites (CASs) and a
clear understanding of the intrinsic nature of the CASs are key
requirements in heterogeneous catalysis, but remain challenging.
Since the notion of the CASs was introduced by Taylor in 1925,"
great efforts have been made in identifying the CASs, which is
one of the fundamental prerequisites for fully understanding the
intrinsic nature of the CASs, in order to improve the existing
catalysts or design superior new catalysts.”™* However, the precise
identification of the CASs is extremely difficult, especially for
supported metal nanoparticle (NP) catalysts, due to their structural
complexity. Fujitani et al. found that the CASs of Au/TiO, for CO
oxidation were temperature-dependent and at low reaction tem-
peratures the CASs were located only at the perimeter interfaces of
the Au NPs in contact with the TiO, support and at high tempera-
tures all the surface Au atoms acted as the CASs.” Typically, Ertl’s
group reported that the active metal surfaces often oscillate during
the real catalytic oxidation,® meaning that the CASs are changeable.
Therefore, it is a formidable task to identify the CASs of supported
metal NP catalysts, which is also associated with a correct under-
standing of the intrinsic nature of the CASs.

To investigate the nature of the CASs, one often designs a
series of catalysts by depositing different kinds of metal NPs
onto the surface of a single support. Acerbi et al. intensively
studied metal-CeO, catalysts and correlated the d-band centroids
of different metals that were introduced by Nerskov et al.” with
catalytic performance.® Although such a d-band centroid is an
exciting electronic descriptor for the CASs, it ignores the effects of
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the kinds of metals on the catalytic performance (putatively called
“metal effects”). In fact, low-temperature catalytic oxidation
occurring over metal NPs supported on reducible oxides often
follows a metal-assisted Mars-van-Krevelen mechanism,’ so the
kinds and structures of supports also have important influences
on the electronic features of the CASs (tentatively called “support
effects”). We recently supported silver (Ag) atoms on the surfaces
of hollandite manganese oxides (HMO) with different structures,'®
and found that the surface Ag atoms also had different electronic
states that could be described by a so-called d-orbital centroid
(¢orb), thus leading to different catalytic performances.’ However,
such metal/support effects should be ruled out for a clear under-
standing of the intrinsic nature of the CASs. Hence, a design by
supporting the same kind of metals on the same supports is
favourable for this purpose.

Herein we design a series of catalysts by supporting Ag NPs
with different sizes on the same HMO support to study the
intrinsic nature of the CASs in catalytic oxidation. Firstly, we
synthesize a series of supported Ag catalysts and determine the
average sizes of Ag NPs by various characterisation techniques.
Next, we identify the CASs in the complete oxidation of form-
aldehyde (HCHO) at low temperatures, because HCHO is a typical
air pollutant,>"** which greatly contributes to atmospheric parti-
culate emissions."? Finally, we study the electronic structure of
the surface Ag atoms to understand the intrinsic nature of the
CASs, and establish the relationship between the electronic states
of the CASs and the catalytic activity.

To synthesize a series of supported Ag catalysts with different
sizes, we firstly supported truncated Ag octahedral NPs ~2 nm
in height and ~4 nm in width on the HMO surfaces to get a
Agnp/HMO sample, as shown in the HRTEM image and the
model of Fig. S1 (ESIf). As evidenced in our recent work,'* the
sizes of Ag NPs could be readily controlled by using different
annealing temperatures. Fig. 1 shows the HRTEM images of the
Agnp/HMO sample heated by an electron beam. The Ag octahedra
with different sizes on the HMO surfaces are clearly observed in
Fig. 1a and b, and ultimately the atomically dispersed Ag catalyst
was obtained, as shown in Fig. 1¢.** Similarly, the sizes of the
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Fig. 1 (a—c) The shrinking process of the supported Ag NPs heated by an
electron beam. Insets: The corresponding truncated Ag octahedra in (a and b).
(d—f) Model illustrations of the synthesis process of the supported Ag catalysts
with different metal sizes. Yellow, blue, grey and purple balls represent surface
Ag, bulk Ag, O and Mn atoms, respectively.

Ag NPs could also be controlled by heating Agnp/HMO in air at
different temperatures, as shown in synchrotron X-ray diffraction
(SXRD) patterns of Fig. 2a. Thus, three supported Ag catalysts were
synthesized by annealing the Agnp/HMO sample at different tem-
peratures, 150, 200, and 350 °C, and are denoted as Agg,/HMO,
Ag;3/HMO and Ag;/HMO, respectively. The number in the sub-
script represents the average number of Ag atoms in each Ag NP
according to the following extended X-ray absorption fine structure
(EXAFS) spectra in Fig. 2b. For example, “13” in Ag,3/HMO
represents that each Ag NP consists of 13 Ag atoms in this
catalyst. The shapes of the three catalysts were modelled as
shown in Fig. 1d-f, according to the HRTEM images.
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Fig. 2 (a) The Ag(111) diffraction peaks in the SXRD patterns of the three
supported Ag catalysts obtained by subtracting the HMO(211) diffraction
peaks from the original SXRD patterns (inset). (b) x(R) k>-weighted FT EXAFS
spectra of the three supported Ag catalysts, the Ag foil, and Ag,O.
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Fig. 2b shows the Fourier transform (FT) amplitudes of the
%(R) ©*-weighted EXAFS data at the Ag K-edge of the three
catalysts. The structural parameters obtained by fitting the spectra
with theoretical models are summarized in Table S1 (ESIt).”®> The
curve-fitting of the R-space, and the inverse FT spectra are given in
Fig. S2 and S3 (ESIt). The nearest neighbour Ag-Ag coordination
shell appears in the FT spectrum of Agg,/HMO with an average
distance of ~2.87 A and a coordination number (CN) of ~8.0.
According to the relationship of the CN to the size of metal NPs'®
(Fig. S4, ESIY), the average size of the Ag NPs in the Agg,/HMO
sample was estimated to be ~1.6 nm, on the basis of which the
number of Ag atoms in each Ag NP was readily calculated to be
82 by considering the truncated Ag octahedral morphology of the
Ag NPs (Fig. 1a and d). Similarly, a CN of ~2.6 was estimated
according to the FT EXAFS spectrum of Ag;s/HMO (Fig. 2b and
Fig. S2, S3, Table S2, ESIt), corresponding to the Ag NPs with an aver-
age size of 0.6 nm which consisted of 13 Ag atoms (Fig. 1b and e).
For Ag,;/HMO after annealing at 350 °C, the FT amplitude in
2.7-3.0 A was absent, indicating the formation of isolated Ag
atoms.'*"” The first shell in the FT spectrum of Ag;/HMO with a
distance of ~2.33 A was assigned to the Ag-O bonds with a CN of 4,
indicating the isolated Ag atoms were anchored onto the HMO
surfaces."* Hence, a series of catalysts with different metal sizes were
successfully synthesized by controlling the annealing temperatures.

Without the metal effects and the support effects, it is con-
venient for us to study the intrinsic nature of the CASs of the
series of catalysts, but one of the important prerequisites is to
clearly identify the CASs in catalytic reactions. However, accurate
identification of the CASs remains challenging especially for
supported metal particle/cluster catalysts due to the quantum
size effect'®>° and the structure-sensitive geometric effect.*'>
Metal atoms at different local environments such as at steps,
edges, kinks and corners often have different electronic states,
thus exhibiting different catalytic reactivities. Occasionally, it is
controversial to identify the CASs of supported metal particle/
cluster catalysts even under similar experimental conditions such
as the same reactions and the same catalysts.>** Alternatively,
Cargnello et al. provided a robust method to identify the CASs of
supported metal particle/cluster catalysts by establishing a model
and correlating the fraction of atoms located at various surface
sites with the turnover frequency (TOF) in CO oxidation over
supported metal NP catalysts with different sizes.>*

We followed Cargnello’s method to determine which part of
surface Ag atoms are the CASs in the complete oxidation of
HCHO.>*?® We first evaluated the catalytic performance of the
three catalysts by studying the reaction kinetics in the HCHO
oxidation at low temperatures, where the HCHO conversions
were controlled to be lower than 20% (Fig. S5, ESIt), and then
used Cargnello’s method to identify the CASs. The results are
reported as kinetic plots in Fig. 3a. The supported Ag catalysts
drastically enhanced the catalytic activity in comparison to the
pure HMO support, which was not active in the HCHO oxidation
under the identical reaction conditions (Fig. S6, ESIt), indicating
that the CASs were located on the surfaces of the Ag NPs, and
especially for the Ag,/HMO catalyst where the surface isolated
Ag atoms were the CASs. Although the three catalysts gave
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Fig. 3 (a) Arrhenius plots for the reaction rates (Rs) in the HCHO oxidation
on the three supported Ag catalysts at low temperatures (7). (b) Calculated
number of sites with a truncated Ag octahedral geometry (surface or perimeter
atoms in contact with the support) as a function of diameter (d) and R at 45 °C
of the three catalysts.

different reaction rates (R;) in the HCHO oxidation, and the
highest rate was achieved on the Ag;/HMO catalyst, it is still
difficult to find out where the CASs were located especially for
Ag1;/HMO and Agg,/HMO.

As a consequence, we calculated the fraction of atoms located
at the various surface sites, and then plotted the fraction of atoms
at a particular position as a function of particle diameter (d) for
the models with different sizes (Fig. 3b).>® These results showed a
scaling of %% or d~ " for all the surface atoms or the Ag atoms at
the perimeter of the Ag NPs in contact with the HMO support,
respectively. We also calculated R over the three catalysts at 45 °C,
and plotted the data on the same graph. Obviously, the reaction
rates showed dependence on the diameter (@~ **). Therefore, this
result clearly evidenced that all the surface Ag atoms of the
Ag particles functioned as the CASs in the HCHO oxidation.*
Although this result is different from Cargnello’s result in that
only the metal atoms in the periphery of metal NPs in contact with
the supports acted as the CASs,>* the proposed method is still
valid in our catalytic systems, on the basis of which we calculated
the TOFs of the three catalysts and found that the TOFs of both
Agy3/HMO and Agg,/HMO were almost the same, but lower than
that of Ag,/HMO (Fig. S7, ESI}). Interestingly, the apparent activa-
tion energies (E,) for two Ag NP catalysts, Ags,/HMO (57 k] mol %)
and Ag;3/HMO (56 k] mol "), were almost the same, which were
higher than that (51 k] mol™") for Ag,/HMO (Fig. S6, ESIY),
implying that their CASs had different electronic structures.
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Owing to the almost same E, of Ag;3/HMO and Ags,/HMO in
the HCHO oxidation, we comparatively studied the Ag electronic
states of Ag;;/HMO and Ag;/HMO by using the X-ray absorption
near edge structure (XANES) spectra. Fig. S8 (ESIT) shows the
Ag K-edge XANES spectra as a function of absorption energy for
Ag;3/HMO and Ag;/HMO together with two references, Ag,O and
Ag foil (ESIT). The white-lines of Ag;3/HMO and Ag;/HMO were
more intense than those of the two references, demonstrating
that the electronic states of the two supported Ag catalysts were
distinct from those of the Ag foil and Ag,0."* The edge positions
for Ag;3/HMO and Ag;/HMO approached that of the Ag foil,
indicating the Ag metallic states of the supported Ag catalysts.
Subtly, the white-line feature of Ag;/HMO was also different
from that of Ag,3/HMO, reflecting the presence of the different
electronic states of their CASs.

Density function theoretical calculations were carried out
to confirm the electronic states of the CASs of Ag;/HMO and
Ag13/HMO. According to the structures and morphologies
of Ag NPs and HMO (Fig. 1 and Fig. S1, ESIt), we placed a
truncated Ag octahedron consisting of 13 atoms and an individual
Ag atom on the (110) surfaces of HMO as two models to investigate
the electronic states of the CASs. The projected density of states
(DOS) of the Ag d-orbitals was calculated and is shown in Fig. 4. The
DOS of the surface isolated Ag atoms as the CASs of Ag;/HMO was
remarkably different from the Ag bulk, and the &4, of Ag;/HMO was
~2.6 €V, upshifted by ~1.7 eV to the Fermi level compared with
the Ag bulk (the d-band centroid of the Ag bulk is 4.3 eV).”” For
Ag,3/HMO, the DOS of 12 Ag atoms acting as the CASs is also
displayed in Fig. 4. The average &, of each Ag atom was ~3.7 €V,
upshifted by ~0.6 eV with respect to the Ag bulk. Thus, the
Ag atoms of the CASs for the series of catalysts had common
electronic characteristics of the upshifted d-orbitals, which should
facilitate the activation of the reactants, especially for molecular
oxygen (O,),”*® in the HCHO oxidation, and the degree of the
upshift was also associated with E, and catalytic activity.

Activation of O, was often considered as one of the important
rate-limiting steps in catalytic oxidation,'”** which was closely
associated with the electronic states or the &, of the CASs.
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Fig. 4 Projected DOS of the Ag 4d orbitals of Ag;/HMO, 12 surface
Ag atoms of Ag;z/HMO (Agip). Insets: Two models of Agi;s/HMO and
Ag;/HMO. Yellow, blue, purple and grey balls represent surface Ag, bulk
Ag, Mn and O atoms, respectively.
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Norskov et al. established a model to describe the relationship
between the d-band centroid of the metal surfaces and the
ability of the surface to bond to several adsorbates.”® Mavrikakis
et al. specialized Norskov’s model to a Ag-O system, and found
that the upshifted d-band centroid of Ag facilitated the activation
of O, by strong interaction of the Ag upshifted d-band centroid
with a high-anti-bonding ©* orbital of 0,.>° Paradoxically, the
upshifted &1, of the CASs should be energetically favourable for
dissociation of O, by charge transfer from the d orbitals of the
active Ag atoms to anti-bonding n* orbitals of O,. Therefore, the
intrinsic nature of the CASs could be described as the ¢, upshift
of the active Ag atoms in our catalyst system, and the degree of
the upshift played a pivotal role in determining E, in catalytic
reactions such as HCHO oxidation and catalytic performance.®**

In summary, we identified the CASs of the supported Ag
particle catalyst in the HCHO oxidation, and studied the intrinsic
nature of the CASs in catalytic oxidation by rationally designing a
series of the supported Ag catalysts with different supported Ag
particle sizes through elimination of the metal effects and the
support effects. The combination of sophisticated characterisa-
tion techniques and reaction kinetics revealed that all the surface
atoms of the Ag particles were the CASs. Theoretical calculations
demonstrated that the active Ag atoms had the upshifted d-orbitals
and the degree of the upshift was intimately related to the apparent
activation energy and catalytic performance in the low-temperature
oxidation. This provides a clear interpretation for the intrinsic
nature of the CASs, which could assist the design of improved
catalysts for low-temperature oxidation.

This work was financially supported by the NSFC (21277032
and 21477023) and the STCSM (14JC1400400). The X-ray absorp-
tion spectra and synchrotron XRD patterns were obtained at the
Shanghai Synchrotron Radiation Facility.
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