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Top-down synthesis has been used to prepare catalytic materials with nanometer sizes, but fabri-
cating atomically dispersed metal catalysts remains a challenge because surface single metal atoms
are prone to aggregation or coalescence. A top-down strategy is used to synthesize atomically dis-
persed metal catalysts, based on supported Ag nanoparticles. The changes of the geometric and
electronic structures of the Ag atoms during the top-down process are studied using the in situ syn-
chrotron X-ray diffraction technique, ex situ X-ray absorption spectroscopy, and transmission elec-
tron microscopy. The experimental results, coupled with the density functional theory calculations,
demonstrate that the electronic perturbation of the Ag frontier orbitals, induced by the Ag-O inter-
actions at the perimeter of the metal-support interface, is the driving force of the top-down process.
The top-down synthesis has two important functions: to increase the number of catalytic active
sites and to facilitate the study of complex reaction mechanisms (e.g., formaldehyde oxidation) by
developing single-site model catalysts.
© 2017, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

al particles with small sizes have higher lying d-band/orbital
centers (which play a crucial role in determining the catalytic

Since the introduction of the concept of catalytically active
sites (CASs) by Taylor in 1925 [1], great efforts have been de-
voted to identifying CASs to fully understand the intrinsic
mechanisms of catalytic reactions and to improve existing cat-
alysts or design improved catalysts [2-4]. However, accurate
identification of CASs remains challenging, especially for sup-
ported metal particle/cluster catalysts, owing to the so-called
intrinsic “metal effects” such as electronic quantum size effect
[5-7] and structure sensitivity [8,9]. In fact, late transition met-

activity [10]) compared with those having larger sizes [9]. Met-
al atoms at different local environments (e.g., at steps, edges,
kinks, and corners) often have different electronic states [9],
thus resulting in a different catalytic activity. In particular, the
identification of the CASs of supported metal particle/cluster
catalysts has led to much controversy, even under similar ex-
perimental conditions such as in the same reactions and with
the same catalysts [11,12]. Thus, a complete elimination of the
intrinsic metal effects is extremely difficult and even impossible
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for supported metal particle/cluster catalysts.

The above-mentioned issue can be solved if a uniform sin-
gle-site heterogeneous catalyst with surface single metal atoms
as active sites can be developed. However, it is tremendously
difficult to synthesize such an atomically dispersed metal cata-
lyst (ADMC) as metal atoms are often prone to sintering by the
Ostwald ripening process during catalyst preparation and cat-
alytic reactions [13,14]. Despite these difficulties, it is still fea-
sible to synthesize ADMCs, depending on the nature of the
supports. Kwak et al. [15] reported that platinum atoms bind to
unsaturated coordinate Al3+ sites on the surface of the support
by a binding-driven method to achieve an ADMC. Another
ADMC involving platinum atoms that are anchored at electronic
defects of iron oxide surfaces has also been synthesized [16].
However, a distinct drawback of these catalysts is the aggrega-
tion of metal atoms, especially when the metal loading is over 1
wt% [15,16], which leads to a loss of activity or selectivity.

A so-called top-down synthesis strategy is one of the most
efficient methods to synthesize materials with nanometer sizes
[17], even with an atomically dispersed state [18,19]. In princi-
ple, the top-down method is feasible for the fabrication of an
ADMC by controlling metal-support interactions such as the
adhesion energy of metal atoms to the surfaces of the support
[20,21]. Experimentally, we have used this method to synthe-
size an ADMC from Ag nanoparticles (NPs) through a simple
thermal diffusion process [18,19]. In this article, we focused on
the top-down synthesis process of the transformation from Ag
NPs to single Ag sites with the assistance of the surface of the
support. The top-down process is characterized by using in situ
synchrotron X-ray diffraction (SXRD) and ex situ X-ray absorp-
tion spectroscopy. The geometric and electronic structures of
the metal atoms during this process are thoroughly studied to
correlate with the catalytic performance in the complete oxida-
tion of formaldehyde (HCHO).

2. Experimental
2.1. Materials preparation

The synthesis of hollandite manganese oxide (HMO) NPs
has previously been described [22,23]. Briefly, two solutions
were first prepared: one aqueous solution (170 mL) was pre-
pared by dissolving KMnO4+ (11.600 g), NazMoOs (1.228 g),
Na3V04-12H20 (3.840 g), and TiOSO4-H2S04-8H20 (1.536 g) in
water; the other aqueous solution (80 mL) was prepared by
dissolving MnSO4-H20 (17.600 g) and FeS04+7H20 (2.432 g) in
water. The former solution was added drop-wise to the latter to
obtain a brown slurry, which was subsequently refluxed at 100
°C for 24 h. The resulting solid was washed with de-ionized
water, filtered, dried at 110 °C for 12 h, and calcined at 400 °C
for 4 h.

A surface-anchored single-atom Ag catalyst (Agi1/HMO) was
prepared by the thermal surface-mediated diffusion method of
the corresponding supported Ag NP catalyst (Agne/HMO). In
brief, an aqueous ammonia solution (25 wt%) was slowly add-
ed to an AgNOs solution (30 mL, containing 0.315 g of AgNOs)
under stirring until the solution became transparent. Both the

transparent solution and a Hz02 solution (30 wt%, 90 mL) were
simultaneously added to another aqueous suspension (80 mL)
containing HMO (2.000 g) under stirring at 0 °C for 0.5 h. The
final suspension was filtered, washed with de-ionized water,
and dried at 80 °C for 12 h to obtain Agne/HMO. Agne/HMO was
annealed at 350 or 400 °C (as specified in the text) for 4 h to
obtain Agi/HMO. The referential samples (Ag/HMO-ref and
HMO-ref) were synthesized according to a previous report [18].

2.2. Materials characterization

The synchrotron X-ray diffraction (SXRD) patterns were
obtained at the BL14B Beamline of the Shanghai Synchrotron
Radiation Facility (SSRF) at a wavelength of 0.12398 nm. The
beam was monochromatized using Si (111), and a Rh/Si mirror
was used for the beam focusing to a size of approximately 0.5
mm x 0.5 mm.

High-resolution transmission electron microscopy (HRTEM)
images were obtained with a JEOL JEM-2100F field-emission
transmission electron microscope operating at an accelerating
voltage of 200 kV and equipped with an ultra-high-resolution
polepiece that provides a point-resolution better than 0.19 nm.
Fine powders of the materials were dispersed in ethanol, soni-
cated, sprayed on a carbon coated copper grid, and then al-
lowed to air-dry for imaging.

XAS covers the X-ray absorption near-edge structure
(XANES) spectra and extended X-ray absorption fine structure
(EXAFS) spectra, which were recorded at the Ag K-edge using
the BL14W Beamline of the SSRF with an electron beam energy
of 3.5 GeV and a ring current of 200-300 mA. Data were col-
lected with a fixed exit monochromator using two flat Si(311)
crystals. The XANES spectra were acquired at an energy step of
0.5 eV. The EXAFS spectra were collected in the transmission
mode using ion chambers filled with N2. The raw data were
analyzed using the IFEFFIT 1.2.11 software package.

H: temperature-programmed reduction (H2-TPR) profiles
were recorded using a ChemiSorb 2720 adsorption instrument.
The sample (~20 mg) was reduced in a stream of 10%
H2-90%Ar (50 mL/min) at a ramping rate of 10 °C/min.

Prior to adsorption measurements, ~15 mg of the sample
was pretreated in helium (30 mL/min) at 120 °C for 30 min.
The sample was cooled to room temperature and CO was then
pulsed from a calibrated on-line sampling loop (18.60 uL) over
the catalyst until the CO adsorption reached a saturation state.
The amount of adsorbed CO on the surfaces of the catalyst was
calculated by a dynamic method on an AutoChem II 2920 ad-
sorption instrument.

2.3. Catalytic evaluation

The oxidation of HCHO was performed in a fixed-bed quartz
reactor (i.d. = 8 mm) under atmospheric pressure. A catalyst
(25 mg, 40-60 mesh) was loaded for each run. Gaseous HCHO
was generated by passing a N2 gas flow over paraformaldehyde
in an incubator kept at 45 °C, and then mixed with an Oz flow,
leading to a feed gas containing 150 ppm HCHO and 10.0 vol%
02, balanced by Nz. The total flow rate was 100 mL/min. The
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effluents from the reactor were analyzed with an on-line Ag-
ilent 7890A gas chromatograph equipped with TCD and FID
detectors. To compare the pre-exponential factors (/), Arrhe-
nius plots were obtained according to the catalytic activity of
samples at 35-60 °C with the conversion of HCHO less than
20%. The data were recorded up to the steady state for each
run.

2.4. Theoretical calculations

All calculations in the current work were performed using
the density functional theory (DFT) method implemented in
the plane-wave basis Vienna Ab-initio Simulation Package
(VASP) code [24]. The projector augmented wave potentials
[25] and the approximation method of generalized gradient
approximation [26] were used throughout the investigation.
Sampling the Brillouin zone using a (4 x 4 x 2) Monkhorst-Pack
special k-point mesh yielded well-converged results. The ener-
gy cut off for the expansion of wave functions and potentials
was 400.0 eV. The structures were relaxed using a conjugate
gradient method with the convergence criteria for energy and
forces set to 1 x 10-5 eV per supercell and 0.1 eV/nm. A super-
cell of Aga2MnsO16 or MnsO16 units was constructed to simulate
the terminals of Agi/HMO or HMO. A vacuum region of 1.5 nm
was used along the z direction to avoid any spurious interac-
tions among the periodical images.

3. Results and discussion
3.1. Atop-down synthesis

Suitable metal-atom anchoring sites of supports are im-
portant for fabricating ADMCs by a top-down synthesis. Typi-
cally, HMO surfaces consist of terminated oxygen atom ar-
rangements with desired sizes, which can serve as ideal sites
for anchoring individual metal atoms [18,19]. HMO often grows
along the [001] direction to form rods with a high aspect ratio
owing to a lower surface energy of the (100) side-facets com-
pared with the (001) top-facets (Fig. 1(a)) [27,28]. We modified
the synthetic protocol to synthesize HMO NPs to increase the
number of surface metal-atom anchoring sites by decreasing
the aspect ratio of the HMO rods [22]. A typical HMO NP with a
nanometer size of ~4 nm is visualized in an HRTEM image (Fig.
1(b),(c)), and these HMO NPs have a higher specific surface
area (157 m2/g) than HMO nanorods (46 m2/g) [18], thus in-
creasing the number of surface anchoring sites.

A common method to achieve ADMCs is based on the fact
that anchoring sites directly capture individual metal atoms
from metal monomer compound precursors [15,16]. In this
work, HMO NPs were used as a support to synthesize ADMCs.
To synthesize Agi/HMO, Ag NPs with a truncated octahedron
shape were initially supported on the HMO surfaces to get
Agne/HMO (Fig. 1(d)). The Ag NPs with ~2 nm in height and ~4
nm in width were disintegrated into single Ag atoms which
were then anchored on HMO surfaces by a thermal process
(Fig. 1(e)) [18], indicating the presence of a large adhesion en-
ergy of Ag atoms to the HMO surfaces [20]. This is a typical

Fig. 1. TEM images of (a) HMO-ref, (b) HMO NPs and HRTEM images of
(c) HMO NP, (d) a typical truncated Ag octahedron supported on HMO
NP surface and (e) Agi/HMO.

top-down process, in which large metal particles/clusters tend
to form single metal sites, unlike normal Ostwald ripening pro-
cesses [14,29].

3.2. Direct observation of the top-down process

In situ SXRD was used to investigate the transformation of
supported Ag NPs to single Ag sites with the assistance of HMO
NP surfaces. With an increase of the temperature, the diffrac-
tion intensity of Ag NPs became weaker and ultimately disap-
peared, indicating that Ag NPs gradually shrank and finally
reached a highly dispersed state (Fig. 2(a)). For better visuali-
zation, a curve of the Ag(111) SXRD intensity as a function of
temperature and its first derivative are shown in Fig. 2(b).
When the temperature was lower than 150 °C, the Ag(111)
intensity remained unchanged, indicating that the size of Ag
NPs did not change below 150 °C. When the temperature was
higher than 150 °C, the intensity became weaker, and the dif-
fusing rate became faster with the increase of the temperature,
reaching a maximum at ~200 °C. When the temperature was
higher than ~260 °C, the Ag(111) reflection vanished, and the
diffusing rate was stable, indicating that Ag finally reached a
highly dispersed state.

To study the detailed top-down process, Agne/HMO was
annealed at different temperatures with a tempera-
ture-programmed procedure similar to that of the in situ SXRD
experiment to give a series of Ag-T samples (T = 150, 200, or
350 °C, and here, T represents annealing temperature), and
then ex situ EXAFS spectra were recorded to investigate the
local environments of the Ag atoms of the samples. Fig. 3 shows
Fourier transform (FT) amplitudes of the y(R) k2-weighted
EXAFS data at the Ag K-edge of the samples, and the structural
parameters obtained by fitting the spectra with theoretical
models are summarized in Table 1 [30]. The near neighbor
Ag-Ag coordination shell appears in the FT spectrum of the
Ag-150 sample with an average distance of ~0.287 nm and a
coordination number (CN) of ~8, indicating the presence of
metal Ag NPs, consistent with the in situ SXRD patterns (Fig.
2(a)). The FT amplitude of the EXAFS spectrum of the Ag-200
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Fig. 2. (a) In situ SXRD patterns of Agne/HMO as a function of temperature (the gradual change in color from black to red indicates the gradual in-
crease of temperature); (b) The Ag(111) intensity (black circles) and the corresponding first derivative (blue squares) of the in situ SXRD patterns of

Agne/HMO. The heating rate was 3.5 °C/min.

sample at 0.28-0.30 nm, which can be ascribed to the scatter-
ing between Ag atoms, is very weak, indicative of a very low
average CN of Ag atoms at this shell. The results of the fitting of
the EXAFS spectra, giving an Ag-Ag CN of 2.6, confirm this hy-
pothesis (Table 1). In the FT EXAFS spectrum of the Ag-350
sample, the absence of the peak arising from Ag-Ag bonds indi-
cates the formation of single Ag sites on the HMO surfaces [18],
unlike the reported Agi/HMO-ref with tunnel Ag atoms (the FT
XAFS spectrum of the Agi/HMO-ref is also shown in Fig. 3 for
comparison) [18,19]. As shown in the FT spectrum of Ag:/HMO
(Ag-350), the first shell can be attributed to two kinds of Ag-O
bonds with an average bond length of ~0.233 nm and CN = 4
(Table 1), indicating that single Ag sites are on the four-fold
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Fig. 3. x(R) k?-weighted FT EXAFS spectra of the Ag-150 (1), Ag-200 (2),
Ag-350 (3), Ag foil (4), Ag20 (5), and Ag1/HMO-ref (6).

oxygen-terminated sites of the HMO surfaces [31]. Therefore,
the combination of the in situ SXRD patterns and the ex situ
EXAFS spectra evidence that Ag NPs have transformed into
single Ag sites through the thermal diffusion process.

According to its first derivative of the in situ SXRD patterns
above, we estimated the diffusion barrier (E4) for the Ag atoms
detached from Ag NPs using Edq = In(w/y)ksT, where w, ks, T
and y are the usual pre-factor (often taking vo = 6 x 1012) [32],
the Boltzmann constant, the temperature in Kelvin (K) and the
rate relevant to a deposition rate, respectively. According to the
in situ XRD (Fig. 2) and TEM data (Fig. 1(d)) of Agne/HMO, the
average deposition rate of Ag NPs was ~0.003 ML/s. Therefore,
we chose a typical value y = 1 s-1 [32]. At T = 420 K (~150 °C),
the calculated Eq4 was 1.07 eV for Ag atoms detached from Ag
NPs. To investigate the stability of the single atom embedded
on a HMO(100) surface, we carried out DFT calculations. The
semi-tunnels of the HMO(100) surface provide perfect adsorp-
tion sites for single Ag atoms, that is, Ag atoms are embedded
into the semi-tunnels surrounded by four oxygen atoms (the
average Ag-0 distance is 0.247 nm). The calculated adsorption
energy (Ead) of Ag atoms on the four-fold oxygen-terminated
sites of the HMO(100) surface is -1.51 eV with respect to bulk
Ag. Here, Ead = Es ag — Es — Eag, where Es ag is the total energy of a

Table 1

EXAFS analysis results of the samples at the Ag K-edge2.

Sample Shell Nb  Rc¢(nm) o0? AEoe  R-factor

Ag-150 Ag-0 19 0233(1) 0005(1) +35 0.001
Ag-0 1.8 0.262(6) 0.005(0) —4.3 0.001
Ag-Ag 8 0.286(9) 0.040(3) -32 0.001

Ag-200 Ag-0 3.7 0.233(1) 0.005(1) +1.0 0.001
Ag-0 15 0262(6) 0.0050) -73 0.001
Ag-Ag 2.6 0.286(8) 0.066(1) -29 0.001

Ag-350 Ag-0 4 0.233(1) 0.002(1) -11 0.001
Ag-0 2 0262(6) 0.004(5) -7.4 0.001

Ag foil Ag-Ag 12 0289(1) 0.033(5) +22 0.001

Ag0 Ag-0 2 0203(7) 0.016(1) +23 0.001
Ag-Ag 12 0331(2) 0.029(3) +3.5 0.001

a R-space fit, Ak = 0.17-0.81 nm-1, Ar = 0.12-0.39 nm; > N, coordination
number; ¢ R, distance between absorber and backscatter atoms; 4 02,
Debye-Waller factor; ¢ AEo, energy shift.
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single Ag atom adsorbed on the HMO(100) surface, Es is the
total energy of the bare HMO surface, and Eag is the total energy
of the Ag bulk for each Ag atom. It is clear that a single Ag atom
is energetically stable when embedded in a semi-tunnel of the
HMO(100) surface. We also calculated the diffusion barrier for
an embedded silver atom migrating from site to site in the
semi-tunnels. As shown in Fig. 4, the barrier of such diffusion
inside the semi-tunnels is quite small, that is, ~0.18 eV. This
indicates the facile dispersion of embedded single Ag atoms.

The stability of single metal atoms or metal NPs with rela-
tively high melting points of the bulk metals, such as Au [33], Pt
[15,16,34,35], and Rh [36], has been well documented. Owing
to the relatively low melting point of bulk Ag, highly dispersed
Ag atoms should be more mobile and prone to aggregation or
coalescence. In fact, Ag particles with a sub-10 nm size are not
thermally stable and often show liquid-like behavior [37]. Even
though Alz203 could provide anchoring sites for stabilizing sin-
gle Pt atoms [15,34], Ag clusters, such as Ag trimers supported
on Alz203, are prone to sintering to form big particles, even at
temperatures lower than 120 °C [38]. Theoretically, single Ag
atoms should be energetically more favorable to aggregate into
large particles than Ag NPs/clusters. However, according to the
HRTEM image (Fig. 1), the in situ SXRD patterns (Fig. 2) and the
ex situ EXAFS spectra (Fig. 3), single Ag atoms anchored on the
surface oxygen-terminated sites are extremely stable even at
>350 °C under oxidizing conditions (Figs. 1-3).

3.3.  Driving force of the top-down process

Ag K-edge XANES was used to study the electronic states of
Ag atoms of the Ag-T samples during the top-down process
together with two referential samples, Ag foil and Ag:0. Fig.
5(a) shows the Ag K-edge XANES spectra of the samples. The
edge positions for all the Ag-T samples appear between those
of the Ag foil and Ag20, indicating that the electronic states of
Ag atoms of the Ag-T samples are at a mediate state between
the Ag foil and Ag20.

To investigate the subtle change of the electronic states of
Ag atoms during the top-down process, we focused on the 1s —
5p electron transition in the XANES spectra (the inset of Fig.
5(a)). The white-lines of the Ag-T samples were more intense
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Fig. 4. Diffusion path of an Ag atom on the HMO surface. Inset: An atom
model showing the diffusion path. Yellow, red, and blue balls represent
Ag, 0, and Mn, respectively.

than that of the Ag foil, indicating a decrease in the electron
density of Ag 5p orbitals. The electron density of Ag 5p orbitals
might originate from the hybridization of the Ag frontier d-sp
orbitals, especially with O 2p orbitals [19], although the Ag 5p
orbitals are unoccupied at the ground state of Ag atoms with a
valence electron configuration of 4d105s15p0. Similarly, the
electron density of Ag 5p orbitals becomes lower during the
top-down process judging from the more and more intense 1s
— 5p absorption edges from Agne/HMO (Ag-150) to Agi/HMO
(Ag-350) during the top-down process.

Fig. 5(b) shows the differential X-ray absorption near-edge
structure (AXANES) spectra, which are highly sensitive and
highly accurate for exploring the unoccupied states of Ag 4d
orbitals with respect to the spectrum of Agz0 [18,39]. A weak
intensity in the AXANES spectrum of the Ag-T samples can be
ascribed to the 1s — 4d electronic transition owing to the small
d-p hybridization of the Ag frontier orbitals [39-41]. The
AXANES spectra of the Ag-T samples show a pre-edge energy
absorption shoulder in comparison with the XANES spectrum
of Ag20 with an almost filled d orbital configuration (d10) of Ag*
[42]. According to the absorption population at the pre-edge
regime, the electron density of Ag 4d orbitals of each Ag-T sam-
ple is slightly lower than that of the Ag foil. The results are con-
sistent with the fact that the smaller the size of Ag particles, the
lower the electron density of the Ag 4d orbitals, and the
stronger the Ag-Ag bonds [43]. For the Ag-T samples, the elec-
tron density of the Ag 4d orbitals gradually increases during the
top-down process. Therefore, the results elucidate that when
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Fig. 5. (a) XANES spectra at the Ag K-edge of the samples; (b) AXANES
spectra of the samples. E is the absorption energy; Eo is the absorption
threshold energy.
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Ag NPs transform into individual surface Ag atoms anchored on
the oxygen-terminated sites, Ag 5p orbitals are relaxed and lose
their partial charge because all Ag atoms are exposed on the
surfaces, but Ag 4d orbitals increase the electron density pre-
sumably because of the Ag-O interactions.

To investigate the change of the electron density of the Ag
frontier orbitals, DFT calculations were conducted and the con-
figurations of the surface Ag atoms and the electronic states are
displayed in Fig. 6. The density of states (DOS) of single Ag at-
oms are remarkably different from those of bulk Ag, as ex-
plained by the interaction of Ag atoms with surface lattice oxy-
gen atoms. According to the atom configuration of single Ag
atoms, Ag orbital splitting occurs (Fig. 6), and DFT predicts the
highest-lying d-2, the lowest-lying dxy orbital, and the di2.2 and
the doubly degenerate dxz and dy- orbitals. All Ag 4d orbitals are
shifted up after interacting with the surface oxygen atoms, and
the Ag 4d electron density obviously increases owing largely to
the partial negative charge transferring from the O 2p. orbital
into the highest Ag 4d;2 orbital with partial depletion.

The above results provide strong evidence that the driving
force of the top-down process is the interaction between Ag
atoms and the surface oxygen atoms of the HMO. In detail, first,
the surface atoms of Ag NPs spill out the 5p electrons (with the
possibility of also spilling out part of the 5s electrons), which is
favorable for weakening the Pauli repulsion with surface lattice
oxygen atoms of HMO, allowing a strong Ag-O interaction to
occur. Second, Ag atoms at the perimeter of the Ag-HMO inter-
face strongly interact with surface oxygen atoms, allowing the
electron density of the Ag 4d orbitals to increase. Because of the
almost full Ag 4d shells, the increase in electrons in the Ag 4d
orbitals preferentially occupy the anti-bonding orbitals, which
weakens Ag-Ag bonds, leading to the low energy barrier (1.07
eV) for Ag atoms being detached from Ag NPs. Finally, the de-
tached Ag atoms can diffuse on the HMO surface with relative
ease owing to the low diffusion barrier (0.18 eV), as predicted
by the DFT calculations above. Therefore, the driving force of
the top-down process can be attributed to the electronic per-
turbation of Ag frontier orbitals induced by Ag-O interactions at
the perimeter of the Ag-HMO interface [2,3,19].
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% 1 —— Agbulk op,
DOS

Fig. 6. DOS of the Ag 4d orbitals and the AgOs configuration together
with the corresponding d orbital spilling. Yellow and red balls represent
Ag and O, respectively. Only halves of the dy. and dy. orbitals are drawn
for clarity. Os? represents the O atom with sp3 hybridization.

3.4.  Functions of the top-down synthesis

The top-down synthesis has two important functions for
catalysis research: (i) to increase the number of CASs through
moving bulk metal atoms onto surfaces; (ii) to provide model
single-site catalysts with uniform and ideal CASs, which are
favorable for investigating reaction mechanisms.

We chose the HCHO oxidation reaction as an example to in-
terpret the functions of the top-down synthesis because the
number of exposed Ag atoms directly determines the reaction
rate in low-temperature HCHO oxidation, and HCHO is a typical
indoor and outdoor air pollutant [44] that contributes greatly
to atmospheric particulate emissions [45]. As shown in Fig.
7(a), the HCHO reaction rates at 80 °C increased from 2.1 x 10-7
mol/(g-s) to 5.5 x 10-7 mol/(g-s), as the annealing temperature
of Agne/HMO increased from 150 to 300 °C, respectively, and
leveled off as the annealing temperature was further increased
to 400 °C. Under the same conditions, HMO is inactive in HCHO
oxidation [31].

To elucidate the results above, the apparent activation en-
ergy (Ea) and the 7" of HCHO oxidation on the Ag-T catalysts
were calculated (Fig. 7(b)). The Ea of HCHO oxidation over
Ag-150 (0.53 eV) was almost the same as that (0.54 eV) of
Ag-350, and also similar to the reported Ea values in HCHO ox-
idation over other Ag-based catalysts [46]. However, the calcu-
lated 7" for Agi/HMO (Ag-350) was 1.4 x 1026 molecules/(g-s),
which is much higher than that of Ag-150 (4.5 x 1025 mole-
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Fig. 7. (a) The reaction rates of HCHO (Rucuo) at 80 °C over the catalysts
at different annealing temperatures; (b) The Arrhenius plots for Rucho
in the HCHO oxidations over the catalysts in a temperature (1) window
of 35-60 °C.
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cules/(g's)) and Ag-200 (9.2 x 1025 molecules/(g:s)). As the
TOF of the Ag-based catalysts is structure-independent and
size-independent [31], 7 should be primarily determined by
the number of CASs [47]. Thus, the difference in the reaction
rates mainly originates from the number of CASs of Agi/HMO,
where the number is much higher for Ag-350 than for Ag-150
and Ag-200. Therefore, the top-down strategy can increase the
number of CASs, thus improving the catalytic performance.

Catalysts with single-site metal centers are beneficial for
investigating reaction mechanisms because of the absence of
the electronic quantum size effect [5-7] and structure sensitiv-
ity [8,9]. Reaction mechanisms, such as the Lang-
muir-Hinshelwood (L-H) and Eley-Rideal (E-R) models, have
often been used to describe catalytic reactions, and, interest-
ingly, the L-H mechanism is more pronounced at low reaction
temperatures for supported metal NP catalysts, but the reac-
tion kinetics demonstrate that the L-H model cannot describe
the predominant reaction mechanism for HCHO oxidation on
Ag-based catalysts [46]. For Agi/HMO, the issue becomes sim-
ple because HCHO oxidation on single-site Ag centers cannot
occur by a conventional L-H mechanism that requires two ad-
sorption sites.

The E-R mechanism is also not suitable to describe HCHO
oxidation on supported metal catalysts through a reaction of
adsorbed HCHO with gaseous Oz owing to an extremely high
energy barrier for dissociation of O2. An alternative Mars van
Krevelen model is often used to describe high-temperature
oxidation reactions over oxide catalysts [48], that is, adsorbed
HCHO reacts with lattice oxygen to generate oxygen defects,
and Oz then dissociatively adsorbs on the active sites to replen-
ish the oxygen vacant sites to complete the reaction cycle. With
this model, there are two critical factors to determine the cata-
lytic activity: oxidation of adsorbed formate (the stable inter-
mediate in HCHO oxidation) and dissociation of O2
[18,19,46,49], that is, lattice oxygen and molecular oxygen ac-
tivation, because the activity of lattice oxygen directly governs
the oxidation ability of formate.

The activity of the lattice oxygen of the catalysts was inves-
tigated by using H2-TPR, and the results are shown in Fig. 8(a).
Obviously, the lattice oxygen of Agi/HMO shows a surprisingly
high activity at low temperature, which is favorable for the
oxidation of adsorbed formate species [18,49]. For O: activa-
tion, Ag 4d orbitals with a partiallly unoccupied state have an
open-shell electronic structure [38], which is favorable for im-
proving the catalytic activity, because O activation is regarded
as an important rate-limiting step [49,50]. The open-shell na-
ture of the Ag electronic structure, caused by the d-p hybridiza-
tion and the upshift of the d orbitals induced by Ag-O interac-
tions, have been evidenced by the XANES spectra (Fig. 5), and is
further confirmed by the CO pulse experiment at room tem-
perature (Fig. 8(b)). Clearly, CO molecules chemisorb on Ag
active sites rather than on the HMO support, consistent with
the donating and back-donation bonding between CO and met-
al atoms [51-53]. With the assistance of metal atoms, the Mars
van Krevelen mechanism is also feasible at low reaction tem-
peratures for oxidation reaction. Therefore, to some extent, the
top-down synthesis provides single-site catalysts as an ideal
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Fig. 8. (a) The Hz-TPR profiles of Agi/HMO (1) and HMO (2); (b) The
first CO pulse curves (dark color) and the saturated CO pulse curves
(light dash color) of Agi/HMO (1) and HMO (2). The first and saturated
CO pulse curves of the HMO support are completely overlapped.

model, which is favorable for investigating complex reaction
mechanisms.

4. Conclusions

In summary, the synthesis of ADMCs from Ag NPs with the
assistance of an HMO support was substantiated through the
thermal diffusion process. In situ SXRD, ex situ EXAFTS spec-
troscopy, and TEM data were used to study the formation of
single Ag sites from Ag crystals during the top-down process.
Ex situ X-ray absorption spectra were used to study the changes
of the geometric and electronic structures of the single metal
atoms during this process. The experimental results in con-
junction with DFT calculations demonstrate that the driving
force of the top-down process is attributed to the electronic
perturbation of Ag frontier orbitals induced by Ag-O interac-
tions at the perimeter of the Ag-HMO interface. Two possible
functions of the top-down process are proposed by taking the
catalytic oxidation of formaldehyde as an example. Therefore,
the top-down strategy could assist the design of single-site
catalysts that are favorable for studying complex reaction
mechanisms of catalytic reactions.
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