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ABSTRACT: The involvement of a great amount of active oxygen
species is a crucial requirement for catalytic oxidation of benzene,
because complete mineralization of one benzene molecule needs 15
oxygen atoms. Here, we disperse single silver adatoms on
nanostructured hollandite manganese oxide (HMO) surfaces by
using a thermal diffusion method. The single-atom silver catalyst
(Ag1/HMO) shows high catalytic activity in benzene oxidation, and
100% conversion is achieved at 220 °C at a high space velocity of
23 000 h−1. The Mars-van Krevelen mechanism is valid in our case
as the reaction orders for both benzene and O2 approach one,
according to reaction kinetics data. Data from H2 temperature-
programmed reduction and O core-level X-ray photoelectron
spectra (XPS) reveal that Ag1/HMO possesses a great amount of
active surface lattice oxygen available for benzene oxidation. Valence-band XPS and density functional theoretical calculations
demonstrate that the single Ag adatoms have the upshifted 4d orbitals, thus facilitating the activation of gaseous oxygen.
Therefore, the excellent activation abilities of Ag1/HMO toward both surface lattice oxygen and gaseous oxygen account for its
high catalytic activity in benzene oxidation. This work may assist with the rational design of efficient metal-oxide catalysts for the
abatement of volatile organic compounds such as benzene.

■ INTRODUCTION

Benzene, widely used as an industrial solvent, an intermediate
in chemical synthesis, and a component of gasoline,1,2 is one of
the typical volatile organic compounds (VOCs). It has a
detrimental effect on both human health and the atmospheric
environment.3−5 The U.S. Environmental Protection Agency
has classified benzene into known human carcinogens.3

Furthermore, benzene can contribute to the formation of
secondary organic aerosol.4,5 Therefore, great effort has been
made to control benzene emission.
Catalytic oxidation is one of the most promising technologies

for complete oxidation of gas-phase benzene to CO2 and
H2O.

6,7 Catalysts used for the oxidation of benzene include
supported noble metals8−10 and transition metal oxides.11−15 A
key requirement is that a catalyst should be effective in
activating both lattice oxygen and O2 required for the reaction
C6H6 + 7.5O2 → 6CO2 + 3H2O, because benzene oxidation is
known to follow the Mar-van Krevelen (M-K) mechanism in
many cases.7,12,16 These activated oxygen species are favorable
for cleaving stable delocalized π bonds and strong C−H bonds
of benzene.
The lattice oxygen of manganese oxides, typically hollandite

manganese oxides (HMO), demonstrates high mobility and
reactivity. Manganese oxides have been used for the oxidation

of benzene,7,11 toluene,11,16,17 ethanol,16,18 and formalde-
hyde.19,20 It is well-known that silver (Ag) can adsorb and
activate gaseous O2, so that adsorbed active oxygen species can
react with these pollutants.21,22 Therefore, the combination of
HMO and Ag to develop Ag/HMO catalysts should be
favorable for the catalytic oxidation of VOCs. For instance, Ag/
HMO showed excellent catalytic performance for ethanol
oxidation,23 because the O anions of the Ag−O−Mn bridging
bonds are active and the Ag−O−Mn bridge facilitates a redox
cycle by the electron transfer between Ag and Mn.24 More
interestingly, support nanostructures are favorable for enhanc-
ing catalytic activity by boosting electrons or oxygen transfer
between metals and supports.25−27 Hence, the utilization of
nanostructured HMO supports to make Ag-based catalysts
could improve the catalytic activity in the low-temperature
oxidation of formaldehyde and CO,26,27 due to strong
activation abilities to both lattice oxygen and molecular oxygen.
In this work, we dispersed single Ag adatoms on nano-

structured HMO surfaces (Ag1/HMO) for the catalytic
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oxidation of benzene. The geometric and electronic structures
of surface Ag atoms were evidenced by electronic microscopy
images and X-ray absorption spectra. The catalytic performance
of Ag1/HMO was evaluated at relatively low temperature. The
structure−activity correlation in catalytic oxidation of benzene
over Ag1/HMO was also established by combining exper-
imental data with theoretical calculations from the oxygen
activation viewpoint.

■ EXPERIMENTAL SECTION

Material Preparation. HMO nanoparticles (NPs) were
prepared by a hydrothermal route:28 KMnO4 (11.600 g, 73.6
mmol), Na2MoO4 (1.228 g, 5.2 mmol), Na3VO4·12H2O (3.840
g, 9.6 mmol), and TiOSO4·H2SO4·8H2O (1.536 g, 9.6 mmol)
were dissolved in deionized water (170 mL) to get a solution.
Another aqueous solution (80 mL) prepared by dissolving
MnSO4·H2O (17.600 g, 104.0 mmol) and FeSO4·7H2O (2.432
g, 8.8 mmol) was added dropwise into the above-mentioned
solution to get brown slurry. The slurry was subsequently
refluxed at 100 °C in a 1000 mL round-bottom flask for 24 h.
The resulting solid was washed with deionized water, filtered,
dried at 110 °C for 12 h, and calcined at 400 °C for 4 h.
To prepare Ag1/HMO, AgNO3 (0.315 g) was initially

dissolved in 30 mL of deionized water to form a solution, to
which ammonia (25 wt %) was slowly added under stirring
until the solution became transparent. Both the transparent

solution and a H2O2 solution (30 wt %, 90 mL) were
simultaneously added to an aqueous suspension (80 mL)
containing HMO NPs (2.000 g) under stirring at 0 °C for 0.5
h. The final suspension was filtered, washed with deionized
water, and dried at 80 °C for 12 h to obtain supported Ag NPs
(AgNP/HMO), followed by annealing at 400 °C for 4 h to
obtain Ag1/HMO. The inductively coupled plasma-atomic
emission spectroscopy data show that Ag1/HMO is composed
of 10 wt % Ag, 3 wt % K, 44 wt % Mn, 3 wt % Ti, 3 wt % V, 3
wt % Fe, and 1 wt % Mo. Ag2SO4 powder and metal Ag
particles (10 μm in size) were purchased from Aladdin for the
X-ray photoelectron spectra (XPS) measurements. Other
materials and chemicals were commercially available and were
used as received.

Material Characterization. Synchrotron X-ray diffraction
(SXRD) patterns were performed at BL14B of the Shanghai
Synchrotron Radiation Facility (SSRF) at a wavelength of
1.2398 Å. The beam was monochromatized using Si (111), and
a Rh/Si mirror was used for the beam focusing to a size of
around 0.5 × 0.5 mm2.
High-resolution transmission electron microscopy

(HRTEM) images, and scanning TEM (STEM) with energy
dispersive X-ray spectroscopy (EDS) mapping obtained with a
JEOL JEM-2100F field-emission gun transmission electron
microscope operating at an accelerating voltage of 200 kV and
equipped with an ultrahigh resolution pole-piece that provides a

Figure 1. (a) TEM and (b) HRTEM images of HMO NPs. (c) HRTEM image and (d) the corresponding model of AgNP/HMO. Yellow, purple,
and red balls represent Ag, Mn, and O atoms, respectively. Subscript "Ag" in panels (c,d) identifies the crystal facets or axis of Ag NPs. (e) HRTEM
image of Ag1/HMO. Inset: FT filtered HRTEM image in the dashed rectangle. (f) Two/three-dimensional images of the simulated image in panel
(e) showing the difference of contrast between Ag, Mn, and the background.
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point-resolution better than 0.19 nm. Fine powders of the
materials were dispersed in ethanol, sonified, and sprayed on a
carbon coated copper grid, and then allowed to air-dry for
imaging.
X-ray absorption near-edge structure (XANES) spectra and

extended X-ray absorption fine structure (EXAFS) spectra were
measured at the Ag K-edge at BL14W of the SSRF with an
electron beam energy of 3.5 GeV and a ring current of 200−
300 mA. Data were collected 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 a transmission mode using ion chambers filled with
N2. The raw data were analyzed using the IFEFFIT 1.2.11
software package.
H2 temperature-programmed reduction of H2 (H2-TPR)

experiments were performed on a 2920 adsorption instrument
(Micromeritics, USA) with a thermal conductivity detector
(TCD) to monitor the consumed H2. H2-TPR was conducted
at 10 °C min−1 in a 50 mL min−1 flow of 5 vol % H2 in Ar.
Core-level XPS spectra were collected using the Kratos Axis

Ultra-DLD system with a charge neutralizer and a 150 W Al
(Monochromatized) X-ray gun (1486.6 eV) with an energy
resolution of ∼0.15 eV. The spectrometer was equipped with a
delay-line detector. Spectra were acquired at normal emission
with a passing energy of 40 eV. XPS were referenced to the C
1s peak at the binding energy (BE) of 284.6 eV. Metal Ag
particles, as the reference of metal Ag, was cleaned using the Ar
ion sputtering gun operating at 4 keV and 15 mA before the
measurement. Data analysis and processing were undertaken
using the XPSPeak4.1 software with the Shirley type back-
ground. Valence-band XPS spectra were obtained at BL 4B9B
in the Beijing Synchrotron Radiation Facility (BSRF) at a
photon energy of 100 eV. All the data were recorded in an
ultrahigh vacuum chamber equipped with a VG Scienta R4000
electron energy analyzer with a base pressure of ∼4 × 10−11

mbar at room temperature. BE of these valence-band spectra
were calibrated with respect to the Au 4f 7/2 (BE = 84 eV)
featured from a clean gold foil attached to the manipulator.
Catalytic Evaluation. The complete oxidation of benzene

was performed in a fixed-bed quartz reactor under atmospheric
pressure. A certain amount of the catalyst (40−60 mesh) was
loaded for each run with a total flow rate of 100 mL min−1. The
feed gas was composed of 200 ppm benzene, 20 vol % O2, and
balanced N2. Effluents from the reactor were analyzed with an
online Agilent 7890A gas chromatograph equipped with TCD
and FID detectors. Surface reaction kinetics of benzene
oxidation was studied at 180 °C over Ag1/HMO and HMO
by controlling conversions of benzene less than 20%. Benzene
concentrations were controlled in the range of 50−200 ppm
and the corresponding O2 concentration in the range of 7000−
17500 ppm. The data were recorded up to the steady state for
each run.
Density Function Theory (DFT) Calculations. All of the

configurations were implemented in the Vienna ab initio
Simulation Package (VASP). The generalized-gradient approx-
imation29 with Perdew−Burke−Ernzerh (PBE)30 functional
was performed in density functional theory calculations. The
energy cutoff for the plane waves was set to 450 eV. In the
calculation of Ag bulk, the lattice constants for a conventional
face-centered cubic cell were 4.086 Å × 4.086 Å × 4.086 Å, and
2 × 2 × 2 monkhorst-pack grid was used in the k-point
sampling for the geometry optimization of Ag bulk. For Ag1/
HMO, lattice constants were set to be 9.815 Å × 9.815 Å ×

2.847 Å, and 2 × 2 × 1 monkhorst-pack grid was used in the k-
point sampling for the geometry optimization.

■ RESULTS AND DISCUSSION
HMO usually grows along the ⟨001⟩ direction to form a rod-
shaped morphology with a high aspect ratio owing to the low
surface energy of the {001} facets.31−33 To improve the ability
toward activating oxygen, we synthesized HMO NPs with an
average size of 4 nm (Figure 1a). Figure 1b shows an HRTEM
image of a typical HMO NP from the ⟨001⟩ direction.
Obviously, HMO is constructed by four {110} facets with
intersecting lattice angles of 90°. According to another lattice
angle of 45° between the (040) plane and the (110) side-facets
and the SXRD pattern of HMO in Figure S1, it is convincing
that HMO surfaces comprise four {110} facets and two {001}
top-facets.
Ag1/HMO was synthesized by the thermal diffusion process

(also called anti-Ostwald ripening method31,34). First, Ag NPs
with a truncated octahedron shape (Figure 1c) were deposited
on HMO surfaces to obtain AgNP/HMO (Figure 1c,d), as
confirmed by the SXRD pattern of AgNP/HMO (Figure S1).
After annealing, the SXRD peaks due to Ag NPs vanished, and
no new peaks due to Ag species appeared in the SXRD pattern
of Ag1/HMO (Figure S1), while the hollandite crystal structure
was preserved except for slight modifications,35 reflecting that
Ag atoms are highly dispersed on HMO.31,36 The highly
dispersed Ag atoms can be directly imaged by TEM (Figures 1e
and S2). The HRTEM image in an inset of Figure 1e was
slightly smoothed after Fourier transform (FT) filtering to
increase the signal-to-noise ratio. To illustrate the contrast of
Ag and Mn, we constructed the intensity surface plot shown in
Figure 1f. The intensity variations of Ag atoms are easily
distinguishable from those of Mn and O atoms, clearly
demonstrating that the bright atomic dots with a highly
dense array in the HRTEM image are Ag atoms. The distance
between near neighbor Ag atoms is ∼5.7 Å,27 twice the length
of the Ag−Ag bonds (∼2.88 Å) in bulk Ag (Table S1),
reflecting that the Ag atoms anchored on HMO surfaces are
mainly at the isolated states.
Figure 2a shows the FT amplitudes of the χ(R) k2-weighted

EXAFS data at the Ag K-edge of the samples to determine the
local structure of the Ag atoms. The structural parameters
obtained by fitting the spectra with theoretical models are
summarized in Table S1.36 The curve-fitting of the R-space and
the inverse FT spectra are given in Figure S3. The FT
amplitude of the EXAFS spectrum of Ag1/HMO in 2.8−3.0 Å
owing to the scattering between the Ag atoms is absent,
indicating the isolated states of the Ag atoms. The first two
shells with distances of ∼2.35 and ∼2.62 Å and coordination
numbers of 4 and 1, implying that the isolated Ag atoms are
anchored on HMO surfaces, are consistent with the HRTEM
observation (Figure 1e).
The metallic states of Ag atoms are preserved when isolated

Ag atoms are formed on HMO surfaces, as shown in the
XANES spectra in Figure 2b. Ag1/HMO exhibits a sharp
resonance (white-line) in absorption coefficient, and the
absorption threshold energy (E0) ∼ 25514 eV is close to the
E0 value of Ag foil and higher than the E0 of Ag2O,

31,37

indicating the presence of Agδ+ (0 < δ < 1) in Ag1/HMO. A
similar conclusion is reached by analyzing XPS and Ag M4VV
Auger spectra shown in Figure S4. The Ag 3d5/2 BE value of
Ag1/HMO is 368.1 eV, slightly lower than that (368.4 eV) of
metallic Ag and much higher than that (367.4 eV) of Ag2SO4.
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The corresponding Ag M4VV Auger spectra also indicate the
metallic Ag state of Ag1/HMO.27

Ag1/HMO synthesized at an elevated temperature of 400 °C
was suitably applied in high-temperature oxidation of some
formidable VOCs such as benzene. Figure 3 shows the
conversion of benzene (XC6H6) as a function of reaction
temperature. Ag1/HMO shows excellent catalytic activity at low
temperature, and the temperature required for 50% XC6H6 (T50)
is 170 °C at a gaseous hourly space velocity (GHSV) of 23 000
h−1, lower than a reported T50 value (190 °C) over Pt/Al2O3 or

Pd/Al2O3 at a similar GHSV.38 Even at a GHSV as high as
92 000 h−1, the T50 value is only 200 °C. To shed light on the
high activity of Ag1/HMO, Arrhenius plots were depicted in
Figure S5. The apparent activation energy (Ea) is ∼58 kJ mol−1,
much lower than those (Ea = 90−100 kJ mol−1) over Pt/Al2O3
or Pd/Al2O3.

38,39 This implies that the reaction mechanism of
benzene oxidation over Ag1/HMO possibly differs from that
over Pt/Al2O3 and Pd/Al2O3. For comparison, HMO gives a
T50 of 300 °C, much higher than that of Ag1/HMO.
Furthermore, the oxidation state of Mn of HMO almost
remains unchanged after the Ag loading (Figure S6). The data
above demonstrate that the Ag atoms are catalytic sites and
HMO mainly functions as a support for Ag1/HMO in benzene
oxidation.
To explain the high activity of Ag1/HMO, the reaction

kinetics of benzene oxidation at 180 °C over Ag1/HMO and
HMO was studied. The reaction orders (kr) were achieved by
keeping XC6H6 lower than 20%.38 The kr of benzene and O2 for
Ag1/HMO are ∼0.9 and ∼0.7, respectively (Figure 4), much

higher than the corresponding kr (only ∼0.2 or ∼0.3) for
HMO. Therefore, benzene oxidation over Ag1/HMO does not
follow the Eley−Rideal mechanism, in which one adsorbed
reactant molecule reacts with another gaseous reactant
molecule.40 The Langmuir-Hinshelwood (L-H) or M-K
mechanism may be more suitable to describe benzene oxidation
over Ag1/HMO. The L-H mechanism seems to be satisfactory
for Pt or Pd NP catalysts supported on nonreducible oxides
such as Al2O3.

38,39 These supports are often regarded as “inert
supports”41 because of the absence of surface active lattice

Figure 2. (a) χ(R) k2-weighted FT EXAFS spectra of Ag1/HMO, Ag
foil, and Ag2O. (b) Ag K-edge XANES spectra of Ag1/HMO, Ag foil,
and Ag2O.

Figure 3. Conversion of benzene (XC6H6) as a function of temperature
over Ag1/HMO at different gaseous hourly space velocities (GHSVs)
and XC6H6 of HMO at a GHSV of 92 000 h−1 are also given for
comparison. Reaction conditions: benzene, 200 ppm; O2, 20% and
balanced by N2; flow rate, 100 mL min−1.

Figure 4. Reaction orders (kr) for benzene (a) and O2 (b) over Ag1/
HMO and HMO at the reaction temperature of 180 °C.
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oxygen ions. Two active sites required for the L-H mechanism
(responsible for adsorbing benzene and O2) are provided by Pt
or Pd atoms of metal NPs2,

42 where the kr with respect to
benzene is always positive in the 0−1 range, while the reaction
order for O2 often approaches zero or becomes nega-
tive.38,39,42,43

The M-K mechanism, often applied to catalytic oxidation
over reducible metal oxides, still holds true for catalytic
oxidation over metal supported on reducible metal oxides.31,44

This mechanism involves a two-stage redox cycle: (i) VOCs are
oxidized by surface lattice oxygen of catalysts at the vicinity of
catalytically active sites (CASs), producing oxygen vacancies;
(ii) the partially reduced catalysts are oxidized by gaseous
oxygen, replenishing oxygen vacancies. For Ag-HMO catalysts,
the M-K mechanism is valid for describing oxidation reactions
such as CO and formaldehyde oxidation due to the excellent
redox property of HMO.31,45 As for Ag1/HMO in the current
work, the CASs only comprise individual Ag atoms with a size
of 0.29 nm. These individual Ag atoms cannot adsorb one
benzene molecule (with a size of 0.55 nm)46 and one O2
molecule (0.33 nm in size) simultaneously.47 Taking k = 0.7
with respect to O2 and “active” reducible manganese oxide
support41 into account, benzene oxidation over Ag1/HMO
could be described by the M-K mechanism, where the activity
of surface lattice oxygen and activation of gaseous oxygen play
important roles in determining the activity.
The activity of surface lattice oxygen of Ag1/HMO was

studied by H2-TPR. As shown in Figure 5a, the reduction of
HMO starts at ∼150 °C, and a weak reduction peak at 225 °C
can be ascribed to the surface oxygen species, merely

accounting for ∼3% of the total oxygen species of HMO,
indicating that only a minority of oxygen is active at this
temperature. After Ag is loaded onto HMO, the reducibility of
HMO is drastically improved, and a very strong reduction peak
shifts down to the low temperature range and centers at 90 °C.
This reduction peak can be assigned to the surface lattice
oxygen species in the vicinity of the isolated Ag atoms.19 Thus,
∼28% of the Ag1/HMO oxygen are surface oxygen lattice
species calculated by curve-fitting the H2-TPR profile. These
species can participate in benzene oxidation.
According to the calculated results (Supporting Discussion

1) and considering the interatomic distance between the
neighbor Ag atoms of 5.7 Å (Figure 1e), ∼2.5 Å surface layer of
Ag1/HMO is active. We recently investigated the activity of
surface lattice oxygen of isolated Ag atoms supported on HMO
rods and found that ∼12 (sub)surface active lattice oxygen
atoms in the vicinity of Ag atoms are available for oxidation
reactions by using a temporal analysis of products reactor at 70
°C.34 This means that lattice oxygen atoms in a ∼3.6 Å radius
zone around Ag atoms are accessible for oxidation reactions,
and these lattice oxygen atoms can be replenished by gaseous
O2 upon activation. In this work, benzene oxidation occurs at
reaction temperatures higher than 70 °C, and thus, more lattice
oxygen atoms of Ag1/HMO should be involved in the reaction.
Therefore, a majority of the active surface lattice oxygen ions
are enough to satisfy the requirement for benzene oxidation.
As the activity of lattice oxygen may be directly related to

their electronic features, we carried out XPS measurements.
Figure 5b displays the O 1s XPS of Ag1/HMO and HMO. The
O 1s XPS data of HMO indicate the presence of two kinds of
oxygen species after curve-fitting: one peak with a BE centered
at 530 eV can be ascribed to surface lattice oxygen (denoted as
Olat‑Mn), and the other peak at a higher BE of 532 eV can be
ascribed to surface defect oxygen bound to surface Mn ions
(Osd‑Mn).

48 After loading Ag onto HMO, the electronic states of
Olat‑Mn of HMO almost remain unchanged, and the XPS peak
appears at BE of 530 eV. Note that two kinds of new oxygen
species appear at a higher BE range of 531−535 eV. On the
basis of the surface structure of Ag1/HMO (Figures 1 and 2),
the peak at 532.4 eV can be ascribed to surface lattice oxygen
bound to Ag atoms (Olat‑Ag).

49,50 The peak at the highest BE of
533.5 eV might be due to surface defect oxygen species
adsorbed on the Ag atoms (Osd‑Ag), because the peak is absent
for the pure HMO. Both Osd‑Ag and Olat‑Ag with BEs higher than
Olat‑Mn indicate that the oxygen species around Ag atoms have
an electronic density lower than those bound to Mn, thus
allowing them to easily accept electrons from benzene via the
reaction: C6H6 + 7.5O2 → 6CO2 + 3H2O. The highly active
oxygen species of Ag1/HMO have strong oxidization ability
(Figure 5a), increasing the reaction order with respect to C6H6
(Figure 4a), and thereby enhancing the activity of benzene
oxidation.
The M-K mechanism also involves the activation of gaseous

oxygen to replenish the surface oxygen defects produced by
benzene oxidation. The activation of O2 can be investigated by
using O2-TPD

51 or by studying the nature of CASs,34,52

because the ability for activating O2 is essentially associated
with the electronic states or the d-orbital centroid of CASs. A
correlation between the d-band centroid of metal surfaces and
activation of O2 was established by Hammer and Nørskov.52 In
particular, the upshifted d-band centroid of Ag is favorable for
dissociation of O2 by charge transfer from the Ag 4d orbitals to
antibonding π* orbitals of O2.

53,54 Hence, to understand the
Figure 5. (a) H2-TPR profiles and (b) O 1s XPS of Ag1/HMO and
HMO.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b04340
Environ. Sci. Technol. 2017, 51, 2304−2311

2308

http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04340/suppl_file/es6b04340_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04340/suppl_file/es6b04340_si_001.pdf
http://dx.doi.org/10.1021/acs.est.6b04340
http://pubs.acs.org/action/showImage?doi=10.1021/acs.est.6b04340&iName=master.img-005.jpg&w=234&h=314


activation ability toward O2, we carried out the valence-band
XPS measurements and DFT calculations.
Figure 6a shows the XPS of the valence band of Ag1/HMO,

HMO, and their difference spectrum, together with bulk Ag as a

reference. As expected, the Ag d-band centroid of bulk Ag is
located at ∼4.3 eV.55 The Ag d orbital centroid of the isolated
Ag atoms of Ag1/HMO distinctly upshifts to a higher energy
and is located at ∼2.3 eV below the Fermi level (Ef), as seen
from the difference spectrum between Ag1/HMO and HMO.
Indeed, H2 is an effective electronic descriptor for the shift of
the d orbital centroid.53,56 The low-temperature reduction peak
of Ag1/HMO in Figure 4a indicates the upshift of the Ag 4d
orbital centroid.34

We further carried out DFT calculations to confirm the
electronic density of states (DOS) of the CASs of Ag1/HMO.
Figure 6b shows the projected DOS of isolated Ag adatoms on
HMO surfaces, as constructed according to the TEM images
(Figure 1) and EXAFS data (Figure 2). The bulk Ag sample is
also shown in Figure 6b for comparison. Still, the Ag d-band
centroid is at 4.3 eV, consistent with the valence-band XPS in
Figure 6a. Note that the Ag d-orbital centroid of Ag1/HMO
shifts up to Ef by 2 eV, agreeing fairly with the experimental
measurement and the previous report.54 Consequently, the
upshift of the Ag 4d orbitals demonstrates that Ag1/HMO
possesses an excellent ability of activating O2, thus leading to
the positive reaction order (k = 0.7) with respect to O2 in
benzene oxidation (Figure 4b).
The results above demonstrate that the isolated Ag adatoms

on HMO NPs have an excellent ability toward activating both
lattice oxygen and gaseous O2, resulting in the high catalytic
activity in benzene oxidation. In contrast, single Ag adatoms on
HMO rods only give ∼3% active surface oxygen according to
the H2-TPR analysis in our recent report,19 and presumably,
such a great amount of active surface lattice oxygen species of
Ag1/HMO is intimately associated with the HMO size or a

support nanoscale effect (Figure 1a,b). Similarly, Libuda and
co-workers reported that the presence of nanostructured CeO2
support is required to boost oxygen transfer to Pt NPs,25 thus
strongly enhancing catalytic activity.
In conclusion, we synthesized Ag1/HMO by depositing

individual Ag atoms on the 4 nm HMO nanoparticles. The
isolated Ag atoms were anchored on the surface cavities of
HMO serving as the catalytically active sites in benzene
oxidation. Ag1/HMO showed high catalytic activity, and the
complete oxidation of benzene was achieved at 220 °C at a high
GHSV of 23 000 h−1. The reaction orders with respect to
benzene and O2 were determined to be 0.9 and 0.7,
respectively, indicating that benzene oxidation followed the
M-K mechanism. HMO NPs were demonstrated to be
favorable for producing a great amount of active surface lattice
oxygen after the atomic Ag loading, and the upshifted 4d
orbitals of the Ag adatoms facilitated the activation of gaseous
oxygen. Our findings enable us to understand the enhanced
catalytic performance in benzene oxidation over metal catalysts
with nanosized supports from the oxygen activation point of
view and to rationally design efficient metal-oxide catalysts for
the abatement of VOCs.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.6b04340.

Calculation of the depth of active surface layer; EXAFS
analysis results; SXRD patterns of the samples; HAADF-
STEM image and EDS mappings; Ag K-edge χ(R) k2-
weighted R-space and inverse FT spectra; Ag 3d XPS and
Ag MVV spectra; Arrhenius plot; Mn 2p XPS (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*Phone: +86-21-65642997; fax: +86-21-65643597; e-mail:
tangxf@fudan.edu.cn.
ORCID
Xingfu Tang: 0000-0002-0746-1294
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was financially supported by the NSFC (21277032
and 21477023) and the STCSM (14JC1400400). The SXRD
and X-ray absorption spectroscopy measurements were
conducted at the SSRF. The valence-band XPS spectroscopy
measurements were conducted at the BSRF.

■ REFERENCES
(1) Einaga, H.; Futamura, S.; Ibusuki, T. Complete oxidation of
benzene in gas phase by platinized titania photocatalysts. Environ. Sci.
Technol. 2001, 35 (9), 1880−1884.
(2) Li, T. Y.; Chiang, S. J.; Liaw, B. J.; Chen, Y. Z. Catalytic oxidation
of benzene over CuO/Ce1‑xMnxO2 catalysts. Appl. Catal., B 2011, 103
(1−2), 143−148.
(3) Integrated Risk Information System (IRIS) on Benzene; U.S.
Environmental Protection Agency: Washington, DC, 2006.
(4) Finlayson-Pitts, B. J.; Pitts, J. N., Jr. Tropospheric air pollution:
Ozone, airborne toxics, polycyclic aromatic hydrocarbons, and
particles. Science 1997, 276 (5315), 1045−1051.
(5) Volkamer, R.; Jimenez, J. L.; Martini, F. S.; Dzepina, K.; Zhang,
Q.; Salcedo, D.; Molina, L. T.; Worsnop, D. R.; Molina, M. J.

Figure 6. (a) Valence-band XPS of Ag1/HMO and HMO. (b)
Projected DOS of Ag1/HMO and bulk Ag.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b04340
Environ. Sci. Technol. 2017, 51, 2304−2311

2309

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.est.6b04340
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04340/suppl_file/es6b04340_si_001.pdf
mailto:tangxf@fudan.edu.cn
http://orcid.org/0000-0002-0746-1294
http://dx.doi.org/10.1021/acs.est.6b04340
http://pubs.acs.org/action/showImage?doi=10.1021/acs.est.6b04340&iName=master.img-006.jpg&w=179&h=250
http://pubs.acs.org/action/showLinks?pmid=9148793&crossref=10.1126%2Fscience.276.5315.1045&coi=1%3ACAS%3A528%3ADyaK2sXjt12ls7s%253D&citationId=p_n_4_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fes001690%2B&coi=1%3ACAS%3A528%3ADC%252BD3MXit1Cks7g%253D&citationId=p_n_1_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fes001690%2B&coi=1%3ACAS%3A528%3ADC%252BD3MXit1Cks7g%253D&citationId=p_n_1_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.apcatb.2011.01.020&coi=1%3ACAS%3A528%3ADC%252BC3MXisFaqtr8%253D&citationId=p_n_2_1


Secondary organic aerosol formation from anthropogenic air pollution:
Rapid and higher than expected. Geophys. Res. Lett. 2006, 33 (17),
L17811.
(6) Luo, Y.; Wang, K.; Chen, Q.; Xu, Y.; Xue, H.; Qian, Q.
Preparation and characterization of electrospun La1‑xCexCoOδ:
Application to catalytic oxidation of benzene. J. Hazard. Mater.
2015, 296, 17−22.
(7) Genuino, H. C.; Dharmarathna, S.; Njagi, E. C.; Mei, M. C.; Suib,
S. L. Gas-phase total oxidation of benzene, toluene, ethylbenzene, and
xylenes using shape-selective manganese oxide and copper manganese
oxide catalysts. J. Phys. Chem. C 2012, 116 (22), 12066−12078.
(8) Lai, S. Y.; Qiu, Y.; Wang, S. Effects of the structure of ceria on the
activity of gold/ceria catalysts for the oxidation of carbon monoxide
and benzene. J. Catal. 2006, 237 (2), 303−313.
(9) He, C.; Li, J.; Li, P.; Cheng, J.; Hao, Z.; Xu, Z. Comprehensive
investigation of Pd/ZSM-5/MCM-48 composite catalysts with
enhanced activity and stability for benzene oxidation. Appl. Catal., B
2010, 96 (3), 466−475.
(10) Li, J. J.; Xu, X. Y.; Jiang, Z.; Hao, Z. P.; Hu, C. Nanoporous
silica-supported nanometric palladium: Synthesis, characterization, and
catalytic deep oxidation of benzene. Environ. Sci. Technol. 2005, 39 (5),
1319−1323.
(11) Luo, J.; Zhang, Q.; Huang, A.; Suib, S. L. Total oxidation of
volatile organic compounds with hydrophobic cryptomelane-type
octahedral molecular sieves. Microporous Mesoporous Mater. 2000, 35−
36, 209−217.
(12) Hou, J.; Liu, L.; Li, Y.; Mao, M.; Lv, H.; Zhao, X. Tuning the K+

concentration in the tunnel of OMS-2 nanorods leads to a significant
enhancement of the catalytic activity for benzene oxidation. Environ.
Sci. Technol. 2013, 47 (23), 13730−13736.
(13) Debecker, D. P.; Delaigle, R.; Bouchmella, K.; Eloy, P.;
Gaigneaux, E. M.; Mutin, P. H. Total oxidation of benzene and
chlorobenzene with MoO3- and WO3-promoted V2O5/TiO2 catalysts
prepared by a nonhydrolytic sol−gel route. Catal. Today 2010, 157
(1), 125−130.
(14) Delaigle, R.; Joseph, M. M.; Debecker, D. P.; Eloy, P.;
Gaigneaux, E. M. An alternative method for the incorporation of silver
in Ag-VOx/TiO2 catalysts for the total oxidation of benzene. Top.
Catal. 2013, 56 (18−20), 1867−1874.
(15) Debecker, D. P.; Faure, C.; Meyre, M. E.; Derre,́ A.; Gaigneaux,
E. M. A new bio-inspired route to metal-nanoparticle-based
heterogeneous catalysts. Small 2008, 4 (10), 1806−1812.
(16) Santos, V. P.; Pereira, M. F. R.; Órfaõ, J. J. M.; Figueiredo, J. L.
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