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ABSTRACT: Emissions of volatile organic compounds (VOCs)
threaten both the environment and human health. To realize the
elimination of VOCs, Ru/CeO2 catalysts have been intensively
investigated and applied. Although it has been widely acknowl-
edged that the catalytic performance of platinum group metal
catalysts was highly determined by their dispersion and
coordination environment, the most reactive structures on Ru/
CeO2 catalysts for VOCs oxidation are still ambiguous. In this
work, starting from Ce-BTC (BTC = 1,3,5-benzenetricarboxylic
acid) materials, atomically dispersed Ru catalysts and agglomerated
Ru catalysts were successfully created via one-step hydrothermal
method (Ru-CeO2-BTC) and conventional incipient wetness
impregnation method (Ru/CeO2-BTC), respectively. In a typical
model reaction of C3H6 oxidation, atomically dispersed Ruδ+ species with the formation of abundant Ru−O−Ce linkages on Ru-
CeO2-BTC were found to perform much better than agglomerated RuOx species on Ru/CeO2-BTC. Further characterizations and
mechanism study disclosed that Ru-CeO2-BTC catalyst with atomically dispersed Ru ions and more superior low temperature redox
performance compared to Ru/CeO2-BTC could better facilitate the adsorption/activation of C3H6 and the decomposition/
desorption of intermediates, thus exhibiting superior C3H6 oxidation activity. This work elucidated the reactive sites on Ru/CeO2
catalysts in the C3H6 oxidation reaction and provided insightful guidance for designing efficient Ru/CeO2 catalysts to eliminate
VOCs.
KEYWORDS: Ce-BTC, one-step hydrothermal method, dispersion of RuOx, C3H6 oxidation, Ru−O−Ce structure

1. INTRODUCTION
Volatile organic compounds (VOCs) emitted from various
sources (e.g., domestic use, industry, motor vehicles, etc.) can
pose a significant threat to both the ecological environment
and human health. To reduce the emissions of VOCs, many
strategies have been developed, and catalytic oxidation has
been verified to be one of the most efficient.1−5 Among those
catalysts developed for catalytic oxidation of VOCs, platinum
group metals (PGMs), such as Pt, Pd, Ru, etc., supported on
stable metal oxides (Al2O3, CeO2, ZrO2, etc.) exhibited the
most satisfactory catalytic performance.6−12 Considering the
cost-effectiveness, Ru catalysts with much lower prices than Pd
and Pt catalysts and decent catalytic performance have
attracted tremendous research interest. Due to the nature of
CeO2 based materials to form strong interactions with Ru and
the resulting efficient electron/oxygen transfer at the Ru-CeO2
interface, Ru/CeO2 catalysts exhibiting superior catalytic
oxidation performance have been intensively investigated.13−17

In recent decades, it has been widely reported that the
dispersion or the coordination environment of PGMs showed
a significant impact on their catalytic oxidation perform-

ance.18−23 For example, Gan̈zler et al. systematically analyzed
in situ time-resolved X-ray absorption spectroscopy (XAS) of
Pt/CeO2-Al2O3 catalysts in a dynamic reducing/oxidating
cycling test and determined that the optimal size for Pt clusters
supported on CeO2-Al2O3 support in CO oxidation reaction
was 1.4 nm, since Pt clusters with such size could provide the
maximum Pt-CeO2 interfacial sites and facilitate the activation
of CeO2 to participate in the redox cycle.19 In addition to the
dispersion, the coordination environment of PGMs sites might
also play a vital role. Previously, we reported that the CO
oxidation activity on Pt/Pd single atoms or clusters on CeO2
could be boosted by tuning their coordination environment,
and such a strategy could be generalized to the preparation of
catalysts for the elimination of various air pollutants.22
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However, different from the significant achievement in
determining active sites on Pt(Pd)/CeO2 catalysts, the optimal
dispersion and local coordination environments of Ru sites on
Ru/CeO2 catalysts were still ambiguous, especially in the
catalytic oxidation of VOCs. Therefore, it is definitely
necessary to construct Ru/CeO2 catalysts with different Ru
dispersion or local coordination environments as model
catalysts to help understand the structure−activity relationship
on Ru/CeO2 catalysts.
Recently, to realize the facile modulation of Ru dispersion

on CeO2, support engineering strategies, including morphol-
ogy control,13,15,16 additives modification,24,25 and surface
defect engineering,26−32 were developed and widely applied.
For example, Li et al. systematically investigated the influence
of the morphology of CeO2 on the dispersion of Ru and Ru−
CeO2 interaction and disclosed that the strong metal−support
interaction between Ru and CeO2-NR could better facilitate
the dispersion and stabilization of Ru species.15 It was also
reported that atomically dispersed Ru single atoms on a
nanoflower-like CeO2 support exhibited remarkable stability
and soot oxidation activity, and even rivaled commercial Pt
catalysts.33 Besides, Liu et al. disclosed that the surface
hydroxyl groups at the step/edge sites on the surface of CeO2
would also determine the dispersion behavior of Ru species,
and the atomically dispersed Ru species anchored at the step
sites exhibited superior C3H6 oxidation activity.31 That is, the
development of facile methods for the synthesis of Ru/CeO2
catalysts with tunable Ru dispersion and the identification of
real active sites on Ru/CeO2 catalysts are research hotspots in
developing Ru/CeO2 catalysts with superior catalytic oxidation
performance.
Metal−organic frameworks (MOFs) with large surface area

and tunable porous structures, such as Ce-BTC (BTC = 1,3,5-
benzenetricarboxylic acid), have been recognized as an ideal
precursor for synthesizing CeO2 with high specific surface area
and abundant surface defects, which could be used as superior
supports for boosting the catalytic performance of supported
PGMs or transition metal species.34−37 Besides, when targeted
active metal species were introduced during the preparation of
Ce-MOFs instead of being impregnated onto Ce-BTC or
CeO2 derived from Ce-BTC, active metal species could be well
mixed with Ce sites, thus generating highly dispersed metal
species with strong PGMs−CeO2 interactions.
Building on the above understandings, herein, atomically

dispersed Ru species and agglomerated Ru species were
successfully constructed on CeO2 derived from Ce-BTC
through one-step hydrothermal method and conventional
incipient impregnation method, respectively. When the
prepared Ru catalysts were applied in the catalytic oxidation
of C3H6, a common VOC emitted by both mobile and
stationary sources, it was found that atomically dispersed Ruδ+

species performed much better than agglomerated RuOx
species, under the condition of the same Ru loading. Such
difference should be due to that highly dispersed Ruδ+ species
supported on CeO2 with the formation of more Ru−O−Ce
linkages exhibited better redox performance and could better
facilitate the adsorption/activation of C3H6 and the decom-
position/desorption of intermediates than agglomerated RuOx
species on CeO2.

2. MATERIALS AND EXPERIMENTAL METHODS
2.1. Catalyst Preparation. Ru-CeO2-BTC catalysts with

different Ru loadings were prepared by a one-step hydro-

thermal method.37 Specifically, cerium nitrate hexahydrate,
ruthenium acetylacetonate, and 1,3,5-benzenetricarboxylic acid
(BTC, 4.8 mmol) were first dissolved in 40 mL of N,N-
dimethylformamide (DMF) under vigorous stirring at room
temperature. After further stirring for 30 min, the mixture was
transferred to an autoclave and heated at 130 °C for 20 h. After
the autoclave was cooled to room temperature, the resulting
mixture was washed with DMF and ethanol several times.
Afterward, the obtained gel was dried at 100 °C overnight and
subsequently calcined at 450 °C for 3 h with a ramping rate of
5 °C·min−1. The total metal content (Ru + Ce) was controlled
at 8 mmol, and the theoretical Ru weight ratios of the prepared
catalysts were 0, 1.4, 2.8, and 5.3 wt %. By using inductively
coupled plasma atomic emission spectroscopy (ICP-AES), the
actual Ru loadings were determined as 0, 1.4, 2.4, and 3.3 wt %.
The obtained catalysts were denoted as xRu-CeO2-BTC, in
which x in wt % was the actual Ru loadings, and the catalyst
without the addition of Ru was denoted as CeO2-BTC.
Meanwhile, the uncalcined samples were denoted as Ce-BTC
or xRu-Ce-BTC. The 2.4Ru/CeO2-BTC catalyst was prepared
by a hydrothermal-impregnation two-step method. First, 2.4 wt
% Ru (using Ru(NO)(NO3)m(OH)n as a precursor, m + n = 3)
was loaded on CeO2-BTC through the conventional incipient
wetness impregnation (IWI) method. After being dried at 120
°C for 20 min, the mixture was calcined at 450 °C for 3 h with
a ramping rate of 5 °C·min−1.
Ru (2.4 wt %, using Ru(NO)(NO3)m(OH)n as a precursor,

m + n = 3) loaded on commercial CeO2 (CeO2-C), CeO2
nanorod synthesized by hydrothermal method (CeO2-NR),38

CeO2 nanoparticles obtained by thermal decomposition of
Ce(NO3)3·6H2O (CeO2-NP), rutile TiO2 and Al2O3 were
prepared by an IWI method and used as reference samples,
which were denoted as 2.4Ru/CeO2-C, 2.4Ru/CeO2-NR,
2.4Ru/CeO2-NP, 2.4Ru/TiO2-Rut and 2.4Ru/Al2O3, respec-
tively. Meanwhile, the Ru-CeO2 catalyst prepared by a
conventional coprecipitation method (2.4Ru-CeO2-CP) also
served as an important reference. More details on catalyst
preparation can be found in Text S1.

2.2. Catalytic Performance Evaluation. Catalytic
performance of the prepared Ru catalysts in C3H6 oxidation
was evaluated on a fixed-bed quartz tube reactor. In each test,
60 mg of catalyst (40−60 mesh) mixed with 300 mg of SiC
was loaded into the quartz tube reactor, and the feed gas (100
mL·min−1) was composed of 4000 ppm C3H6, 5% O2 and 5 vol
% H2O (when used), using Ar as balance, thus giving a weight
hourly space velocity (WHSV) of 100,000 mL·gcat−1·h−1. The
outlet gas was analyzed by an online mass spectrometer, and
the mass/charge (m/z) ratio used for the detection of C3H6
was 41. C3H6 conversion was calculated according to the
following equation:

=
[ ] [ ]

[ ]
×C H conversion (%)

C H C H
C H

100%3 6
3 6 in 3 6 out

3 6 in
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k
jjjjj

y
{
zzzzz

The apparent activation energy (Ea) on the prepared catalysts
in the C3H6 oxidation reaction was also measured. In a typical
measurement, the mass ratio of catalysts to SiC was 1:20 and
the C3H6 conversion was controlled below 20% to avoid
possible heat and mass transfer effects. Reaction conditions:
4000 ppm C3H6, 5% O2, Ar as balance, WHSV = 400,000 mL·
gcat−1·h−1.

2.3. Catalyst Characterization. The details of character-
izations can be found in the Text S2.
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3. RESULTS AND DISCUSSION
3.1. Structural Characterizations. In this work, a facile

MOF-derived one-step hydrothermal method was employed to
prepare xRu-Ce-BTC materials with different Ru contents,
which were further calcined in air at 450 °C to obtain xRu-
CeO2-BTC catalysts (x in wt % was the actual Ru loading in
xRu-CeO2-BTC, where x = 1.4, 2.4, and 3.3, and the catalyst
without the addition of Ru was labeled as CeO2-BTC).

37 As
shown in Figure S1, the XRD peaks for Ce-BTC could be well
indexed to a standard monoclinic Ce-BTC structure as
reported elsewhere,34,35 and xRu-Ce-BTC catalysts exhibited
similar XRD patterns as Ce-BTC, suggesting that the addition
of Ru showed limited influence on the formation of the Ce-
BTC structure. The SEM and EDS mapping images of the Ce-
BTC and 2.4Ru-Ce-BTC catalysts were also collected to
investigate their morphologies (Figure S2). It was observed

that rod-like Ce-BTC and 2.4Ru-Ce-BTC were successfully
synthesized, and the distribution of Ru matched well with that
of Ce, suggesting the highly dispersed state of Ru. After
pyrolysis, as shown in Figure 1a, XRD patterns for all xRu-
CeO2-BTC catalysts could be attributed to the cubic fluorite
type CeO2 phase (JCPDS No. 34-0934), and no diffraction
peaks assigned to Ce-BTC and crystalline Ru0/RuOx species
were observed, suggesting the complete pyrolysis of Ce-BTC
and the highly dispersed state of Ru species. Moreover, the
intensity of the diffraction peaks for pure CeO2-BTC decreased
after the addition of Ru, suggesting that the doping of Ru
species could suppress the crystallinity of CeO2, probably due
to the substitution of Ce4+ (0.97 Å) in CeO2 by Ru ions with a
smaller radius (<0.7 Å).37

TG technique is a powerful tool to investigate the thermal
stability of catalysts. In this work, TG experiments were

Figure 1. (a) XRD patterns for CeO2-BTC and xRu-CeO2-BTC; (b) TG profiles for Ce-BTC and xRu-Ce-BTC; and (c) Raman spectra for CeO2-
BTC and xRu-CeO2-BTC.

Figure 2. (a) C3H6 oxidation activity on CeO2-BTC and xRu-CeO2-BTC. (b) C3H6 oxidation activity on 2.4Ru-CeO2-BTC and 2.4Ru/CeO2-BTC
under dry and wet (5 vol % H2O) conditions. Reaction condition: 4000 ppm C3H6, 5% O2, 5% H2O (when used), Ar as balance, WHSV = 100,000
mL·gcat−1·h−1. (c) Apparent activation energy (Ea) on 2.4Ru-CeO2-BTC and 2.4Ru/CeO2-BTC in the C3H6 oxidation reaction measured under dry
condition. (d) T50 for Ru catalysts in the C3H6 oxidation reaction.
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conducted on Ce-BTC and xRu-Ce-BTC to further confirm
whether the complete pyrolysis of Ce-BTC species was
achieved when the calcination temperature was 450 °C. As
shown in Figure 1b, there were three distinct weight loss steps
within the temperature range of 30−800 °C for Ce-BTC. The
first weight loss step (step I) below 150 °C was related to the
desorption of adsorbed or lattice-coordinated H2O, the second
weight loss step (step II) from 150 to 325 °C could be
attributed to the desorption or oxidation of organic solvents,
and the third weight loss step (step III) ending at 405 °C could
be assigned to the combustion of the organic ligands.8,34,39

Notably, after the addition of Ru, the ending temperature of
step II (325 °C) and step III (405 °C) for Ce-BTC shifted to
260 and 375 °C, respectively, suggesting that the addition of
Ru could effectively facilitate the pyrolysis of Ce-BTC at lower
temperatures. The complete pyrolysis of Ce-BTC structures in
Ce-BTC and xRu-Ce-BTC catalysts could be achieved after
the calcination at 450 °C in air, and the TG profiles for xRu-
CeO2-BTC catalysts confirmed that no significant weight loss
was observed within the temperature range of 100−800 °C
(Figure S3).
Raman spectra for CeO2-BTC and xRu-CeO2-BTC were

collected to further investigate their structure (Figure 1c). For
CeO2-BTC, the bands at ca. 443, 600 and 1170 cm−1 could be
assigned to the triply degenerate F2g mode of the fluorite-type
CeO2 lattice, the defect-induced (D) mode originated from
oxygen vacancies, and the second-order longitudinal optical
(2LO) mode of the fluorite phase, respectively.40 After the
addition of Ru, a red-shift of the CeO2 F2g band was observed
on xRu-CeO2-BTC catalysts (461 → 443 cm−1), which could
be resulted from the smaller lattice parameter of CeO2 induced
by Ru doping.37,41 Moreover, two new bands at ca. 699 and
960 cm−1 emerged on xRu-CeO2-BTC, which were related to
the formation of the Ru−O−Ce structure, suggesting the
strong interaction between Ru and CeO2.

13,16,42 The
concentrations of the Ru−O−Ce structure (IRu−O−Ce/IFd2g

)
and oxygen vacancy (Ov, ID+2LO/IFd2g

) were also calculated and
are listed in Table S1. A higher concentration of the Ru−O−
Ce structure and Ov was achieved on 2.4Ru-CeO2-BTC, which
could be related to the formation of more Ru-CeO2 interface
on 2.4Ru-CeO2-BTC.

3.2. C3H6 Oxidation Activity. C3H6 is one of the most
common hydrocarbon pollutants emitted by vehicles and
industries. Herein, C3H6 oxidation was used as a probe
reaction to evaluate the catalytic oxidation performance of
xRu-CeO2-BTC catalysts. As shown in Figure 2a, CeO2-BTC
exhibited negligible C3H6 oxidation activity from 100 to 350
°C. After the introduction of Ru, significantly improved
catalytic performance was achieved on xRu-CeO2-BTC, with
the T50 (the temperature at which C3H6 conversion reached
50%) on 1.4Ru-CeO2-BTC decreased from 345 to 191 °C.
With the further increase of Ru loading, C3H6 oxidation
activity on xRu-CeO2-BTC increased slightly, and 2.4Ru-
CeO2-BTC exhibited comparable C3H6 oxidation activity to
3.3Ru-CeO2-BTC. Therefore, it could be concluded that the
optimal loading of Ru for xRu-CeO2-BTC catalysts in the
C3H6 oxidation reaction was close to 2.4 wt %.
To further highlight the superiority of the one-step

hydrothermal method in synthesizing highly efficient Ru
catalysts for C3H6 oxidation, Ru supported on CeO2-BTC
prepared by a conventional incipient wetness impregnation
(IWI) method was used as the reference catalyst. Surprisingly,

2.4Ru-CeO2-BTC performed much better than 2.4Ru/CeO2-
BTC in the C3H6 oxidation reaction, implying that the one-
step hydrothermal method showed a definite advantage over
the conventional incipient wetness impregnation method in
constructing highly efficient Ru sites for C3H6 oxidation
(Figure 2b). The much lower apparent activation energy (Ea)
on 2.4Ru-CeO2-BTC (121 kJ·mol−1) than that on 2.4Ru/
CeO2-BTC (189 kJ·mol−1) in the C3H6 oxidation reaction
further confirmed that 2.4Ru-CeO2-BTC could better catalyze
the oxidation of C3H6 than 2.4Ru/CeO2-BTC (Figure 2c).
Moreover, considering that H2O in exhaust gas always shows a
significant impact on the catalytic performance of various
catalysts, C3H6 oxidation activity on 2.4Ru-CeO2-BTC and
2.4Ru/CeO2-BTC catalysts was also evaluated in the presence
of 5 vol % H2O (Figure 2b). Although both 2.4Ru-CeO2-BTC
and 2.4Ru/CeO2-BTC suffered from deactivation due to the
introduction of H2O, 2.4Ru-CeO2-BTC still showed much
better C3H6 oxidation activity than 2.4Ru/CeO2-BTC. The
stability of 2.4Ru-CeO2-BTC under dry and wet conditions
was evaluated at 220 °C. It was found that the C3H6 oxidation
activity on 2.4Ru-CeO2-BTC showed a limited decrease during
the test, indicating the superior stability of 2.4Ru-CeO2-BTC
(Figure S4). In addition, SO2 was found to show a slight
poisoning effect on 2.4Ru-CeO2-BTC (Figure S5).
Furthermore, comparing to Ru catalysts supported on

commercial CeO2 support (2.4Ru/CeO2-C), CeO2 nanorod
prepared by hydrothermal method (2.4Ru/CeO2-NR), CeO2
nanoparticles prepared by thermal decomposition of Ce-
(NO3)3·6H2O (2.4Ru/CeO2-NP), as well as a Ru-CeO2
catalyst prepared by conventional coprecipitation method
(2.4Ru-CeO2-CP) and Ru catalysts supported on other widely
used supports (2.4Ru/TiO2-Rut and 2.4Ru/Al2O3), 2.4Ru-
CeO2-BTC still exhibited clear-cut advantages (Figure 2d and
Figure S6), further verifying the superiority of the one-step
hydrothermal method reported in this work. The specific
surface area of the reference catalysts was also measured
(Table S2). It was confirmed that the large specific surface area
of 2.4Ru-CeO2-BTC (109.7 m2·g−1) was not the key reason for
its excellent C3H6 oxidation activity, as the specific surface area
of 2.4Ru/Al2O3 (140.4 m2·g−1) and 2.4Ru/CeO2-C (88.8 m2·
g−1) with inferior catalytic performance was larger than, or at
least close to that of 2.4Ru-CeO2-BTC. Moreover, considering
the cost of Ru/CeO2 catalysts mainly came from the usage of
Ru instead of Ce precursors, templates or precipitants, the
2.4Ru-CeO2-BTC catalyst with much higher C3H6 oxidation
activity would not show significant disadvantages in terms of
price over Ru/CeO2 catalysts prepared by conventional
methods (Table S3). When compared with those recently
reported PGMs catalysts for C3H6 oxidation, the 2.4Ru-CeO2-
BTC catalyst developed in this work still performed one of the
best (Table S4). C3H8 oxidation activity on 2.4Ru-CeO2-BTC
and 2.4Ru/CeO2-BTC was also evaluated to further investigate
the potential of Ru catalysts developed in this work for
hydrocarbon elimination (Figure S7). 2.4Ru-CeO2-BTC still
exhibited higher C3H8 oxidation activity than 2.4Ru/CeO2-
BTC, especially at the low temperature range.

3.3. Dispersion of Ru and Ru−O−Ce Structure.
Considering that the dispersion of Ru might play a vital role
in the catalytic oxidation of C3H6, various characterizations
have been conducted to investigate the dispersion of Ru on
2.4Ru-CeO2-BTC and 2.4Ru/CeO2-BTC. SEM and EDS
mapping images for all catalysts were first collected to
investigate the morphologies of the catalysts and the
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distribution of Ru species (Figure S8 and Figures 3a and 3b).
CeO2-BTC, 2.4Ru-CeO2-BTC and 2.4Ru/CeO2-BTC were in
rod-like morphology, the Ru species were highly dispersed
without obvious aggregation on 2.4Ru-CeO2-BTC and 2.4Ru/
CeO2-BTC, and the distribution of Ru species matched well
with that of Ce. HR-TEM images of CeO2-BTC, 2.4Ru-CeO2-
BTC and 2.4Ru/CeO2-BTC were also collected (Figure S9).
In addition to the lattice fringes with an interplanar spacing of
0.31 nm related to the (111) planes of fluorite type CeO2
observed on all samples, the (110) planes of RuO2 particles
were also found on 2.4Ru/CeO2-BTC, which were absent on
2.4Ru-CeO2-BTC, suggesting that higher dispersion of Ru
species might have been achieved on 2.4Ru-CeO2-BTC. As
shown in Figure 3b, all peaks in the XRD patterns for CeO2-
BTC, 2.4Ru-CeO2-BTC and 2.4Ru/CeO2-BTC could be
assigned to CeO2 with a cubic fluorite structure (JCPDS No.
34-0934), and no peak assigned to crystalline Ru or RuOx
species was observed on 2.4Ru-CeO2-BTC and 2.4Ru/CeO2-
BTC, suggesting that Ru species were highly dispersed on
these catalysts. Moreover, it was obvious that the full width at
half-maximum (FWHM) of XRD peaks for 2.4Ru-CeO2-BTC
(0.69°) was wider than that for 2.4Ru/CeO2-BTC (0.63°),
suggesting the lower crystallinity of 2.4Ru-CeO2-BTC, which
could also be verified by the smaller crystalline size for 2.4Ru-
CeO2-BTC calculated according to the Scherrer equation
(Table S5). N2 physisorption isotherms and pore size
distribution of CeO2-BTC, 2.4Ru-CeO2-BTC and 2.4Ru/
CeO2-BTC were also plotted and shown in Figure S10. It was
found that all catalysts exhibited type IV isotherms with H3
hysteresis loops for N2 adsorption−desorption, and the pore
size distribution of all catalysts was similar, suggesting that the
significant difference in the catalytic performance of 2.4Ru-
CeO2-BTC and 2.4Ru/CeO2-BTC was not directly related to
their pore structure.

To further investigate the dispersion states of Ru species
within 2.4Ru-CeO2-BTC and 2.4Ru/CeO2-BTC catalysts, in
situ DRIFTS of CO adsorption experiment was conducted (30
°C). As shown in Figure 3c, besides the bands at ca. 2171 and
2114 cm−1 assigned to gaseous CO, the well-defined bands at
ca. 2051 and 2114 cm−1 observed on 2.4Ru-CeO2-BTC could
be assigned to dicarbonyl CO species adsorbed on highly
dispersed Run+ sites (Run+-(CO)2).

33,37,43 As for those
overlapping bands from 1900 to 2025 cm−1 on 2.4Ru-CeO2-
BTC, the band at ca. 2004 cm−1 could be ascribed to CO
linearly adsorbed on Run+ sites (Run+-CO),17,44 and the bands
at ca. 1982 and 1950 cm−1 were related to CO adsorbed on the
Ru-CeO2 interface (CO@Ru-CeO2 interface).

15,45 In addition,
the band at 1830 cm−1 could be attributed to carbonate species
generated on Run+ species.46 Inferred from the characteristics
of the CO-IR bands on 2.4Ru-CeO2-BTC, it could be
concluded that the Ru species on it should be in the form of
isolated Ru atoms or small RuOx clusters with abundant Ru-
CeO2 interfacial sites. In clear contrast, only two bands related
to gaseous CO were observed on 2.4Ru/CeO2-BTC when
exposed to CO flow (Figure 3d). After switching off CO and
turning on the N2 purge flow, no band could be observed
within the range of 1800−2250 cm−1, suggesting that Ru
species on 2.4Ru/CeO2-BTC were mainly in the form of Ru0
or RuOx nanoparticles, on which CO could be hardly
adsorbed.47−49 In short summary, Ru species on 2.4Ru-
CeO2-BTC and 2.4Ru/CeO2-BTC were mainly in the form of
isolated Ru ions/highly dispersed RuOx clusters and larger
Ru0/RuOx particles, respectively. The higher dispersion of Ru
could also be determined by the results of XPS analysis (Table
S6) that 2.4Ru-CeO2-BTC (2.3%) possessed a higher surface
concentration of Ru than 2.4Ru/CeO2-BTC (1.1%).
Raman spectra for CeO2-BTC, 2.4Ru-CeO2-BTC and

2.4Ru/CeO2-BTC were also collected to investigate the
possible Ru−CeO2 interaction and Ru−O−Ce structure on

Figure 3. SEM and EDS mapping images for (a) 2.4Ru-CeO2-BTC and 2.4Ru/CeO2-BTC. (b) XRD patterns for CeO2-BTC, 2.4Ru-CeO2-BTC
and 2.4Ru/CeO2-BTC. In situ DRIFTS of CO adsorption on (c) 2.4Ru-CeO2-BTC and (d) 2.4Ru/CeO2-BTC at 30 °C.
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Ru-CeO2 catalysts. As shown in Figure 4a, comparing to CeO2-
BTC, a red-shift of the CeO2 F2g band was clearly observed on

both 2.4Ru-CeO2-BTC and 2.4Ru/CeO2-BTC, probably due
to the interaction between Ru and Ce.17,50,51 Moreover, two
distinct bands at ca. 699 and 960 cm−1 related to the Ru−O−
Ce structure on 2.4Ru-CeO2-BTC was hardly identified on
2.4Ru/CeO2-BTC, and the peak area ratio of Ru−O−Ce
bands (IRu−O−Ce) to CeO2 F2g bands (IFd2g

), i.e., IRu−O−Ce/IFd2g
,

was calculated to compare the relative concentration of the
Ru−O−Ce structure on Ru/CeO2 catalysts (Table S6).37 It
was found that a higher concentration of Ru−O−Ce structure
was generated on 2.4Ru-CeO2-BTC than 2.4Ru/CeO2-BTC,
suggesting that the one-step hydrothermal method could better
facilitate the dispersion of Ru species, thus generating more
Ru−O−Ce linkages and stronger Ru−CeO2 interaction. Such
a significant difference in the concentration of Ru−O−Ce
structure might be the main reason for the different catalytic
performance of 2.4Ru-CeO2-BTC and 2.4Ru/CeO2-BTC in
the C3H6 oxidation reaction. The relative concentration of
oxygen vacancies ((ID+2LO)/IFd2g

) on Ru/CeO2 catalysts was
also calculated and listed in Table S6.13,16 The formation of
more oxygen vacancies on 2.4Ru-CeO2-BTC (28.2%)
compared to CeO2-BTC (9.1%) and 2.4Ru/CeO2-BTC
(19.9%) suggested that the introduction of Ru via one-step
hydrothermal method could induce the formation of more

oxygen vacancies, which might be related to the surface lattice
distortion caused by the incorporation of Ru into the surface
lattice of the CeO2 support.
Besides being used to evaluate the redox performance of

catalysts, the TPR technique was also a powerful tool to
investigate the interaction between metal (oxide) active sites
and supports. In this work, CO-TPR experiment was
conducted and CO-TPR profiles were plotted in Figure 4b.
There were three CO-consumption peaks (α, β and γ)
observed on CeO2-BTC, which could be assigned to the
reaction between CO and surface active chemisorbed oxygen
species (α), the reduction of surface Ce4+/mobile lattice
oxygen (β), and the reduction of bulk CeO2 (γ),
respectively.23,33,41 For 2.4Ru-CeO2-BTC, in addition to
peaks β and γ attributed to the reduction of surface Ce4+
and bulk CeO2, new CO consumption peaks centered at 75
(δ) and 95 °C (ε) were also observed, which could be assigned
to the reduction of Ru−O and Ru−O−Ce structures,
respectively.42,44 Interestingly, the CO-TPR profile for
2.4Ru/CeO2-BTC showed different features compared to
those for CeO2-BTC and 2.4Ru-CeO2-BTC. Specifically,
CO-consumption peaks at 200 (δ′) and 243 °C (ε′) should
be related to the reduction of RuOx particles and the reduction
of surface Ce4+ and partial mobile lattice oxygen species,
respectively.13 Remarkably, an intensive CO-consumption
peak at ca. 390 °C (ζ) was also observed on 2.4Ru/CeO2-
BTC. Considering that RuOx nanoparticles on 2.4Ru/CeO2-
BTC have been reduced by CO below 300 °C, this intensive-
CO consumption peak should be related to the “reverse
oxygen spillover effect”.47−49 That is, Ru particles on CeO2
could induce the migration of subsurface and bulk oxygen
species to the surface of CeO2 and then react with CO.
Although the total CO consumption for 2.4Ru/CeO2-BTC
was comparable to that for 2.4Ru-CeO2-BTC (Table S7), the
dramatic reverse oxygen spillover on 2.4Ru/CeO2-BTC
occurred at high temperatures (>300 °C) could hardly
contribute to the low temperature C3H6 oxidation, whereas
the Ru−O−Ce structure on 2.4Ru-CeO2-BTC with superior
low temperature redox performance might play a key role in
catalyzing the oxidation of C3H6 at low temperatures. The
conclusions drawn by CO-TPR were also well supported by
the results of H2-TPR (Figure S11).

3.4. Surface Chemical States and Coordination
Environment of Ru. Based on the results of in situ DRIFTS
of CO adsorption, Raman spectra and CO-TPR, it could be
deduced that Ru species with different dispersion and Ru−
CeO2 interaction on 2.4Ru/CeO2-BTC and 2.4Ru-CeO2-BTC
should exist in different states. Due to the overlap of Ru 3d
XPS and C 1s XPS, as well as the rather low intensity of Ru 3p
XPS, XAS analysis instead of XPS analysis was applied to
determine the valence and dispersion of Ru species on 2.4Ru/
CeO2-BTC and 2.4Ru-CeO2-BTC.

52 As shown in Figure 5a,
the white line intensities of the Ru K edge X-ray absorption
near-edge structure (XANES) for 2.4Ru/CeO2-BTC and
2.4Ru-CeO2-BTC were both similar to that for RuO2,
suggesting that Ru species on those two catalysts were mainly
in the form of Ru4+. The results of XANES linear combination
fitting analysis further confirmed that the average valence of Ru
species on both 2.4Ru/CeO2-BTC (3.92 ± 0.02) and 2.4Ru-
CeO2-BTC (3.67 ± 0.03) was close to +4 (Figure S12 and
Table S8). To investigate the local coordination environment
and dispersion of Ru species, X-ray absorption near-edge
structure (EXAFS) curve fitting analysis was conducted

Figure 4. (a) Raman spectra and (b) CO-TPR profiles for CeO2-
BTC, 2.4Ru-CeO2-BTC and 2.4Ru/CeO2-BTC.
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(Figure 5b and Figure S13). For 2.4Ru/CeO2-BTC, the
presence of Ru−O and Ru−O−Ru shells and the absence of
the Ru−Ru shell in its EXAFS curve suggested that Ru species
on 2.4Ru/CeO2-BTC have agglomerated into RuOx particles.
Besides, the quite close coordination number of Ru−O and
Ru−O−Ru shells on 2.4Ru/CeO2-BTC compared to those on
RuO2 reference further confirmed the formation of RuO2
particles on 2.4Ru/CeO2-BTC (Table S9). Differently, both
Ru−O−Ru and Ru−Ru shells were absent on 2.4Ru-CeO2-
BTC, indicating that the Ru species on it were dominantly in
the form of single atoms. The relatively longer Ru−O bond in
2.4Ru-CeO2-BTC (2.00 ± 0.02 Å) than that in 2.4Ru/CeO2-
BTC and RuO2 (1.97 ± 0.02 Å) suggested that Ru ions might
have been incorporated into the surface lattice of the CeO2
support. When combining the results of in situ DRIFTS of CO
adsorption, HR-TEM, Raman spectra and XAS, it could be
concluded that Ru species on 2.4Ru/CeO2-BTC and 2.4Ru-
CeO2-BTC were in the form of RuO2 particles and Ru single
atoms, respectively. The proposed surface structures of 2.4Ru/
CeO2-BTC and 2.4Ru-CeO2-BTC have been illustrated in
Figure 5c.

Although XPS was not a powerful tool for revealing the
valence states of Ru species on supported catalysts, it still could
effectively elucidate the chemical states of Ce and oxygen
species (Figures 5d and 5e and Table S6). According to the
deconvolution results of Ce 3d XPS, the ratio of surface Ce3+
species in total Ce species (i.e., Ce3+/(Ce3+ + Ce4+) for CeO2-
BTC was ca. 25.0%. It was interesting to see that 2.4Ru-CeO2-
BTC showed a lower ratio of Ce3+ (18.0%) than CeO2-
BTC,31,41 probably due to the oxidation of Ce3+ induced by
highly dispersed Ru ions during the calcination process. For
2.4Ru/CeO2-BTC, the ratio of surface Ce3+ on it (25.5%) was
comparable to that on CeO2-BTC (25.0%), well corroborating
the weak Ru−CeO2 interaction. As for the O 1s XPS, peak Oα,
peak Oβ and peak Oγ were assigned to the lattice oxygen
species, surface adsorbed oxygen species and surface hydroxyl
groups, respectively.16,46 The relative concentrations of surface
oxygen species ((Oβ + Oγ)/(Oα + Oβ + Oγ)) were calculated
and listed in Table S6. It was found that much more surface
oxygen species were formed on 2.4Ru/CeO2-BTC (37.0%)
than CeO2-BTC (24.5%) and 2.4Ru-CeO2-BTC (21.8%).
Based on the results of CO-TPR and in situ DRIFTS of CO
adsorption, it could be inferred that oxygen species on RuO2

Figure 5. (a) Normalized Ru K edge XANES and (b) Fourier transformed k2-weighted EXAFS oscillations in R space for Ru K edge in Ru foil,
RuO2, 2.4Ru-CeO2-BTC, and 2.4Ru/CeO2-BTC. (c) Surface structural models for 2.4Ru/CeO2-BTC (left) and 2.4Ru-CeO2-BTC (right). (d) Ce
3d and (e) O 1s XPS for CeO2-BTC, 2.4Ru-CeO2-BTC and 2.4Ru/CeO2-BTC.
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particles (2.4Ru/CeO2-BTC) were recognized as surface
oxygen species, while oxygen species coordinated to highly
dispersed Ru species (2.4Ru-CeO2-BTC) were recognized as
lattice oxygen species in the surface lattice of CeO2. Such
significant difference further indicated that highly dispersed Ru
species on 2.4Ru-CeO2-BTC have incorporated into the
surface lattice of the CeO2-BTC support and abundant
Ru4+−O−Ce4+ structures have been generated.

3.5. Reaction Mechanism. To in-depth reveal the
intrinsic reasons for the higher C3H6 oxidation activity on
2.4Ru-CeO2-BTC, systematic in situ DRIFTS experiments of
C3H6 adsorption and oxidation were performed. As shown in
Figure 6a, when C3H6 flow was introduced to 2.4Ru-CeO2-
BTC, several bands assigned to carboxyl and carbonate species
were observed (1200−1750 cm−1) on 2.4Ru-CeO2-BTC.

16,41

The bands at ca. 1427 and 1500−1600 cm−1 could be

attributed to carboxyl species.41,53,54 The bands at about 1320
cm−1 could be assigned to v(C−O) in carbonate species.55,56

The bands at 1340−1390 and 1636 cm−1 could be assigned to
δs(CH3) and vas(C=C), respectively.14,54 The formation of
oxygenated species indicated that C3H6 could be effectively
adsorbed on 2.4Ru-CeO2-BTC and further react with the
active surface oxygen species. Nevertheless, there was no
intensive band emerging on 2.4Ru/CeO2-BTC and CeO2-BTC
(Figures 6b and 6c), suggesting that C3H6 was hardly adsorbed
on them, or surface oxygen species on them were inert to react
with C3H6 to form intermediates (e.g., carboxyl species and
carbonates, etc.) at low temperature (≤100 °C). Such a
phenomenon was highly consistent with the results of CO-
TPR that oxygen species in the Ru−O or Ru−O−Ce structure
on 2.4Ru-CeO2-BTC were highly reactive at low temperatures,
while 2.4Ru/CeO2-BTC exhibited poor low temperature redox

Figure 6. In situ DRIFTS of C3H6 adsorption and oxidation at 100 °C on (a) 2.4Ru-CeO2-BTC, (b) 2.4Ru/CeO2-BTC and (c) CeO2-BTC. In situ
DRIFTS of C3H6 oxidation from 100 to 400 °C on (d) 2.4Ru-CeO2-BTC, (e) 2.4Ru/CeO2-BTC and (f) CeO2-BTC. (g) The intensity of the
bands assigned to carboxyl species (1431 and 1575 cm−1) as a function of reaction temperature during the in situ DRIFTS of C3H6 oxidation.
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performance. Furthermore, upon the introduction of O2 to the
feed stream, an enhancement in the intensity of these bands
assigned to carboxyl and carbonate species on 2.4Ru-CeO2-
BTC was observed. In clear contrast, limited additional
intermediate species were formed on 2.4Ru/CeO2-BTC and
CeO2-BTC, further suggesting that O2 could be activated more
effectively on the 2.4Ru-CeO2-BTC catalyst to react with C3H6
and facilitate the formation of intermediate species.
To further monitor the reaction process of C3H6 oxidation

on Ru catalysts, in situ DRIFTS of C3H6 oxidation under
continuous heating conditions (2 °C·min−1) was conducted
(Figures 6d−6g). For 2.4Ru-CeO2-BTC (Figure 6d), a group
of intensive bands assigned to carboxyl species (1530−1620
cm−1) were observed at 100 °C. Besides, three groups of
relatively weak bands attributed to carboxyl species (1380−
1460 cm−1), δs(CH3) modes (1350−1380 cm−1) and
carbonate species (1270−1350 cm−1) were also observed.
The intensity of the IR bands attributed to carboxyl species
and gaseous CO2 as a function of reaction temperature was
plotted and shown in Figure 6g and Figure S14 for a better
understanding of the results of the DRIFTS study. For 2.4Ru-
CeO2-BTC, combined with the fact that the boost in C3H6
oxidation activity on 2.4Ru-CeO2-BTC at ca. 225 °C was
accompanied by the significant decrease in the intensity of IR
bands at 1431 and 1575 cm−1 attributed to carboxyl species
and the increase in the intensity of IR band of gaseous CO2
(2300−2400 cm−1), it was confirmed that the facile
decomposition/desorption of carboxyl species was directly
related to the superior C3H6 oxidation activity on 2.4Ru-CeO2-
BTC. As shown in Figure 6e, carboxyl species (1530−1620
and 1380−1460 cm−1) were observed on 2.4Ru/CeO2-BTC
catalysts at higher temperatures (>300 °C), which was
probably due to the inferior low temperature redox perform-
ance of 2.4Ru/CeO2-BTC. However, only one group of bands
attributed to carboxyl species (1530−1620 cm−1) emerged on
CeO2-BTC throughout the experiment (Figure 6f), suggesting
that the carboxyl species at 1530−1620 cm−1 was related to Ce
sites, and the bands at 1380−1460 cm−1 could be the carboxyl
species adsorbed on Ru sites. Migration of carboxyl species
from Ce sites to Ru sites could occur at relatively high
temperatures, especially on 2.4Ru-CeO2-BTC. Even though
the temperature at which carboxyl species were formed on
CeO2-BTC was lower than that on 2.4Ru/CeO2-BTC, 2.4Ru/
CeO2-BTC still exhibited better activity than CeO2-BTC,
indicating the critical role of Ru sites in facilitating the
decomposition and desorption of carboxyl species on Ru-CeO2
catalysts. That is, the exposure of more Ru sites on 2.4Ru-
CeO2-BTC with higher Ru dispersion would also contribute to
its higher C3H6 oxidation activity.

4. ENVIRONMENTAL IMPLICATIONS
Ru/CeO2 catalysts have been intensively investigated in the
environmental catalysis field due to their superior performance
in the catalytic oxidation of VOCs. Determination of the most
reactive sites on Ru/CeO2 catalysts played a pivotal role in the
design of efficient catalysts for VOCs elimination. In this work,
starting from the construction of Ru/CeO2 with distinct Ru
dispersions via facile methods, it was disclosed for the first time
that highly dispersed Ru species on CeO2 with the formation
of abundant Ru−O−Ce linkages were the more reactive sites
for the catalytic oxidation of C3H6. Besides, the importance of
active oxygen species in the Ru−O−Ce structure and Ru sites
in facilitating the formation, decomposition and desorption of

intermediates was also highlighted. It is believed that the
findings of this work can provide valuable guidance for
developing highly efficient Ru/CeO2 catalysts for VOCs
elimination and contribute to the environmental catalysis
community.
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