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The catalytic oxidation performance toward ethylene oxide (EO) and the consequent mechanism were
investigated on the Pt-Ru/CuCeOx bimetallic catalyst, which was prepared by a distinct method
combining stepwise adsorption and subsequent impregnation. The catalytic tests show that the intro-
duction of Ru into the Pt catalyst, so as to form Pt-Ru bimetallic active sites, can greatly increase the
oxidation activity of the catalyst, as evidenced by the extremely lower full oxidation temperature
(120 �C) when compared with that of the Pt/CeO2 catalyst (160 �C). The XPS spectra show that the Ru
species (mainly RuOx) have strong interaction with the CuCeOx support, which can therefore affect the
electron transfer between the Pt species and the support. As a result, the oxygen activation on Pt species
is obviously facilitated and catalytic activity is enhanced. Finally, in situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTs) was used to track the reaction mechanism. It is found that the
catalytic oxidation process follows the MvK catalytic mechanism at low temperature and the L-H cata-
lytic mechanism when the temperature moves to higher range.

© 2023 Published by Elsevier B.V. on behalf of Chinese Society of Rare Earths.
1. Introduction

Ethylene oxide (EO) is a new generation of excellent fungicide
and disinfectant. Because of its effectiveness and compatibility, it is
widely used for sterilization and disinfection in the medical in-
dustry.1 However, the residual EO gas in disinfection devices is a
serious threat to both the environment and human health (WHO
List of Carcinogens, 2012, category І).2 Among the treatment tech-
nology for EO waste gas, the water absorption technology is usually
adopted in the industry, especially with the assistance of acid cat-
alysts. Therein, EO waste gas is first dissolved in water, and then
catalytically transformed into ethylene glycol and other polyols
under low temperature, so as to eliminate the pollution of EOwaste
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gas.3e9 Although catalytic absorption technology has some ad-
vantages such as low operating expenses, it will also produce a
large amount of waste liquid (polyols) and spent catalyst, resulting
in secondary pollution. Therefore, a more efficient and
environment-friendly abatement way is urgently needed.

Catalytic combustion technology owns the merits of high effi-
ciency and environmental compatibility, which can completely
convert EO into harmless CO2 and H2O.10e12 The key to catalytic
combustion is the development of catalysts. Meanwhile, the
spontaneous combustion point temperature of EO is low (429 �C),
which gives rise to safety concerns. In order to address the safety
and energy consumption of the catalytic combustion system, it is
necessary to develop a low-temperature catalytic combustion
catalyst. Previously our group has carried out in-depth research
about the EO catalytic oxidation on various oxide catalysts and
noble metal catalysts, and observed the superior activity of Pt/CeO2
catalyst at low temperature (less than 160 �C) to the commercial Pt/
Al2O3 catalyst (>200 �C).13 However, the metal-support interaction
is still an ambiguous problem, which is worthy of further research
to adjust the interface and improve the activity and stability of the
s.
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catalysts. In order to realize this target, bimetallic catalysts have
proven to show excellent catalytic activity due to the synergistic
effect between different metals.14e16 After screening, Ru was found
to be a good candidate which could have good cooperation with Pt
when coexisting on the support surface. For example, Wang et al.
found that Pt0.7Ru0.3/ZrO2 catalyst has a high oxygen adsorption
capacity, and the Pt-Ru bimetallic sites jointly promote the activa-
tion of oxygen molecules, which can accelerate the catalytic
oxidation of toluene.17 Next to that, Serna-Mata et al. found that Pt-
Ru/C demonstrated high activity in ethanol oxidation reaction and
enhanced tolerance to CO poisoning, owing to the formation of Pt-
Ru alloyed phases.18 Besides, Mao et al. found that in counterparts
with similar structure CeO2 (an Ox

ne generator) and Pr6O11 (a lattice
oxygen contributor), it is suggested that the catalytic combustion of
propane under lean-burn conditions followed a typical Mars-van
Krevelen mechanism, in which catalyst lattice oxygen repre-
sented the dominant reactive phases.19 Cu is a remarkable pro-
moter for many volatile organic compounds (VOCs) degradation
reactions, such as oxidation of acetone, toluene and pyrene, when
doping into the support.20e22 Given this, it is strongly anticipated
that the introduction of Ru species in the Ptmetal phase and Cu into
the lattice of CeOx support could greatly benefit the electron
transfer between the metal and support, and thus exhibit even
better activity than the reference Pt/CeOx catalyst.

Herein, a highly efficient Pt-Ru/CuCeOx catalyst was prepared for
the catalytic oxidation of EO. In comparison to the benchmark Pt/
CeO2 catalyst, the introduction of a second active Ru phase to Pt
phase, as well as the Cu doping in the CeOx lattice, could markedly
enhance the oxygen activation ability of the catalyst and then
achieve low-temperature degradation of the EO molecules. More-
over, the reaction mechanism and EO degradation pathway on Pt-
Ru/CuCeOx catalyst were explored by in situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTs). The results show
that EO oxidation process fits well with the MvK mechanism and
the L-H mechanism, respectively, at low temperature and high
temperature.

2. Experimental

2.1. Chemical agents

Cerium nitrate hexahydrate (Macklin; 99.99%), copper nitrate
trihydrate (SCR Co., Ltd.; 99.0%), ruthenium trichloride (SCR Co.,
Ltd.; 37.0%), chloroplatinic acid hexahydrate (Shanghai Jiuyue
Chemical Co., Ltd.; 59.0%), hydrazine hydrate aqueous solution (SCR
Co., Ltd.; 85%), sodium hydroxide (Shanghai Lingfeng Chemical
Reagent Co., Ltd.; 96.0%). All chemicals of analytical grade were
used as received without further purification.

2.2. Catalyst preparation

2.2.1. Preparation of CuCeOx

Mixed metal oxides were prepared by co-precipitation method
with NaOH as precipitator. Under vigorous agitation, the NaOH
solution was added drop by drop to a mixture of the two nitrates
with a molar ratio of Cu:Ce ¼ 1:99 (The reason for choosing this
ratio is shown in Fig. S1), and the pH was adjusted to 9e11. The
mixture was then stirred for 3 h, left to age overnight, dried at
110 �C for 12 h, and finally calcined at 500 �C for 3 h. The other
composite oxides in Fig. S2(b) were prepared using the same ratio
and process.

2.2.2. Preparation of Pt/CuCeOx

The required amount of chloroplatinic acid solution
(c(Pt) ¼ 0.015 mol/L) was first dissolved in 20 mL of deionized
2

water. Then 1 g CuCeOx powder was added to the chloroplatinic
acid solution and the resulting mixture was stirred in a 75 �C water
bath for 1 h. After filtration, the obtained solid was dissolved in
another 20 mL of deionized water along with 140 mL of 85% hy-
drazine hydrate solution. The mixture above was reduced for 1 h
and then filtrated, dried at 100 �C for 1 h, and finally calcined at
400 �C for 4 h.

2.2.3. Preparation of Ru/CuCeOx

The desired amount of ruthenium chloride solution
(c ¼ 0.025 mol/L) was first dissolved in 20 mL of deionized water.
Then 1g CuCeOx powder was added to the ruthenium chloride so-
lution and the resulting mixture was stirred in a 75 �C water bath
for 1 h. Filtered, dried at 100 �C for 1 h, and finally calcined at 400 �C
for 4 h. 0.1 wt% Ru/CuCeOx is denoted as 0.1Ru/CuCeOx. Reduced
production for 0.2Ru/CuCeOx, 0.5Ru/CuCeOx and 1.0Ru/CuCeOx,
1.0Ru/CuCeOx unreduced production is the same as above.

2.2.4. Preparation of bimetallic Pt-Ru/CuCeOx

The desired amount of chloroplatinic acid solution
(c(Pt) ¼ 0.015 mol/L) was first dissolved in 20 mL of deionized
water. Then 1g Ru/CuCeOx powder was added to the chlor-
oplatinate solution, and the resulting mixture was stirred in a 75 �C
water bath for 1 h. The resulting solids were filtered and dissolved
in an additional 20 mL of deionized water together with 140 mL of
85% hydrazine hydrate solution. The mixture was filtered after re-
action for 1 h, dried at 100 �C for 1 h, and finally calcined at 400 �C
for 4 h. Preparation of 1.0Ru/CuCeOx-reduced catalyst is the same as
above. 0.1Pt/0.1Ru denotes 0.1 wt%Pt/0.1 wt%Ru/CuCeOx. The
preparation of 0.1 wt%Pt/0.2 wt%Ru/CuCeOx, 0.1 wt%Pt/0.5 wt%Ru/
CuCeOx and 0.1 wt%Pt/1.0 wt%Ru/CuCeOx is the same as above.
Notably, although the catalysts herein were denoted as bimetallic
catalysts, some RuOx species may also be generated during the final
calcination.

2.3. Catalyst characterization

High resolution transmission electron microscopy (HRTEM) and
energy dispersive spectroscopy (EDS) were operated on a Tecnai G2
F30 S-Twin electron microscope at 300 kV.

The specific surface area of the catalysts was measured by the
BrunauereEmmetteTeller (BET) method from nitrogen adsorption
isotherms. Experiments were carried out on a Micromeritics ASAP
2020 instrument at 77 K. Before experiments, samples were
degassed at 423 K for 3 h.

Outlet gases were identified using an Agilent GC 7890B and an
Agilent 5977A MS detector (Agilent, Santa Clara, CA, USA). The
outlet gas was first collected by the gas sampling bag, and then the
gas was released to the GC-MS analyzer.

X-ray photoelectron spectroscopy (XPS) measurements were
made on an ESCALAB 250 (Thermo Scientific K-Alpha, USA) high-
performance electron spectrometer using Al Ka as the excitation
source. The likely charging of samples was corrected by setting the
binding energy of the adventitious carbon (C 1s) to 279.18 eV.

In situ DRIFTs of EO oxidation was performed using a Bruker
Vertex 70 infrared spectrometer, equipped with a mercury cad-
mium telluride (MCT) detector cooled by liquid nitrogen. A Harrick
reaction cell was fitted with KBr windows and connected to a
purging and adsorption gas control system. The total flow rate was
controlled by a mass flow meter. Before the catalytic oxidation of
EO, the catalyst samples were pretreated under N2 at 200 �C for 1 h
to remove the surface impurities. This spectrum was then sub-
tracted from the corresponding spectrum of the catalyst and re-
action mixture in the cell. For the EO oxidation experiment, the
catalysts were exposed to a gas mixture consisting of 10000 ppm
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EO and air at the temperature range of 80e260 �C. The system
reached a steady-state in about 45min. All spectrawere collected at
a resolution of 4 cm�1 each with 100 scans.

2.4. Catalytic activity test

The performance of prepared materials in the oxidation of EO
was investigated in a continuous-flow fixed-bed reactor at atmo-
spheric pressure. In each test, 0.1 g of catalyst was placed into the
tube reactor. The EO feed gas was generated by bubbling the EO
liquid with air in an ice-water bath. The EO gas was then mixed
with certain airflow (79% N2 þ 21% O2) so that the total flow rate
was maintained at 66.67 mL/min (10000 ppm EO and weight
hourly space velocity ¼ 40000 mL/(g$h)). The catalyst bed was
subsequently set to the desired temperature and left to equilibrium
for 20 min before automatic sampling was initiated, as shown in
Fig. S3.

The concentrations of EO were measured by gas chromatog-
raphy (GC-1620; Jiedao, China) equipped with a flame ionization
detector (FID) and an RTX-1 column (30 m � 0.25 mm
(ID) � 0.25 mm). The conversion of EO (XEO) was calculated as
follows:

XEO ¼ �½EO�in � ½EO�out
� � ½EO�in � 100% (1)

where [EO]in and [EO]out represent the EO concentrations in the
inlet and outlet gas flows, respectively.

3. Results and discussion

3.1. Catalytic performance evaluation

3.1.1. Catalytic activity of fresh catalysts
As mentioned above, the Ru metal phase and oxide support

composition may both affect the catalytic performances. Therefore,
an optimization for the Ru valence and support composition was
first performed to select the optimal preparation way of the cata-
lysts. As shown, RuOx species were found more active than its
reduced form during the EO oxidation process (Fig. S2(a)), while
CuCeOx was proven a better support than other composite oxides
and the sole CeO2 (Fig. S2(b)). In this consideration, a series of non-
reduced Ru/CuCeOx catalysts with different Ru loading amounts
was prepared, wherein those Ru/CuCeOx samples possessing Ru
loading amount higher than 0.5 wt% exhibited superior catalytic
activity (T90 ¼ 158 �C, Fig. 1(a)). Notably, the catalytic activity of
0.1Ru/CuCeOx catalyst (T90 ¼ 198 �C) is even worse than that of the
sole support (T90¼ 177 �C, Fig. 1(b)), whichmay be attributed to the
reduction of RuOx species by the Cuþ within the CuCeOx sup-
port.23,24 As for the Pt-based catalysts, the lighteoff curves of Pt/
CuCeOx catalysts with varied Pt loading amounts were also ob-
tained. Similarly, the T90 values for EO oxidation were found much
lower than those after Pt loading, and the optimum Pt loading
amount was 0.1 wt%, as seen in Fig. 1(c and d). Based upon these
results, different amounts of Ru were added to Pt/CuCeOx catalyst
with constant Pt amount (0.1 wt%) in order to investigate the im-
pacts of the synergy between the Pt-Ru bimetallic phases on the EO
oxidation activity (Fig. 1(e)). As is shown, when Pt and Ru were
concurrently present on the CuCeOx support, the activity of the
bimetallic catalysts for EO oxidation was significantly enhanced
(Fig. 1(f)). When the Ru loading amount in the bimetallic catalysts
was higher than 0.5 wt%, the T90 could reach as low as 118 �C, which
is 40 �C lower than that of the Pt/CeO2 catalyst under the same test
conditions.13 Given this, the Pt-Ru bimetallic catalyst was evi-
denced to have excellent catalytic activity for EO oxidation under
low temperature, when loaded on the CuCeOx support.
3

3.1.2. Stability of catalyst
In order to study the stability of the 0.1Pt-0.5Ru/CuCeOx catalyst,

the thermal stability and water resistance were first examined by
changing the temperature and water vapor concentration during
the reaction. As shown in Fig. 2(a), the initial EO conversion rate
was ca. 60% at reaction temperature of 110 �C. When the reaction
temperature increased to 400 �C, the EO conversion rate was sta-
bilized at 100%, and no obvious decrease of activity was detected
even after two rampingecooling cycles, which certifies the superb
thermal stability of the catalyst. In a similar way, the water resis-
tance of the catalyst was periodic injection of water vapor at rela-
tive humidity (RH) value of 30% (Fig. 2(b)). The 0.1Pt-0.5Ru/CuCeOx

catalyst maintained good catalytic performance (EO conversion
rate at ca. 100%), either the water vapor is present or absent.
Additionally, even with the injection of water vapor, and the ac-
tivity of the catalyst remains unchanged in the long-term evalua-
tion for about 25 h, which clearly reflects the good water resistance
and long lifetime of the catalyst.

Next to the temperature and water vapor concentration, the
reaction stability was also tested in terms of different space velocity
and substrate concentrations. As shown in Fig. 2(c), the catalytic
activity for EO oxidation over 0.1Pt-0.5Ru/CuCeOx catalyst was
investigated at different space velocity (20000e60000 mL/(g$h)).
Noticeably, even with a three-fold increase in the space velocity
(60000 mL/(g$h)), the 0.1Pt-0.5Ru/CuCeOx catalyst can still achieve
97% EO conversion at 120 �C, and the T90 and T100 for EO oxidation
at different space velocity are almost unchanged. Likewise, the EO
oxidation activity over 0.1Pt-0.5Ru/CuCeOx catalyst was also eval-
uated using varied initial EO concentrations (3000e10000 ppm)
(Fig. 2(d)). Even when the EO concentration was reduced to
3000 ppm, the catalytic activity was still well remained. All these
results indicate that the 0.1Pt-0.5Ru/CuCeOx catalyst has good
(hydro)thermal and structural stability, which makes it promising
for future applications.

3.2. Catalysts characterization

The HRTEM and EDS images of fresh 0.1Pt/CuCeOx and 0.1Pt-
0.5Ru/CuCeOx catalysts are depicted in Fig. 3 (here denoted as Pt/
CuCeOx and Pt-Ru/CuCeOx, and the same after). According to
Fig. 3(a), although the amount of Pt (0.1 wt%) is very low, small Pt
particles can still be witnessed on the surface of CuCeOx, with little
agglomeration. In contrast, when five-fold Ru was added simulta-
neously with Pt, both Ru and Pt are found more evenly distributed
on the surface of CuCeOx support, which set a good foundation
stone for its excellent catalytic activity.

XPS spectra were collected to study the chemical states of
CuCeOx, Ru/CuCeOx and Pt-Ru/CuCeOx catalysts. When Ru was
introduced into the CuCeOx support, the ratio of Ce3þ in the catalyst
was found to reduce, quite possibly due to the formation of metal-
support interaction by electron transfer from Ce3þ to Rudþ (Fig. 4(a),
Table 1). Besides, the surface areas were also found to decrease,
which could be explained by the adsorption and coverage of Rudþ

cations on the support surface (Table 1). The Ru 3d XPS spectra of
the Ru/CuCeOx and Pt-Ru/CuCeOx catalysts were further collected
to verify the states of Ru on the catalysts. The signals attributed to
Ru0 and Rudþ (0 < d � 4) could be well resolved at 285.0 and
281.6 eV, correspondingly, as reported previously.17 According to
the deconvolution results, the main state on the Ru/CuCeOx catalyst
was RuOx species, which accounts for 36.5% of the total Ru amount
(Fig. 4(b), Table 1). This indicates that the presence of RuOx species
is beneficial to the deep oxidation of EO molecules. When the Pt
and Ru bimetallic phases were present together, the Rudþ content
was further increased to 54.1%, which means that more electrons
were transferred from Ru to Pt phase, and an enhanced number of



Fig. 1. (a) The influence of Pt-Ru ratios on the EO catalytic activity; (b) The T90 values for EO oxidation over catalysts with different Pt-Ru ratios; (c) The EO conversion over Ru-based
catalysts with varied Ru loading amounts; (d) The T90 values for EO oxidation over Ru-based catalysts with varied Ru loading; (e) The EO conversion over Pt-based catalysts with
varied Pt loading; (f) The T90 values for EO oxidation over Pt-based catalysts with varied Pt loading amounts.

Fig. 2. (a) The thermal stability tests for EO oxidation over 0.1Pt-0.5Ru/CuCeOx catalyst by consecutive ramping to 400 �C and cooling to 110 �C; (b) The water resistance tests for EO
oxidation over 0.1Pt-0.5Ru/CuCeOx catalyst by consecutive injection of water vapor. Both the temperature ramping and water vapor injection were initiated after reaction for 5 h,
and the relative humidity for the water resistance tests was kept at 30%; The EO conversion on 0.1Pt-0.5Ru/CuCeOx catalyst at different mass space velocities (c) and different initial
EO concentrations (d).
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RuOx species could participate in the reaction, accelerate the
transformation of intermediate products and improve the catalytic
activity. Meanwhile, since more electrons were enriched on the Pt
nanoparticles, the adsorption and activation of oxygen molecules
were also facilitated, which benefits the catalytic oxidation of EO.
4

3.3. Mechanism analysis

To explore the degradation pathway of the EO oxidation reaction
on the Pt-Ru/CuCeOx catalyst, the products were analyzed by GC-
MS at T50 and T90 (Fig. S4 and Table 1). At T50, the tail gas



Fig. 3. HRTEM and EDS elemental mapping images of 0.1Pt/CuCeOx (a) and 0.1Pt-0.5Ru/CuCeOx (b) catalysts.

Fig. 4. XPS spectra of Ce 3d of CuCeOx and Ru/CuCeOx catalyst (a) and Ru 3d of Ru/CuCeOx and Pt-Ru/CuCeOx catalysts (b).
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contained acetic acid, acetaldehyde and carbon dioxide. At T90, only
acetic acid is a kind of organic matter in tail gas. Ethylene oxide is
completely transformed at 120 �C, and there is no organic matter in
the tail gas, indicating that the catalyst Pt-Ru/CuCeOx can
5

completely oxidize ethylene oxide without secondary pollution.
Our previous researches have shown different EO adsorption
characteristic bands on Pt/Al2O3 catalyst and Pt/CeO2 catalyst sur-
face, so the specific adsorption bands were first examined on the



Table 1
Ce3þ and Rudþ ratios and product analysis of catalysts.

Samples SBET (m2/g) Ce3þ/(Ce3þþCe4þ) (%) Rudþ/Ru0 (%) GC-MS

T50 T90 T100

CuCeOx 64.4 31.9 e e e e

Ru/CuCeOx 60.4 30.1 36.5 e e e

Pt-Ru/CuCeOx 90.0 e 54.1 CO2, CH3CHO, CH3COOH CO2, CH3COOH CO2
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Pt-Ru/CuCeOx catalyst at room temperature.16 As demonstrated in
Fig. S5, the peaks at ca. 2770e3128 and 1267 cm�1 belong to the
nas(CeH) stretching vibration and d(CeH) bending vibration of
methyl (eCH3) and methylene (eCH2) groups, while the infrared
peaks of ca. 1083 and 870 cm�1 correspond to the asymmetric
nas(CeOeC) stretching vibration and symmetric ns(CeOeC)
stretching vibration of EOmolecule.25 The characteristic absorption
peak intensity of EO increases with extended feeding of reaction
gas, which indicates that EO has good adsorption properties on the
surface of Pt-Ru/CuCeOx catalyst. Meanwhile, the signals at ca.1558
and 1658 cm�1 are ascribed to the carboxylic acid carbonyl species
and aldehyde carbonyl species, respectively, which indicates that
EO has already been converted into acetaldehyde and then acetic
acid on the catalyst surface at room temperature.26 In addition, the
absorption peak at 1809 cm�1 corresponds to carbon-based species
and originates from the intermediates of the above chemical re-
actions.27 Subsequently, the band changes on the catalyst surface
were tracked to speculate the degradation process of EO on the
surface of Pt-Ru/CuCeOx catalyst during the heating process. As the
reaction temperature increased to 100 �C, four new absorption
peaks were observed, namely 3225, 2715, 1369 and 940 cm�1,
which are respectively attributed to surface hydroxyl species,
ns(CeH) stretching vibration of acetaldehyde, symmetric
ns(eCOOH) stretching vibration of carboxylic acid and d(CeOH)
bending vibration of hydroxyl group, as shown in Fig. 5.25,28,29 The
existence of carboxylic acid vibration peaks at 1558 cm�1

(nas(eCOOH)) and 1369 cm�1 (ns(eCOOH)) under 100 �C indicates
Fig. 5. In situ DRIFTs spectra of EO catalytic oxidation on Pt-Ru/CuCeOx catalyst surface.
The EO was injected with air at different temperatures. The inlet EO concentration was
maintained at 10000 ppm and the weight hourly space velocity at 40000 mL/(g$h). The
signals related to carbonyl (C¼O) vibration (ca. 1585 cm�1), aldehyde carbonyl group
(ca. 1658 cm�1), carboxylic acid carbonyl (ca. 1558 cm�1) carboxyl group (ca.
1369 cm�1) and CO2 vibration (2232e2399 cm�1) are the most important ones.

6

that acetic acid may exist in the form of acetate on the surface of Pt-
Ru/CuCeOx catalyst. The presence of the stable carboxylate could
hinder the deep catalytic oxidation of acetic acid during the heating
process.30 Therefore, the degradation of acetic acid may be the
controlling step of EO catalytic oxidation on Pt-Ru/CuCeOx catalyst
surface. When the temperature increased to above 120 �C, the
enhancement of the characteristic absorption peaks at
2232e2399 cm�1 is attributed to the CO2 species, which refers to
the conversion of acetic acid to CO2 and H2O. Therefore, EO
adsorbed on the surface of Pt-Ru/CuCeOx catalyst can be partially
oxidized at low temperature, and converted to intermediate
products (acetic acid) even at room temperature. When the tem-
perature rises to 100 �C, EO starts to be transformed into CO2 and
H2O, showing excellent catalytic activity at low temperature.

In order to further understand the catalytic mechanism of EO on
the surface of Pt-Ru/CuCeOx catalyst, the reaction atmosphere was
switched at T10 (95 �C) and T100 (120 �C) respectively, and the
changes of the bands on the surface of the catalyst were tested.
Under the condition of nitrogen only, stretching vibration attrib-
uted to carboxyhydroxyl group of acetate (3064 cm�1) and CeH
bond in acetaldehyde (2715 cm�1) were detected, indicating that
EO was converted to acetaldehyde and then acetic acid on the
surface of the catalyst.25 When the reaction gas is switched to air
during the reaction, the absorption peaks of acetic acid and acet-
aldehyde are basically unchanged (Fig. 6(a)). After 40 min, the re-
action gas was recovered to nitrogen, and the absorption peak
attributed to acetic acid was enhanced, while that of acetaldehyde
was hardly observed. This is possibly because the previous air
intake triggered the acetaldehyde conversion to acetic acid, which
obviously follows the catalytic mechanism of MvK (Mars-van Kre-
velen).31 Interestingly, the same experimental procedure at T100
showed completely different phenomena, as shown in Fig. 6(b). The
characteristic peak of acetaldehyde could be hardly observed either
with nitrogen or air as the reaction gas. In the presence of nitrogen
only, the characteristic peaks of acetic acid can be obviously
observed (till 40 min). When the air was injected instead, the ab-
sorption peak assigned to acetic acid immediately disappeared,
which implies that acetic acid was converted to CO2 and H2O on the
surface of the catalyst. When the reaction gas switches back to
nitrogen again, the absorption peak assigned to acetic acid appears
again, which fits well with the LangmuireHinshelwood (L-H) cat-
alytic mechanism.32 In conclusion, both MvK and L-H catalytic
mechanisms exist on the surface of Pt-Ru/CuCeOx catalysts,
depending on the varied atmosphere and temperature, which
jointly promote the deep catalytic oxidation of EO.

In summary, the possible degradation mechanism of EO on the
surface of Pt-Ru/CuCeOx catalyst was proposed, as shown in Fig. 7.
EO is firstly adsorbed on the surface of the catalyst, where b-H
transfer occurs when EO molecules bond with the surface of the
support, and then EO is converted into acetaldehyde. Thereafter,
acetaldehyde is quickly oxidized into acetic acid by the lattice ox-
ygen of CuCeOx, and this process follows the MvK catalytic mech-
anism. In the meantime, molecular oxygen is adsorbed and
dissociated (or activated) at the active sites of noble metal Pt-Ru
nanoparticles, and the obtained oxygen anion migrates to the



Fig. 6. In situ DRIFTs spectra of EO catalytic oxidation on the surface of Pt-Ru/CuCeOx catalysts at constant temperature of T10 ¼ 95 �C (a) and T100 ¼ 120 �C (b). The spectra in both
tests were collected with extended time and switch of atmospheric conditions.

Fig. 7. Mechanism of EO catalytic oxidation over Pt-Ru/CuCeOx catalyst surface. The different intermediates are derived from the in-situ DRIFTs spectra of EO oxidation on the
catalysts together with the GC-mass tests of the outlet gases in Fig. S4.
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interface between the supported metal and the support by electron
transfer and supplements the lattice oxygen consumed in the above
reactions. Due to the presence of oxygen onions, the noblemetal Pt-
Ru nanoparticles have certain electronegativity, which induces
acetic acid molecules to migrate to the active site of noble metal Pt-
Ru nanoparticles. Finally, another molecular oxygen is co-adsorbed
on the active sites of noble metal Pt-Ru nanoparticles and reacts
with acetic acid to generate CO2 and H2O, and then the active sites
on the surface of the catalyst are recovered. This process appears to
follow the L-H catalytic mechanism. In short, the EO oxidation re-
action on the surface of Pt-Ru/CuCeOx catalyst does not simply
followMvK or L-H catalytic mechanism, and bothmechanismsmay
play significant roles in different stages of the reaction, based on the
reaction conditions.
7

4. Conclusions

As mentioned above, the Pt-Ru bimetallic catalyst has a good
catalytic activity and stability for EO oxidation, which can effec-
tively degrade EO waste gas under temperature as low as 120 �C.
XPS analyses show that the high activity may be related to the
presence of RuOx species, which enhances both the metal-support
interaction and the low-temperature catalytic activity of Pt-Ru/
CuCeOx catalyst for EO. In addition, when adsorbed on the surface
of Pt-Ru/CuCeOx catalyst, EO oxidation does not follow a single
catalytic mechanism, and the MvK catalytic mechanism and L-H
catalytic mechanism may work at different stages during the cat-
alytic oxidation of EO. At low temperature (T10), EO is first con-
verted to acetaldehyde and then to acetic acid, which follows the
MvK catalytic mechanism. At higher temperature (T100), the noble
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metal Pt-Ru nanoparticles serve as the active sites, where the ox-
ygen and acetic acid molecules are adsorbed and oxidized into CO2
and H2O, which follows the L-H catalytic mechanism. Accordingly,
the adoption of bimetallic phase and modification of support prove
to be a valid and universal way for improving VOCs abatement ef-
ficiency, and the applications to different VOCs can now be
explored.
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