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Catalytic oxidation of acetone over CuCeOx nanofibers

prepared by electrospinning method
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State Key Laboratory of Clean Energy Utilization of Zhejiang University, Hangzhou, 310027,
P.R. China

Abstract

A series of CuCeOyx nanofibers catalysts with different Cu/(Cu+Ce) molar ratios
were synthesized by electrospinning method. The catalysts were evaluated for acetone
oxidation at different temperatures (100-280 <C) with a GHSV of 79,000 ml/(g ).
The results showed that nanofibers catalysts possessed better catalytic performance
than catalysts prepared by urea-nitrate combustion and sol-gel methods. Appropriate
Cu/(Cu+Ce) molar ratio could greatly improve the activity of nanofibers catalyst, and
a significant improvement of the activity was obtained on Cuos0Ceos500x nanofibers
catalyst (~100% acetone conversion at 270 <C). Characteristic analysis suggested (1)
special nanofibrous morphology with large specific surface area; (2) abundant oxygen
vacancies and (3) cerium ions with unusual oxidation states were the main factors that
would affect catalytic activity of CuCeOyx nanofibers catalysts.
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1 Introduction

\olatile organic compounds (VOCSs) are massively emitted via human activities
like industry production, fuel combustion and oil storage. VOCs are precursors of
photochemical smog which threat environment and human health seriously. Exposure
to VOCs may cause carcinogenic, mutagenic, and teratogenetic effects on human
body due to their toxicity!. Researchers have explored various methods for VOCs
elimination®*, among these strategies, catalytic oxidation is one of the most effective
and economic ways for VOCs abatement in large volumes of air®. In this study,
acetone was selected as the model VOC since it's one of the most abundant VOC in
the atmosphere®.

Noble metals and transition metal oxides have been studied for VOCs catalytic
oxidation extensively in recent decades’. Noble metals have been proven to be more
active at low temperatures than transition metal oxides, but their high cost and low
resistance to halogens limit their application® °. Otherwise, some transition metal
oxide catalysts have also been found to be active for VOCs catalytic oxidation® 1.,
Among them, copper oxide and cerium oxide catalysts were researched intensively.
Since copper oxide catalysts possess high activity for VOCs catalytic oxidation'? and
cerium oxide catalysts have high oxygen storage capacity and facile reducibility of
Ce*/Ce® compared to other fluorite-type oxides™®. In addition, researchers even
found that Cu-Ce binary metal oxide catalysts possess high activity which is even
comparable to supported noble metal catalysts for oxidation reactions, as the shift
between Ce** and Ce®* becomes easier when transition metal ions are added in ceria
latticel4-1°.

Various methods have been used in preparation of metal oxide catalysts,
including sol-gel, combustion methods and so on. However, these catalysts have
relatively low specific surface area and their microstructure inhibits the diffusion,
adsorption and desorption process of molecules to some extent. As is known,
nanofibers catalysts are widely used in photocatalytic reactions since they possess
large specific surface area and one-dimensional nanofibrous morphology which can
promote the mass transfer process during reactions'” 8, Therefore, in order to
improve catalytic performance, it is necessary to find an appropriate method to
synthesize metal oxide nanofibers catalysts. Among variety of techniques,
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electrospinning technique has been proven an effective way to produce fibrous metal
oxide in nanoscale!® %°, This processing involved the following steps: (1) preparation
of sol solution with a suitable inorganic precursor and polymer content, and achieving
the right rheology for electrospinning; (2) spinning of the solution to obtain
polymer/inorganic fibers; and (3) calcinations of the composite fibers to obtain final
oxide nanofibers %,

In this work, one-dimensional CuCeOx nanoscale fibers with different
Cu/(Cu+Ce) ratios were successfully prepared by electrospinning method. The
morphological, structural and chemical characteristics of the catalysts were
investigated by SEM, EDX, TEM, XRD, XPS, N2 sorption, H>-TPR, and the catalytic
performance for acetone oxidation was examined in a fixed-bed reactor. The results
showed that electrospinning method endowed CuCeOyx nanofibers catalysts with
specific one-dimensional nanofibrous morphology. Then the relationship between
structure and catalytic performance for acetone oxidation was tried to establish. In
addition, this study may be helpful for designing or synthesizing novel metal oxide
catalysts and expand the application of metal oxide catalysts in filtration and

separation?.,
2. Experimental

2.1 Catalyst preparation

CuCeOyx nanofibers catalysts were synthesized via electrospinning method.
Firstly, appropriate amount of Ce(NOs)3 6H.0 and Cu(NO3z)2 3H20 was dissolved in
6ml anhydrous alcohol and 10 ml deionized water simultaneously. Total nitrate salts
were 0.01 mol and the molar ratios of Cu/(Cu+Ce) were 0, 0.15, 0.30, 0.50, 0.70 and
0.85. (It should be mentioned that because for the same preparation process, the
viscosity of sol solution of pure Cu(NOs).3H20 is too low to adapt to our
electrospinning process. Thus the preparation of pure CuO nanofibers is not available.)
After magnetically stirring for 1 h, 2 g Polyvinylpyrrolidone (PVP, Mw=1,300,000)
was added in the solution. Then the mixtures were agitatedly stirred for 12 h at room
temperature to obtain a homogenous and translucent solution. CuCe/PVP as-spun
nanofibers were prepared by electrospinning the viscous sol-gel solution between a
syringe and an aluminum foil attached on a roller (rotating speed 100 rpm). The
distance between the tip of spinneret (21G) and the aluminum foil was 150 mm. A DC
high-voltage supply connected on the needle generated negative voltage of 15 kV and
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the flow rate was controlled by a syringe pump at constant 0.5 mil/h. This
electrospinning process was carried out in air ambient at room temperature. Then the
as-spun fibers were dried at 20 <C for 24 h and calcined in air at 500 <C for 4 h to
obtain CuCeOy nanofibers (denoted as NFs).

For comparison, the CuCeOy catalysts with Cu/(Cu+Ce) molar ratio of 0.5 were
also prepared by urea-nitrate combustion (denoted as cmb) and sol-gel (denoted as sol)

methods®® 22,

2.2 Catalyst characterizations

Field emission scanning electron microscopy (FE-SEM) images and Energy
dispersive X-ray spectroscopy (EDX) data were recorded on a SIRION microscope
with a voltage of 25 kV coupled to an X-ray detector.

Transmission electron microscopy (TEM) was performed using a Hitachi H-9500
microscope operating with an acceleration voltage of 300 kV. For the TEM
measurement, the samples were prepared by ultrasonication in ethanol, evaporating a
drop of the resultant suspension onto a carbon-coated copper grid.

BET surface areas were measured by N> adsorption and desorption at liquid
nitrogen temperature (77 K) with Autosorb-1-C (Quantachrome Instrument Crop.). All
samples were degassed under vacuum at 300 <C for 2h before the measurement.

X-ray diffraction (XRD) patterns were recorded on a PANalytical X'Pert PRO
XRD system using Cu Ka radiation (A= 0.15418 nm) in the 20 range of 10-80°
(scanning rate of 49min).

X-ray photoelectron spectroscopy (XPS) data were obtained with a Thermo
ESCALAB 250Xi using Al Ka as the exciting radiation at constant pass energy of
1486.6 eV. The binding energies were calculated with reference to the energy of C 1s
peak of contaminant carbon at 284.6 eV.

Temperature programmed reduction of hydrogen (H2-TPR) experiments were
performed in quartz reactor in 10% Hx/Ar with a flow rate of 30ml/min, and 15mg of
catalyst was used. Prior to reduction, catalyst was heated in a 10% O./Ar flow (30
ml/min) from room temperature to 300 <C and held for 30 min, and then treated in Ar
stream at room temperature for 30 min to remove any residual oxygen. The samples
were heated from 50 <C to 850 <C at a flow rate of 10 <T/min. The amount of H>

consumption was measured using a thermal conductivity detector (TCD).

Page 4 of 23



Page 5 of 23

RSC Advances

2.3 Catalytic activity

All catalytic performance tests were performed in a fixed bed tubular quartz
reactor (6 mm i.d.) at atmospheric pressure. 35 mg of the catalyst (40-60 mesh) was
placed in the middle of the reactor and total flow rate was kept at 46ml/min,
corresponding gas hourly space velocity (GHSV) was 79,000 ml/(g ©). The feed gas
mixture contained 500 ppm acetone, 5% Oz, and balanced N2. The temperatures of the
catalyst bed and tubular electric furnace were monitored automatically by E-type
thermocouples. The inlet and outlet concentration of acetone were analyzed on-line by
a gas chromatograph (Agilent 7890A, USA) equipped with a flame ionization detector
(FID) and a capillary column of HP-Innowax (Agilent, USA) operated at 60 <C. The

acetone removal efficiency (y7acetone) is calculated as follows:

C; ..
Nacerons (%j = mTM X 100%

Cin, Cout —inlet and outlet concentration of acetone
Blank test was conducted with crushed quartz sand (40-60 mesh) to guarantee

the credibility of this test. The results showed no thermal destruction of acetone was
detected in the same feed gas below 280 <C. Before each test, catalysts were firstly
put in the fixed-bed tube with the feed stream passing and stabilized for 1 h. Then the
temperature was increased at a heating rate of 5 <C/min, and all the data obtained at
each temperature were the average of three measurements which were stabilized for

20 min respectively.

3 Results and discussion

3.1 Morphology characterization

The morphology and microstructure of the as-spun (Fig. 1.a-f) and calcinated
nanofibers (Fig. 1.A-F) were investigated by SEM. The micrographs demonstrated
that the length of nanofibers is on the order of several millimeters, and their average
diameters (denoted as D) is on the order of about hundreds of nanometers (Table 1).
The pure CeO:z nanofibers possess one-dimensional nanofibrous morphology and the
average diameter of as-spun CeO> nanofibers is 610 nm. When copper nitrates were
added, the average diameter of as-spun nanofibers decreases. With the increase of
Cu/(Cu+Ce) molar ratio from 0.15 to 0.70, the average diameter decreases from 590
to 525 nm. However, when the copper content further increased, several coarse grains

are formed on the nanofibers and a part of fibers tangle with each other to form
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arachnoid morphology. After calcination, the diameter of nanofibers reduces about
200 nm, probably caused by the decomposition of PVP and formation of copper and
cerium oxide crystals during programmed temperature process. With the increase of
Cu/(Cu+Ce) molar ratio from 0 to 0.50, the average diameter of calcinated nanofibers
decreases from 460 to 295 nm. With further increase of Cu/(Cu+Ce) molar ratio up to
0.70, their fibrous morphology was deformed to arachnoid morphology with coarse
grains. When Cu/(Cu+Ce) molar ratio increased up to 0.85, nanofibers lose their
nanofibrous morphology completely and form a sheet with coarse surface. The same
phenomenon was also found in electrospinning of CuO/TiO2 nanofibers. Researchers
found adding copper salts in sol-gel solution had a negative impact on the nanofibrous
morphology?®.

The micro-morphology of nanofibers was further investigated by TEM. As a
representative, TEM images of Cuoso-NFs were shown in Fig. 2. Fig. 2.A showed the
diameter of the single nanofiber is about 120 nm and the length is more than 1 pm.
Additionally, the inner-planar spacing was measured and shown in high resolution
TEM (HRTEM) image (Fig. 2.B). The lattice fringes are 0.31 nm, 0.27 nm and 0.23
nm, which correspond well with fringe spacing of CeO2 (111), (200) (JCPDS 34-0394)
and CuO (111) (JCPDS 45-0937) respectively, indicating the presence of CeO,, CuO

nanocystals in the nanofibers.

3.2 XRD characterization

Fig. 3 showed the wide-angle XRD patterns of synthesized samples. The
reflections at 26=28.5< 33.1< 47.5< 56.3< 59.1< 69.4< 76.7 °were detected in pure
CeO2-NFs. All these peaks fitted well with CeO2 (111), (200), (220), (311), (222),
(400), (331) (JCPDS 34-0394), which indicate the typical cubic fluorite-like structure
of CeO,. When Cu/(Cu+Ce) molar ratio varied from 0 to 0.50, several diffraction
peaks of CeO, were detected while the diffraction peaks of CuO were quite weak.
This may be due to: (a) good dispersion of small sizes CuO particles on the surface of
CeOqo; (b) the incorporation of Cu ion in the CeO: lattice in the form of Cu-Ce-O solid
solution. But when Cu/(Cu+Ce) molar ratio was over 0.5, the CuO corresponding
diffraction peaks at 20=32.5°, 38.5°(JCPDS 45-0937) become obvious, indicating
copper oxides start to separate and form part of bulk CuO particles. Additionally, the
lattice parameters of cerium oxide (di11) of all samples were calculated and listed in

Table 1. After partially incorporation of copper ions in CeO: lattice, di11 decreases
6

Page 6 of 23



Page 7 of 23

RSC Advances

slightly since the radius of six-coordinated Cu?* (0.73 A) and Cu* (0.77 A) is smaller
than that of six-coordinated Ce®* (1.10 A) or Ce** (1.01 A). Meanwhile, the shift of
diffraction peaks of CeO, (111) toward higher degree was observed, which is
corresponded well with Bragg’s law (2d sin® = n)). These evidences proved that a
part of Cu ions are incorporated in CeO lattice and form Cu-Ce-O solid solution®*.

Comparing with Cuose-sol and Cuoso-cmb, the diffraction peaks of nanofibers
catalysts are weaker and broader, which implies copper and cerium oxide particles of
nanofibers are smaller and better dispersed. In addition, the CeO- lattice parameter of
Cuoso-NFs (5.407 A), which is smaller than that of Cugso-sol (5.4201 A) and
Cuoso-cmb (5.413 A), indicates the amount of Cu-Ce-O solid solution in Cugso-NFs is
more than that in Cuo.s0-sol and Cuo.so-cmb catalysts.

The better dispersion of copper oxide and formation of Cu-Ce-O solid solution
can strengthen the interactions between CuO and CeO; intensively. Which make Ce-O
and Cu-O bonds become weaker and easier to crack to produce active oxygen
species®. These active oxygen species can improve the reducibility and catalytic
activity of CuCeOx catalysts.

3.3 N, sorption and EDX characterization

The adsorption-desorption isotherms of nanofibers catalysts were illustrated in
Fig. 4. All nanofibers catalysts showed typical type IV isotherms. Their hysteresis
could be identified as H3 type on the basis of IUPAC classification, which indicates
the possible formation of open slit-shaped pores. The average pore diameter (dpore)
and specific surface areas (Sget) of nanofibers catalysts were shown in Table 1 based
on the calculation from the isotherms. The average pore diameter of nanofibers
catalysts varies from 8.1 to 26.1 nm with different copper content. The specific
surface area of nanofibers catalysts is around 24.9-74.5 m?/g. It increases gradually
from 38.9 to 74.5 m?/g with increase of Cu/(Cu+Ce) molar ratio from 0 to 0.50 as the
decreasing average diameter of nanofibers. However, when the Cu/(Cu+Ce) molar
ratio further increased from 0.50 to 0.85, Sget decreases drastically. This may be due
to the destruction of nanofibrous morphology caused by introducing of excess copper
ions. Additionally, the specific surface area of nanofibers is much higher than that of
Cuoso-sol (20.2 m?/g) and Cuoso-cmb (2.4 m?/g). Therefore, it can be deduced that the

electrospinning method endows the Cu-Ce composite catalyst with specific
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nanofibrous morphology and enough surface area, which in turn promote the activity
of reactions.

The bulk composition of the CuCeOy catalysts was determined by EDX analysis.
Table 1 summarized the Cu atomic relative ratio (Cuepx) determined by EDX. The
results showed that the nominal compositions of all catalysts agree well with the

relative molar ratio determined by EDX except for Cuo.15-NFs and Cuo 30-NFs.

3.4 XPS characterization

The information of surface composition and chemical state of the CuCeOx
catalysts were studied by XPS. The measured elements in the samples are oxygen (O
1s), cerium (Ce 3d), copper (Cu 2p) , and carbon (C 1s) in the binding energy from 0
to 1000 eV (other than CeO2-NFs). Oxygen, cerium, copper were expected from the
chemical composition of the synthesized CuCeOy catalysts. The C 1s peak was used
for calibration.

The O 1s spectras of various samples, which can be resolved into two peaks by
deconvolution, were shown in Fig. 5.A. The peaks at 529.4 eV can be attributed to
lattice oxygen (denoted as Oiat), and the shoulder peaks at 531.2-532.1 eV can be
assigned to the active surface adsorbed oxygen (denoted as Oags)?®. The active Oads
contents (Oags/(Olatt+Oads)) at the surface of synthesized catalysts were listed in Table
1. With the increase of Cu/(Cu+Ce) molar ratio from 0 to 0.50, the active Oads
percentage of nanofibers increases from 35.34% to 52.43%, then it decreases with
further increase of the copper content. Among all the nanofibers, Cug.so-NFs possesses
the largest amount of Oads (52.43%), which is more than that of Cuoso-sol and
Cuo.s0-cmb.

According to literature?’, the complex spectrum of Ce 3d could be decomposed
into ten peaks. The two sets of spin—orbital multiplets, corresponding to the 3ds» and
3dsr2 contributions are labeled as u and v, respectively. The uz, Uo, V2, Vo peaks can be
ascribed to Ce®*" and uz, Us, Us, V1, V3, V4 peaks can be attributed to Ce**. The Ce®*
relative content was then estimated by Ce*'/(Ce*'+ Ce*)x<100%, where Ce*'=
(Uz+Ug+V2+vo) and Ce**= (Urt+us+us+vi+va+vs). Ce®* contents of CuCeOx catalysts at
the surface were listed in Table 1, the results illustrated that Cuo.30-NFs and Cuoso-NFs
possess the largest amount of Ce3* (18.38%) among all the nanofibers, which is much

higher than that of Cugso-sol (7.96%) and Cuoso-cmb (4.40%). The existence of
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Ce3*in CeO; implies the formation of oxygen vacancies. These oxygen vacancies,
which are directly related to the catalytic activity at low temperatures?®, may induce
more surface adsorbed oxygen species.

The Cu 2p binding energy of various catalysts was shown in Fig. 5.C. The
principal peaks at 934.0 eV, 934.6 eV can be identified as Cu?* 2p*?, the peaks at
953.7 eV stand for Cu?* 2p*? and the shake-up peaks from 940.0 eV to 945.0 eV
indicate the presence of reduced copper species.

The relative atomic ratios of Cu at the surface were summarized in Table 1. The
results showed Cuxps ratios of nanofibers catalysts are lower than their corresponding
nominal ratios and Cuepx ratios, suggesting that Cu-Ce-O solid solution could be
formed on the surface of nanofibers catalysts. which is also discovered by other
researchers?®®, However, the Cuxes ratios of catalysts prepared by sol-gel and
urea-nitrate combustion method are much higher than their corresponding nominal
ratio and Cuepx ratios, indicating the enrichment of Cu spices or formation of large
bulk of copper oxide on the surface of these catalysts.

Comparing with the XPS results of O 1s and Ce 3d, it can be concluded that the
active Oags contents enhances with the increase of Ce®" relative content, and the
augmentation of these two species can be explained by charge compensation theory.
In the case of CuCeOy catalysts, active copper species can incorporate in cerium oxide
lattice and destruct the lattice structure, thus influence the electroneutrality. In order to
retain electroneutrality, charge compensation achieved by either formation of oxygen
vacancies or shift of cerium to lower oxidation state is required. In consequence, the
active oxygen adsorbed on surface oxygen vacancies and cerium ions with unusual

oxidation state (Ce®*) can increase simultaneously.

3.5 TPR characterization

In order to check the reduction properties of the prepared catalysts, all samples
were investigated by Ho-TPR. The Ho-TPR profiles were displayed in Fig. 6. H-TPR
patterns illustrated pure cerium oxide nanofibers catalyst possesses three TPR peaks
above 300 <C. The peaks at 400 and 501 <C are attributed to the reduction of surface
oxygen species, and the peak at 743 <C is ascribed to the reduction of bulk oxygen
species®!. After the addition of copper, the reduction peaks ascribed to cerium oxide

can be also seen in the Ho-TPR profiles. However, two or three new reduction peaks
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emerged in the nanofibers catalysts below 300 <C. The hydrogen consumption peaks
(with shoulder peaks) at the range of 190-285 <C can be attributed to the reduction of
bulk CuO. While the reduction peaks of all CuCeOy nanofibers catalysts during the
range of 145-183 < indicate the highly dispersed active of Cu species®. Interestingly,
with the increase of copper content, the main peaks shift to higher temperatures and
the minor peaks which at lower temperatures than main peaks disappear gradually.
This manner is fitted well with what has been found in CuCeOy catalysts prepared by
combustion method**.

The reduction features of Cuoso-sol and Cuoso-cmb are different from nanofibers,
they have only one reduction peak below 300<C, at 235<C and 276 <C respectively,
suggesting large amount of bulk CuO was formed in these two catalysts. In addition,
the main reduction peaks of Cuoso-sol and Cuoso-cmb appear at higher temperatures
than the major peak (at 203 <C) of Cuoso-NFs, indicating the reducibility of
nanofibers catalysts is much stronger than catalyst synthesized via sol-gel and

urea-nitrate combustion method.

3.6 Catalytic performance

The catalytic activities of prepared catalysts were tested in the temperature range
from 100 to 280 <C, the acetone conversion pattern was shown in Fig. 7, and the Tso
and Tgo (temperatures at 50% and 90% conversion of acetone) of catalyst calculated
from the conversion curves were listed in table 1. In the tested temperature range,
CeO,-NFs possess the lowest catalytic activity among all the nanofibers (Tgo=270 <C),
and with the increase of Cu/(Cu+Ce) molar ratio from 0 to 0.50, their acetone
conversion curves shift progressively toward lower temperatures. Further increasing
copper content diminishes the catalytic activity of nanofibers. Cuoso-NFs possesses
the best acetone oxidation activity (Tg9o=225 <C), and 100% acetone conversion is
achieved at around 270 <C. The acetone conversion activity sequence over the
nanofibers catalysts is Cugso-NFs > Cug3o-NFs > Cugis-NFs > Cup70-NFs >
Cuogs-NFs > CeO2-NFs. In addition, Tso acetone conversion of Cugso-sol and
Cuoso-cmb are 220 <C and 240 <C respectively, which are much lower than that of
Cuoso-NFs (T50=190 <C). Since the GHSV, concentration of acetone and oxygen are
different, it is hard to compare the acetone oxidation activity between Cugso-NFs and
catalysts in other literatures precisely. However, Cuoso-NFs does have excellent

performance toward acetone oxidation, which can be comparable to Cuo13Ceo.s70y%’
10
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and Ce-MSP38,

According to the characteristic and catalytic performance results, the high
activity of nanofibers catalysts can be attributed to synergistic effect of (a) specific
nanofibrous morphology; (b) abundant oxygen vacancies and cations with unusual
oxidation states, which are both caused by the finely dispersed Cu species and
formation of Cu-Ce-O solid solution. The reasons are addressed as follows.

Morphology characterization illustrated the CuCeOx nanofibers catalysts possess
one-dimensional nanofibrous morphology with large specific surface area. As is
well-known, nanofibrous morphology favors the catalytic reaction because it can
provide large specific surface area®® and prevent the inhibition of the mass-transfer
process®, i.e. diffusion and adsorption/desorption of reactants/products. On one side,
the large specific surface area is conductive to the dispersion of active phase and
hence provides more active sites for reaction. On the other side, the open structure
composed by bonding the intersecting nanofibers facilitates the diffusion of gas
molecules. In addition, the special nanofibrous morphology not only makes the
adsorption of reactant toward the exterior or interior surfaces of nanofibers bundles
easier, but also benefits the separation of product. Consequently, the mass-transfer
process will be enhanced and the reactions can be accelerated. In conclusion, the
nanofibrous morphology with large specific surface area is one of the pivotal factors
governing the catalytic activity, and the electrospinning is an appropriate method to
obtain nanofibrous morphology which can provide large specific area.

It is widely known that during VOCs catalytic oxidation reactions over metal
oxides, VOCs are firstly oxidized by the lattice oxygen of metal oxides, and then the
latter is re-oxidized by the gas-phase oxygen® %, In this oxygen transfer cycle, two
factors play the governing roles. One is oxygen vacancies as they can accelerate the
dissociation of oxygen molecules on the surface and increase the mobility of lattice
oxygen. The other is the unusual oxidation states of transmission metal ions as facile
redox cycle can be formed between the cations with different valences. The results of
XRD indicated the existence of highly dispersed Cu species and incorporated Cu
species of Cu-Ce-O solid solution in nanofibers catalysts. These Cu spices can lead to
the substitution of Ce** with Cu?* and structural defects of CeO:, lattice, thus influence
the electron balance of the lattice. In order to retain electroneutrality, there are two
strategies: (a) the oxygen vacancies will increase and then some oxygen spices will be

adsorbed on surface oxygen vacancies. So, the percentage of surface adsorbed oxygen
11
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in Cuoso-NFs is more than that of Cuoso-sol and Cuoso-cmb. (b) The amount of
unusual oxidation states cations will be enhanced. Therefore, the Ce* relative content
of Cuos0-NFs is more than that of Cuoso-sol and Cuo.so-cmb. As mentioned above, the
enhancement of oxygen vacancies and unusual oxidation states cations will improve
the activity of oxidation reaction, thus Tso of Cuoso-NFs is lower than that of Cuo so-sol

and Cuo.so-cmb.

4 Conclusions

CuCeOx nanofibers catalysts were successfully synthesized via electrospinning
of alcohol/water solutions of Cu salt, Ce salt, and PVP. The catalytic activity test
proved CuosoCeos500x nanofibers catalyst (NFs) has the highest activity (T50=190 <C)
for acetone abatement among all these nanofibers catalysts. Besides, this catalyst is
much more active than Cuos0Ceos00x Synthesized via sol-gel (Ts=220 <C) and
urea-nitrate combustion method (Ts0=240 <C). The reason can be concluded as: (1)
nanofibrous morphology with large specific surface area, (2) abundant oxygen
vacancies and (3) cations with unusual oxidation states. Cugso-NFs possesses the
largest specific surface area (74.5 m?/g) among all nanofibers catalysts. Its specific
surface area is about 3.7 and 31.3 times of those of the catalysts synthesized via
sol-gel (sol) and combustion (cmb) methods. XRD patterns showed Cu species
disperse uniformly over all nanofibers catalysts, and the degree of metal oxide
aggregation is weaker than that of Cuoso-sol and Cuos-cmb. The decreased lattice
parameter of cerium oxide suggests large portion of Cu over nanofibers catalysts are
incorporated into CeO: lattice in the form of Cu-Ce-O solid solution, leading to
structure defects and interface oxygen vacancies. The amount of surface adsorbed
oxygen (Oags) and Ce3* relative content in nanofibers catalysts vary with the increase
of Cu/(Cu+Ce) molar ratio. According to XPS results, Cuoso-NFs catalyst possesses
the highest Oads percentage (52.4%) and Ce*' relative content (18.38%), which
indicates the high density of oxygen vacancies and abundant cations with unusual
oxidation states. Thus electrospinning is an effective method to prepare nanofibers
CuCeOxy catalysts with good acetone oxidation activity. This method can be extended

to other metal oxide or noble metal catalysts for various catalytic reactions.
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Page 12 of 23



Page 13 of 23

RSC Advances

Acknowledgement

This work was supported by National Science Fund for Distinguished Young
Scholars (no. 51125025) and the Key Innovation Team for Science and Technology of
Zhejiang Province (Grant No. 2011R50017).

Figure captions

Fig. 1. SEM images of as-spun nanofibers: (a) CeOz, (b)Cuo.15, (¢) Cuo.30, (d) Cuosso, (€)
Cuo.70, (f) Cuo.1s; calcinated nanofibers: (A) CeOa, (B)Cuo.15, (C) Cuo.30, (D) Cuoso, (E)
Cuo.70, (F) Cuo.15;

Fig. 2. TEM images of single Cuo.so-NFs

Fig. 3. XRD patterns of (a) CeO,-NFs, (b) Cuo.15-NFs, () Cuo.30-NFs, (d) Cuoso-NFs,
(€) Cuo.70-NFs, (f) Cuo.ss-NFs, (g) Cuo.s0-sol, (h) Cugso-cmb

Fig. 4. N2 adsorption-desorption isotherms of (a) CeO2-NFs, (b) Cuo.15-NFs, (c)
Cuo.30-NFs, (d) Cuo.s0-NFs, (€) Cuo.70-NFs, (f) Cuo.gs-NFs

Fig. 5. (A) O 1s, (B) Ce 3d, (C) Cu 2p XPS spectra of (a) CeO2-NFs, (b) Cuo.15-NFs,
(¢) Cuoz0-NFs, (d) Cuoso-NFs, () Cuo70-NFs, (f) Cuoss-NFs, (g) Cuoso-sol, (h)
Cuoso-cmb

Fig. 6. Ho>-TPR patterns of (a) CeO2-NFs, (b) Cuo.1s-NFs, (c) Cuo.30-NFs, (d)
Cuos0-NFs, (e) Cuo.70-NFs, (f) Cuo.gs-NFs, (g) Cuo.s0-sol, (h) Cuoso-cmb

Fig. 7. Conversion of acetone as a function of reaction temperature (500ppm acetone,
5%02, N2 balance, GHSV=79,000 ml/(g h))
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Figure
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Fig 1. SEM images of as-spun nanofibers: (a) CeOz, (b)Cuo.15, (€) Cuoso, (d) Cuoso, (€)

Cuo.7o, (f) Cuo.s; calcinated nanofibers: (A) CeOz, (B)Cuo.s, (C) Cuozo, (D) Cuo.so, (E)
Cuo.70, (F) Cuo.s;
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Fig. 2. TEM images of single Cuoso-NFs
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Fig. 3. XRD patterns of (a) CeO2-NFs, (b) Cug.15-NFs, (c) Cuo.30-NFs, (d) Cugso-NFs,
(€) Cuo.70-NFs, (f) Cuo.gs-NFs, (g) Cuo.s0-sol, (h) Cuoso-cmb
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Fig. 4. N2 adsorption-desorption isotherms of (a) CeO2-NFs, (b) Cuo.15-NFs, (c)
Cuo.30-NFs, (d) Cuo.s0-NFs, (€) Cuo.70-NFs, (f) Cuo.gs-NFs
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Fig. 5. (A) O 1s, (B) Ce 3d, (C) Cu 2p XPS spectra of (a) CeO2-NFs, (b) Cuo.15-NFs,
(¢) Cuo.30-NFs, (d) Cuoso-NFs, (e) Cuo.70-NFs, (f) Cuo.gs-NFs, (g) Cuoso-sol, (h)
Cuo.s0-cmb
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TCD signal

Fig. 6. H>-TPR patterns of (a) CeO2-NFs, (b) Cuo.15-NFs, (c) Cuo.30-NFs, (d)
Cuos0-NFs, (€) Cuo.70-NFs, (f) Cuo.gs-NFs, (g) Cuo.so-sol, (h) Cuoso-cmb
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Fig. 7. Conversion of acetone as a function of reaction temperature (500ppm acetone,
5%0., N2 balance, GHSV=79,000 ml/(g H))
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Table
Table 1. Summary of the N2 sorption, SEM, XRD, XPS, and catalytic performance results

Sample SBET Das-spun 2 Dcalcinated dpore ¢ d111 9 CuUebpx Cuxps Oads® Cedtf Tso Too
(m*/g) (nm) (nm) (nm) A (at%) (at%) (%) (%) (V) ()
CeO2-NFs 38.9 610 460 9.1 5.424 - - 35.43 - 230 270
Cuo.15-NFs 46.3 590 345 8.9 5.420 19.77 14.42 42.81 14.10 205 240
Cuo.30- NFs 525 545 340 8.1 5411 34.32 27.31 44.70 18.38 195 230
Cuoso- NFs 745 530 295 8.4 5.407 47.99 33.07 52.43 18.38 190 225
Cuo.70- NFs 375 525 - 10.7 5.409 70.17 51.28 37.78 12.19 210 250
Cuo.ss- NFs 24.9 - - 26.1 5.422 84.27 77.17 39.75 5.61 215 260
Cuo.so —sol 20.2 - - - 5.420 49.62 77.67 33.70 8.00 220 260

Cuo.sso-cmb 2.4 - - - 5.413 50.33 87.10 27.77 4.40 240 -

2 Average diameter of as-spun nanofibers
b Average diameter of calcinated nanofibers

¢ Average pore diameter of nanofibers
4 The lattice parameters of CeO; (111)
¢ The percentage of adsorbed oxygen measured by XPS

" The percentage of Ce®*" measured by XPS
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