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The modification of copper by vanadium significantly enhanced its catalytic performance of propylene
epoxidation by oxygen. Synergistic effects existed between copper and vanadium, and the catalysts with
V/Cu atomic ratios of 0.11-0.20 exhibited better propylene oxide (PO) formation activity. The dispersion
of copper was enhanced by vanadium, and this might contribute to the increase in catalytic activity. The
pre-reduction of catalyst resulted in better performances than the oxidative pretreatment, and an induc-
tion period was observed for PO formation over the reduced catalyst. In situ XRD measurements revealed
that Cu® in the reduced catalyst was partially transformed into Cu,0 in propylene oxidation, and the pres-
ence of VO, promoted this transformation. Structure-performance correlations demonstrate that Cu'
accounts for propylene epoxidation. Vanadium species at lower valence states (V" and V') may partic-
ipate in the activation of oxygen. The presence of VO, also suppressed the reactivity of lattice oxygen in
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1. Introduction

Propylene oxide (PO) is a versatile synthetic intermediate. In
the current chemical industry, PO is mainly produced by the chlo-
rohydrin process and the organic hydroperoxide process, but both
processes produce large amounts of by-products and are not atom-
ically economic. The development of efficient catalysts that can
work for the direct epoxidation of C3Hg by a green oxidant has at-
tracted much attention [1,2]. TS-1 was known to be capable of effi-
ciently catalyzing the epoxidation of C3Hg by H,0, in liquid phase
[3]. However, the comparable market value of H,0, to PO limits
the direct use of H,0, for C3Hg epoxidation [2]. Many research
groups have focused on the in situ production of H,0, from
H,—0, gas mixture for C3Hg epoxidation [4-10]. The Au/TiO,- or
Au/Ti-containing molecular sieve-based vapor-phase C3Hg epoxi-
dation catalysts, which can produce PO with a high selectivity
(>90%), have attracted particular research interests [5-10].

The heterogeneously catalyzed epoxidation of C3Hg by O, with-
out using a sacrificial reductant is the most desirable route for the
PO production. However, there has been less success in the devel-
opment of efficient catalysts for the epoxidation of C3Hg using O,
as a sole oxidant, although the Ag-catalyzed epoxidation of
ethylene by O, has been commercialized for several decades
[1,2]. Much research effort has been paid to the epoxidation of
CsHg by O, using Ag-based catalysts [1,2,11-20]. PO selectivity
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could hardly exceed 50% even at low C3Hg conversions (<5%) over
most catalysts, although a recent study disclosed that the deposi-
tion of Ags cluster onto ultrathin alumina film led to a catalyst with
higher PO selectivity [20]. Small Au nanoclusters deposited on
Al,03, TiO,, and TS-1 were recently demonstrated to catalyze the
epoxidation of C3Hg by O,—H,O with moderate performances
[21-23].

On the other hand, through a series of surface chemistry studies
over Ag and Cu single-crystal surfaces pre-covered by adsorbed
oxygen species, Lambert and co-workers [24,25] indicated that
Cu surfaces was more selective than Ag surfaces for the epoxida-
tion of alkenes with allylic C—H bonds. The lower basicity (nucle-
ophilicity) of oxygen atoms on Cu surfaces was proposed to favor
the epoxidation [26]. However, it was also suggested that only iso-
lated oxygen atoms over Cu surfaces could lead to epoxidation,
while island of “oxidic” oxygen could not [24]. On the other hand,
Monnier and Hartley [27] once pointed out that metallic Cu (Cu®)
may be difficult to function as a true epoxidation catalyst under
reaction conditions because it may be readily oxidized into Cu,0
or CuO in the presence of O,.

A few Cu-based catalysts, including NaCl-modified VCe;_,Cu,
oxide [28], NaCl-modified Cu/SiO, [29], and Cu/SiO, [30], could
work for the epoxidation of C3Hg by O,. The pre-reduction was re-
quired, and Cu® was proposed as the active site of these catalysts.
The main problem of these catalysts is that reasonable PO selectiv-
ities (>10%) could only be obtained at very low C3Hg conversions
(<0.5%). The increase in C3Hg conversion to >1% by raising reaction
temperature or O, partial pressure led to the decrease in PO
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selectivity to <5% [28-30]. The transformation of Cu® to oxidized
copper species was believed to be detrimental to CsHg epoxidation.
On the other hand, we found and reported that, in the presence of
modification by alkali metal ion (e.g., K*), SBA-15- or silica-
dispersed Cu"O, clusters without pre-reduction could catalyze
the epoxidation of CsHg by O, more efficiently [31-33]. Our studies
suggested that Cu' species generated during the reaction func-
tioned as the active site for C3Hg epoxidation by O, [33]. Recently,
Li and co-workers [34] also demonstrated that highly dispersed Cu
species or small CuO, clusters modified by K* were efficient for
C3Hg epoxidation. Isolated-like ionic Cu' species were recently
suggested to be responsible for C3Hg epoxidation by O, [35]. It is
clear that more studies are required to gain further information
about the nature of active copper sites responsible for C3Hg epox-
idation by O,.

The oxidation of C3Hg by O, over unsupported copper may pro-
vide more direct insights. Recently, we investigated the catalytic
behaviors of unsupported copper powder starting from Cu® and
the modifying effect of various transition metals or metal oxides.
We found that the modification of copper by vanadium could
significantly enhance both the activity and selectivity for PO for-
mation. It is of interest that neither supports nor conventional pro-
moters such as alkali metal halides are needed for PO formation in
the present system. This paper reports the catalytic behaviors and
the structural characteristics of the VO,-modified Cu catalysts. The
role of vanadium modification in enhancing PO formation and the
nature of active sites are discussed with the aim of providing in-
sights into the requirements for rational design of efficient epoxi-
dation catalysts.

2. Experimental
2.1. Catalyst preparation

Cu catalysts with different modifiers were prepared by a co-
precipitation method. Typically, an aqueous solution of Na,CO3
(0.06 mol dm—3) was added dropwise to the mixed aqueous solu-
tion containing Cu(NOs), (0.05 mol dm~3) and the other transition
metal (M) precursor. The ratio of M/Cu in the final catalyst was reg-
ulated by the concentration of the precursor containing M. For the
preparation of VO,-modified Cu catalysts, NH;VOs; was used as the
precursor of vanadium. The precipitate was recovered by filtration,
followed by washing thoroughly with deionized water and drying
at 373 K overnight. The dried powdery sample was calcined in air
at 673 K for 4 h. The single copper catalyst without modification
was prepared with the same procedure except for the addition of
other transition metal precursors.

2.2. Catalyst characterization

The ratio of the other transition metal to copper in each catalyst
was determined by inductively coupled plasma (ICP) optical emis-
sion spectrometry using an Agilent ICP-MS 4500-300 after the
sample was completely dissolved in an acid medium. The BET sur-
face area was measured by N, sorption at 77 K with a Micromeri-
tics Tristar 3000 surface area and porosimetry analyzer.

Powder X-ray diffraction (XRD) patterns were recorded on a
Phillips X’Pert Pro Super X-ray diffractometer equipped with X'Cel-
erator detection system and XRK reactor attachment for in situ
XRD measurements. Cu Ko radiation (40 kV and 30 mA) was used
as the X-ray source. X-ray photoelectron spectroscopy (XPS) was
measured with a PHI Quantum 2000 Scanning ESCA Microprobe
equipment using monochromatic Al Ko radiation. For each mea-
surement, the sample after pretreatments or catalytic reactions
was sealed in a sample tube and was transferred to evacuation

chamber instantly to avoid exposure to open air. H, and CsHg tem-
perature-programmed reduction (H,-TPR and C3Hg-TPR) mea-
surements were performed using a Micromeritics AutoChem
2920 Il instrument. Typically, the sample loaded in a quartz reactor
was first pretreated with a gas flow containing O, and He at 673 K
for 0.5 h, followed by purge with high-purity N, and cooling down
to 313 K. For H,-TPR, a H,-Ar gas flow (5 vol.% H,) was introduced
into the reactor, and the temperature was raised to 1073 K at a rate
of 10 K min~"'. The consumption of H, was monitored by a thermal
conductivity detector (TCD). For C3Hg-TPR, a CsHg-He (8 vol.%
C3Hg) gas mixture was introduced into the catalyst after pretreat-
ment in O,-containing gas flow followed by purge with high-purity
He for 1 h. Then, the temperature was raised to 773 K at a rate of
10 Kmin~! and was kept at 773 K for 0.5 h. The products formed
during this process were monitored by a mass spectrometer (Ther-
moStar GSD 301T2). The H,-TPR and C3Hg-TPR were also per-
formed for the catalyst after in situ reaction.

The dispersion of Cu was measured by a N,O titration method
[36,37]. Typically, the catalyst after H, reduction at 673 K was ti-
trated by N,O oxidation at room temperature, and it is known that
only the surface Cu® can be oxidized to Cu' in this step [36,37].
After this step, H,-TPR was carried out in a Hy-Ar (5 vol.% Hj)
gas flow up to 873 K. Subsequently, the catalyst was oxidized in
air at 873 K, and then another H,-TPR was performed in the
H,-Ar gas flow (5 vol.% H,) up to 873 K. Assuming that the H; con-
sumption in the first H,~TPR was X; and that in the second H,-TPR
was X,, we could calculate the dispersion of copper (D) by the
following equation [36,37],

2

D(%) = S+ x 100% 1)

2

2.3. Catalytic reaction

Catalytic reactions were carried out using a fixed-bed quartz
reactor operated at atmospheric pressure. Unless otherwise stated,
the catalyst was pretreated in the quartz reactor with H, gas flow
(40 mL min~") at 673 K for 1 h, followed by purging with high-pur-
ity N, at the same temperature for 0.5 h before reaction. The reac-
tion was started by introducing a reactant gas flow containing
C3He, O, and N, (for dilution) to the reactor after the catalyst
was cooled down to a desired reaction temperature. The products
along with the unreacted reactants were analyzed by on-line gas
chromatography. All of the lines and valves between the exit of
the reactor and the gas chromatographs were heated to 393 K to
prevent condensation of the products. The results obtained after
35 min of reaction were typically used for discussion unless other-
wise mentioned.

3. Results

3.1. Catalytic performances of various modified Cu catalysts for the
epoxidation of CsHg by O»

Table 1 shows the catalytic performances of various transition
metal- or metal oxide-modified copper catalysts. A very low CsHg
conversion (0.045%) was obtained over the copper catalyst without
any modification at 503 K. The increase in the reaction tempera-
ture to 573 K increased C3Hg conversion to 0.77%, but PO selectivity
decreased from 9.2% to 1.9%. Thus, copper alone was not effective
for C3Hg epoxidation by O,. The modification of Cu catalyst with
many transition metals or metal oxides increased CsHg conversion,
but only the modification with vanadium, molybdenum, or zinc
could significantly enhance PO selectivity. Particularly, the modifi-
cation with vanadium markedly increased both CsHg conversion
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Table 1

Catalytic performances of various modified Cu catalysts for C3Hg epoxidation by 0,.?

Catalyst M/Cu (molar ratio) Temperature (K) Conversion (%) Selectivity® (%)

PO Acrolein COy
Cu - 503 0.045 9.2 81 6.8
Cu - 573 0.77 1.9 43 47
TiOx—Cu 0.038 523 1.1 5.2 11.2 80
VO,—Cu 0.047 503 2.5 14 9.6 74
VO,—Cu 0.11 503 2.7 16 11 70
CrO,—Cu 0.056 503 1.2 2.5 23 73
MnO,—Cu 0.054 525 1.8 1.9 26 70
FeO,—Cu 0.063 503 0.18 5.1 68 24
CoO,—Cu 0.051 503 0.58 2.7 31 65
NiO,—Cu 0.050 503 0.44 2.0 28 68
Zn0,—Cu 0.053 598 0.36 18 47 33
MoO,—Cu 0.048 503 0.53 16 5.4 62
MoO,—Cu 0.083 503 0.59 13 5.6 64
WO,—Cu 0.045 503 1.95 1.2 15 81
Ag—Cu 0.022 551 0.92 0.51 33 64
Au—Cu 0.012 519 1.1 1.3 28 69

3 Reaction conditions: W= 0.20 g; P(C3Hg) = 8.0 kPa, P(O,) = 4.0 kPa; F(total) =50 mL min~".
b Other products include propanol, acetone, allyl alcohol, and acetaldehyde.

and PO selectivity. A moderate selectivity (16%) could be obtained
at a reasonably high C3Hg conversion (2.7%) over the VO,-modified
Cu catalyst. This combination of CsHg conversion and PO selectivity
is superior to those obtained over other Cu-based catalysts starting
from Cu®, where the increase in C3Hg conversions to >1% dramati-
cally decreased PO selectivity to <10% [28-30]. Only the K'-
modified CuO,/SBA-15 or CuO,/SiO, catalysts starting from Cu?*
exhibited better catalytic performances [31-34]. Thus, we focused
our detailed studies on the VO,-modified Cu catalytic system.

3.2. Effect of V/Cu ratio on catalytic performances of the VO,-modified
Cu catalysts

Table 2 shows the effect of the V/Cu ratio on catalytic perfor-
mances of the VO,-modified Cu catalysts. Both single copper and
single vanadium catalysts only provided very low C3Hg conversions
under the reaction conditions in Table 2. Moreover, no PO was
formed over the single vanadium catalyst. In addition to acrolein,
i-propanol was also formed as a main partial oxidation product
over the single vanadium catalyst. The combination of VO, with
Cu not only markedly increased C3Hg conversions but also signifi-
cantly enhanced PO selectivity. Thus, there exists a synergistic ef-
fect between vanadium and copper for PO formation. The
catalysts with V/Cu ratios of 0.11 and 0.20 exhibited almost the
same PO selectivity and PO formation rate, which were better than
those with other V/Cu ratios. For the catalyst with a higher V/Cu ra-
tio (0.29), PO selectivity became significantly lower.

Table 2

3.3. Catalytic behaviors of VO,-modified Cu catalysts under different
reaction conditions

Fig. 1 shows the catalytic behaviors of the VO,—Cu catalyst with
a V/Cu ratio of 0.11 along with the single Cu catalyst as a function
of reaction temperature. C3sHg conversions increased exponentially
with reaction temperature over both catalysts. Good straight lines
were obtained for both catalysts when the logarithm of the rate of
C3Hg conversion was plotted against the reciprocal of temperature
(Supplementary material, Fig. S1). The apparent activation energy
values calculated were 109 and 78 k] mol~! for Cu and VO,—Cu
(V/Cu=0.11) catalysts, respectively. The decrease in the apparent
activation energy after VO, modification may imply the change
in the reaction route.

Over Cu catalyst, acrolein was the dominant partial oxidation
product, and PO was also formed at lower temperatures with a
maximum selectivity of ~10%, where CsHg conversion was less
than 0.2% (Fig. 1A). The increase in temperature decreased the
selectivities to both acrolein and PO; PO selectivity became less
than 2% at a C3Hg conversion of 0.77%. After the modification of
Cu by VO, (V/Cu =0.11), PO became a main partial oxidation prod-
uct (Fig. 1B). PO selectivity of 16% could be sustained at a C3Hg con-
version of 2.7%.

The change of catalytic performances with the contact time,
which is expressed by the ratio of catalyst weight to total flow rate
(WJF), is shown in Fig. 2. Different temperatures were adopted for
Cu (Fig. 2A, 593K) and VO,—Cu (V/Cu=0.11) (Fig. 2B, 503 K)

Effect of V/Cu ratio on catalytic performances of VO,-modified Cu catalysts for CsHg epoxidation by 0,.°

V/Cu (molar ratio) Conversion (%)

Selectivity® (%)

PO formation rate

(mmolg 'h™1)

PO Acrolein COy
0 0.045 9.2 81 6.8 0.0022
0.048 2.5 14 9.6 74 0.18
0.11 2.7 16 11 70 0.23
0.20 2.7 16 7.2 73 0.23
0.29 2.0 4.5 5.8 83 0.048
¢ 0.18 0 6.8 74 1]

2 Reaction conditions: W =0.20 g; T=503 K; P(C3Hg) = 8.0 kPa, P(O,) = 4.0 kPa; F(total) = 50 mL min~’.
b Other products include propanol, acetone, allyl alcohol, and acetaldehyde.
¢ Single V,05 was used as the precursor of catalyst, and i-propanol was also formed as a main partial oxidation product along with acrolein and

COy.
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Fig. 1. Catalytic behaviors of the single Cu (A) and the VO,—Cu (V/Cu=0.11) (B)
catalysts for the oxidation of C3Hg by O, at different temperatures. Reaction
conditions: W =0.20 g; P(C3Hg) = 8.0 kPa; P(O,) = 4.0 kPa; F(total) = 50 mL min~".
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Fig. 2. Effect of contact time (W/F) on catalytic behaviors of the single Cu (A) and
the VO,—Cu (V/Cu=0.11) (B) catalysts for the oxidation of C3Hg by O,. Reaction
conditions: P(C3Hg) = 8.0 kPa; P(0;) =4.0 kPa; T=593 K (A); T=503 K (B).

catalysts to obtain comparable CsHg conversions. Fig. 2 further dem-
onstrates that the main partial oxidation product is changed from
acrolein to PO after the modification of Cu by VO,. The increase in
contact time decreased the selectivity to acrolein or PO and in-
creased that to CO,, indicating that CO, was partially produced
through the over-oxidation of acrolein or PO. Since CO, was also
formed even at very short contact times (very low CsHg conver-
sions), a part of CO, might be formed in parallel to acrolein or PO

e

b
COy

Y

COy

Fig. 3. Main reaction routes for the oxidation of C3Hg by O, over the single Cu and
the VO,—Cu catalysts.

as primary products. The main reaction routes over Cu and VO,—Cu
(V/Cu=0.11) catalysts are summarized in Fig. 3.

3.4. Effect of pretreatment on catalytic behaviors of the VO,—Cu
catalyst

As described previously, Cu® was proposed for CsHg epoxidation
by O, over several Cu-based catalysts, and the pre-reduction of
these catalysts was necessary [28-30]. On the other hand, our pre-
vious work with the K*-modified CuO,/SBA-15 or CuOy/SiO,
showed that the oxidatively pretreated catalyst could afford supe-
rior catalytic performances for PO formation [31-33], and the Cu!
generated during the reaction was demonstrated to be responsible
for C3Hg epoxidation [33]. To gain insights into the nature of the
active site for the VO,-modified Cu catalyst, we investigated the ef-
fect of pretreatment on catalytic performances.

The catalytic performances of the VO,—Cu (V/Cu = 0.11) catalyst
pretreated by air and by H, are compared in Fig. 4. For the catalyst
after pretreatment by air (F=40 mL min~!) at 673 K, followed by
purging with high-purity N, the steady state was quickly achieved
without induction period (Fig. 4A). C3Hg conversion was stable at
~0.6% after 15 min of reaction, and the selectivities to acrolein
and PO were ~27% and ~4%, respectively, at 503 K. On the other
hand, the pre-reduction by H, at 673 K cause the appearance of
an obvious induction period (Fig. 4B). The catalyst was almost
inactive at the very initial stage, and C3Hg conversion increased sig-
nificantly with time on stream. At a time on stream of 35 min, CsHg
conversion increased to 2.6%, significantly higher than the steady-
state CsHg conversion over the catalyst pretreated by air. PO
selectivity also increased significantly from ~3% to ~16% in the
initial 35 min. Further prolonging of the time on stream
slightly decreased CsHg conversion, but PO selectivity kept almost
unchanged.

3.5. Structural characteristics of the VO,-modified Cu catalysts

3.5.1. Surface area and Cu dispersion

The BET surface areas derived from N,-physisorption and the
dispersion of copper evaluated from the N,O titration method for
the VO,—Cu catalysts after reduction are listed in Table 3. The addi-
tion of small amount of vanadium into copper increased the BET

Table 3
BET surface areas and Cu dispersions for the VO,-modified Cu catalysts.

Catalyst BET surface area (m?g~!) Cu dispersion (%)
Cu 2.9 0.48

VO,—Cu (V/Cu = 0.047) 47 22

VO,—Cu (V/Cu =0.11) 1 26

VO,—Cu (V/Cu = 0.20) 95 40

VO,—Cu (V/Cu =0.29) 24 47
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surface area and the dispersion of Cu. This implies that there may
exist strong interactions between copper and vanadium species in
the VO,—Cu catalysts.

3.5.2. Crystalline structure

In situ XRD measurements were performed to gain information
on the crystalline structures of the VO,-modified Cu catalysts. The
sample was pressed in an alumina sample holder, which was set in
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Fig. 4. Changes of catalytic performances with time on stream for the oxidation of
C3Hg over the VO,—Cu (V/Cu=0.11) catalyst after different pretreatments. (A)
Pretreated by air, (B) pretreated by H,. Reaction conditions: W=0.20g;
P(C3Hg) = 8.0 kPa; P(0,) = 4.0 kPa; F(total) = 50 mL min~'; T=503 K.
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Fig. 5. XRD patterns for the calcined catalysts. (a) CuO, (b) VOy,—CuO (V/Cu=0.11),
() VO,—CuO (V/Cu=0.29).

the in situ XRK chamber. Fig. 5 shows the XRD patterns of the cal-
cined VO,—Cu samples with V/Cu ratios of 0, 0.11, and 0.29 before
H, reduction. The main diffraction peaks of these samples could be
ascribed to monoclinic CuO. For the sample with a higher vana-
dium content (V/Cu=0.29), very weak peaks attributable to
CusV,04¢ crystallites at 20 of ~29.8° and ~43.0° could be discerned
in the enlarged curve (10 times enlarged, curve c in Fig. 5B). This
observation further suggests the strong interaction between
copper and vanadium species.

After the reduction by H, at 673 K for 1 h, three main diffraction
peaks at 20 of 43.8°, 50.8°, and 74.4° were observed for the single
Cu sample (Fig. 6), which were assignable to (11 1), (200), and
(31 1) reflections of cubic metallic copper. For the VO,—Cu sam-
ples, the peaks ascribed to metallic Cu shifted to lower diffraction
angles, i.e., 43.2°, 50.2°, and 73.9°, suggesting that the lattice of
metallic Cu was slightly expanded in the presence of vanadium
species. Moreover, besides the three main diffraction lines of
metallic Cu, weak peaks at 20 of 24.3°, 33.0°, 36.1°, and 53.8°,
which could be ascribed to the crystalline phase of V,05, were also
observed in the enlarged curves (Fig. 6B). Thus, after H, reduction
at 673 K, the VO,—Cu catalysts mainly contain cubic metallic Cu
along with small amounts of V,03 crystallites.

Figs. 7 and 8 show the changes of XRD patterns with reaction
time in a gas flow containing C3Hg and O, [P(C3Hg)=8 kPa,
P(0O,) =4 kPa] under reaction conditions shown in Table 2. The
time of zero denotes the point just before the introduction of reac-
tant gas, and both the single Cu and the VO,—Cu catalysts contain
metallic Cu as the sole Cu-related phase. For the single Cu catalyst
(Fig. 7), the cubic metallic Cu remained as the main crystalline
phase after 272 min of reaction. Weaker diffraction peaks at 20 of
36.8° and 61.8° also appeared after 48 min of reaction. These peaks
could be assigned to the (111) and (2 2 0) reflections of cubic
Cu,0 phase. On the other hand, for the VO,—Cu (V/Cu = 0.11) cata-
lyst, diffraction peaks belonging to metallic Cu decreased markedly
after the introduction of reactant gas, and the diffraction peaks at
20 of 36.8° and 61.6°, ascribed to cubic Cu,0, became stronger after
48 min of reaction (Fig. 8). In addition to these peaks, weak
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Fig. 6. XRD patterns for the Hp-reduced catalysts. (a) Cu, (b) VO,—Cu (V/Cu=0.11),
() VO,—Cu (V/Cu = 0.29).
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F(total) =50 mL min~'; T=503 K.

diffraction peaks at 20 of 29.7° and 42.4°, attributable to the (1 1 0)
and (2 0 0) of cubic Cu,0, were also observed. In other words, the
cubic Cu,0 became the main phase in the working VO,—Cu cata-
lyst. Thus, the modification by vanadium accelerated the transfor-
mation of metallic Cu into Cu,0 in the reactant gas flow. No XRD
peaks ascribed to vanadium-related compounds were detectable
for the VO,—Cu catalyst during reaction.

We also investigated the change of XRD patterns with reaction
time in the reactant gas flow for the VO,—Cu (V/Cu =0.11) catalyst
after air pretreatment. No significant changes in XRD patterns were
observed during reaction. After 272 min of reaction under the same
conditions using in Figs. 7 and 8, CuO remained as the main phase.

3.5.3. Oxidation states of surface copper and vanadium species

To gain information about the oxidation states of copper and
vanadium on catalyst surface of the working catalyst, we further
performed XPS studies for the VO,—Cu catalyst immediately after
the epoxidation reaction at 503 K. As shown in Fig. 9, the binding
energy values of Cu 2p3/2 were observed at 932.2 and 932.5 eV
for the single Cu and the VO,—Cu (V/Cu=0.11) catalysts, respec-
tively. These binding energy values can be attributed to either
Cu® or Cu' because these two oxidation states show similar Cu 2p
XPS spectra [38]. Cu L3VV Auger lines are generally used to dis-
criminate these two oxidation states, and it is known that the
LsVV Auger line of Cu' lies at lower electron kinetic energy than
that of Cu® [38]. As shown in Fig. 9B, the Cu L;VV Auger peak for
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Fig. 9. Cu 2p XPS (A) and Cu L3VV AES (B) spectra for the Cu and VO,—Cu (V/
Cu=0.11) catalysts immediately after the epoxidation reactions. Reaction condi-
tions: P(C3Hg) = 8.0 kPa; P(O,) = 4.0 kPa; F(total) = 50 mL min~; T=503 K.

the catalyst with VO, modification shifted to lower kinetic energy
position centered at ~916.5 eV, corresponding to Cu' [38]. This
observation confirms that the copper species on the surface of
the VO,—Cu catalyst is mainly in Cu' state during the epoxidation
reaction.

Fig. 10 shows the V 2p spectra for the VO,—Cu (V/Cu=0.11)
samples before and after H, reduction and after CsHg epoxidation.
Before H, reduction, the binding energy of V 2p3/2 was located at
517.5 eV, assignable to that of VV [39]. The binding energy of V
2p3/2 shifted to 515.8 eV after H, reduction, which could be attrib-
uted to that of V! [39]. This result is consistent with the XRD result
that V,03 phase was observed after H, reduction (Fig. 6). After the
epoxidation reaction, the binding energy of V 2p3/2 shifted to a
slightly higher value (516.2 eV). This observation suggests the
occurrence of the re-oxidation of V" to V!V during reaction [39].
We also estimated the surface V/Cu ratios from XPS measurements
for the VO,—Cu (V/Cu=0.11 and 0.29) catalysts, and the values

(c) after reaction
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(a) before reduction
. 1 . 1 N 1
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Binding energy /eV

Fig. 10. V 2p XPS spectra for the VO,—Cu (V/Cu=0.11) catalyst. (a) Before H,
reduction, (b) after H, reduction at 673 K, (c) after reaction under the following
conditions: P(C3Hg) = 8.0 kPa; P(O,) = 4.0 kPa; F(total)=50 mL min~!; T=503 K.
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were 0.30 and 0.57, respectively, indicating that some VO, species
were segregated on catalyst surfaces.

We performed diffuse reflectance UV-vis spectroscopic studies
for the VO,—Cu (V/Cu=0.11) samples before and after H, reduc-
tion and after CzHg epoxidation to gain further information about
the chemical states of vanadium species. The results also suggested
that the vanadium species were reduced from VV to V! after H,
reduction, and some of the V!!! species were oxidized to V!V after
C3Hg epoxidation at 503 K (Supplementary material, Fig. S2).

3.6. Reducibility and reactivity of lattice oxygen

3.6.1. H,-TPR

H,-TPR profiles for the VO,—Cu catalysts together with the sin-
gle Cu and V,0s after calcination are shown in Fig. 11A. Our single
Cu catalyst after calcination showed a main reduction peak at
545 K together with a shoulder peak at 583 K, and these peaks
should correspond to the reduction of CuO to Cu®. Single V,05
exhibited reduction peaks at 941 and 973 K, which may be contrib-
uted by the reduction of V¥ to VIV and V'V to V"' The reduction of
the VO,—Cu (V/Cu=0.11 and 0.29) catalysts after calcination oc-
curred in the range of 450-700 K with a main peak at ~650K
and shoulder peaks at lower temperatures. Our quantitative calcu-
lations suggested that these reduction peaks could not be only as-
cribed to the reduction of Cu" to Cu® and should involve the
reductions of both copper and vanadium. By assuming that a part
of H, was consumed for the reduction of Cu" to Cu®, we estimated
that the change in oxidation state of vanadium after H, reduction
was 1.8 for the VO,—Cu (V/Cu = 0.11) sample, roughly correspond-
ing to the reduction V¥ to V" This is consistent with the XRD and
XPS measurements described above (Figs. 6 and 10). H,-TPR pro-
files in Fig. 11A also informed us that the reduction of vanadium
species was significantly promoted by copper, and this also implied
that strong interactions existed between vanadium and copper
species in our catalysts. It is likely that H, is dissociatively chemi-
sorbed on the reduced copper surface and the H atoms subse-
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Fig. 11. H,-TPR profiles for the VO,—Cu (V/Cu=0.11 and 0.29) and the single Cu
and VO, catalysts. (A) After calcination, (B) after catalytic reaction under the
following conditions: P(C3Hg)= 8.0 kPa; P(0O,)=4.0 kPa; F(total)=50 mLmin~";
T =503 K (catalysts were reduced by H, at 673 K before reaction).

quently spillover to the neighboring VO, species to enhance its
reduction.

We further performed H,-TPR for the catalyst immediately
after the catalytic reaction in (C3Hg+ 0,) flow at 503 K for
35 min, followed by purging with He and cooling down to 303 K.
The catalyst was pre-reduced by H, at 673 K before the reaction.
The single Cu exhibited a reduction peak at 551 K (Fig. 11B). From
the in situ XRD result, it is reasonable to speculate that this peak
corresponds to the reduction of Cu,0 generated during the reaction
to Cu®. For the catalysts with V/Cu ratios of 0.11 and 0.29, reduc-
tion peaks appeared at 668 and 653 K, respectively. These observa-
tions suggest that the reactivity of lattice oxygen of Cu,0 in the
working catalyst becomes lower after the modification by VO,
species.

3.6.2. C3Hg-TPR

The reactivity of lattice oxygen with C3Hg was investigated
using C3Hg-TPR. Fig. 12 shows the products formed during the
C3He-TPR over the single Cu and the VO,—Cu (V/Cu=0.11) cata-
lysts after calcination followed by He purge. The reaction of CsHg
with the lattice oxygen of the single Cu (CuO) catalyst showed a
sharp peak at ~601 K and provided CO, as the predominant prod-
uct together with small fractions of CO and acrolein. The modifica-
tion of Cu by VO, (V/Cu=0.11) changed the C3Hg-TPR profile
significantly. Two broad peaks at 635 and 729 K were observed
for CO, formation. Besides CO,, CO and acrolein were also formed
with relatively larger fractions over the VO,—Cu catalyst, and the
formations of CO and acrolein also exhibited two broad peaks.
These observations allow us to speculate that the reaction of
C3Hg with the lattice oxygen of CuO produced mainly CO, at
~601 K, and this reaction proceeds quickly to completion due to
the reduction of Cu" to Cu®. On the other hand, the reduction of
VO,—Cu catalyst after calcination may proceed in two steps, i.e.,
Cu" to Cu' and Cu' to Cu®, providing acrolein, CO, and CO..

C3Hg-TPR profiles for the single Cu and the VO,—Cu catalysts
immediately after the catalytic reaction in (C3Hg+ O,) flow at
503 K for 35 min, followed by purging with He and cooling down
to 303 K, are shown in Fig. 13. CO, was still the predominant prod-
uct for the single Cu catalyst, and the reduction occurred at
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Fig. 12. C3Hg-TPR profiles for the single Cu (A) and the VO,—Cu (V/Cu=0.11) (B)
catalysts after calcination.
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Fig. 13. C3He-TPR profiles for the single Cu (A) and the VO,—Cu (V/Cu=0.11) (B)
catalysts after catalytic reactions under the following conditions: P(C3Hg) = 8.0 kPa;
P(0,) = 4.0 kPa; F(total) =50 mL min~!; T=503 K (catalysts were reduced by H, at
673 K before reaction).

~672 K, higher than that for the single Cu catalyst after calcination.
This indicates that the reactivity of lattice oxygen in Cu,0 is lower
than that in CuO. It is of interest that only one broad reduction
peak appears for the VO,—Cu catalyst after reaction. The peak tem-
peratures for the formations of CO,, CO, and acrolein were 721,
724, and 715K, respectively. These temperatures were close to
those of the second reduction peaks observed for the VO,—Cu cat-
alyst after calcination (Fig. 12). This further supports our specula-
tion that the VO,—Cu catalyst after calcination undergoes a two-
step reduction (i.e., Cu" - Cu' and Cu' > Cu®) in C3Hg. Thus, Cu'
may be stabilized by the modification with vanadium. The signifi-
cant shift of reduction peaks to higher temperatures in the pres-
ence of VO, modification (Fig. 13B) indicates that VO, suppresses
the reactivity of lattice oxygen in the working catalyst (associated
mainly with Cu,0).

4. Discussion

Our catalytic measurements showed that copper alone only
exhibited a very low PO formation activity, whereas vanadium
oxide alone did not catalyze PO formation. The modification of cop-
per by vanadium with a proper V/Cu ratio (0.11-0.20) significantly
enhanced the PO formation. Both C3Hg conversion and PO selectiv-
ity were remarkably promoted by the presence of vanadium mod-
ification. PO selectivities of 35% and 16% could be obtained at C3Hg
conversions of 0.78% and 2.7%, respectively, over the catalyst with
a V/Cu ratio of 0.11. These results are still too low to meet the
industrial requirement, but the present study on modifying effects
of vanadium has provided insights into the active Cu sites for CsHg
epoxidation. As mentioned previously, some Cu-based catalysts
have shown promising performances for the epoxidation of C3Hg
by O, [28-35]. However, alkali metal ion and/or halide promoters
are typically required for obtaining better PO selectivity [28,29,31-
34]. Vaughan et al. [30] showed that Cu® nanoparticles finely dis-
persed on silica catalyzed the epoxidation of CsHg by O,. The pres-
ent paper has demonstrated for the first time that copper catalysts
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Fig. 14. TOFs for C3Hg conversion and PO formation at 503 K over the VO,—Cu
catalysts with different V/Cu ratios.

without alkali metal ion or halide modification and without sup-
port can also catalyze CsHg epoxidation by O,. We have shown that
the modification of Cu powder by vanadium is effective for C3Hg
epoxidation.

We clarified that the dispersion of copper was enhanced by the
modification with vanadium (Table 3). To elucidate whether the
increase in Cu dispersion is the sole effect of vanadium modifica-
tion, we have calculated the turnover frequency (TOF) values for
C3Hg conversion and PO formation at 503 K based on Cu atoms
on catalyst surface, i.e., moles of C3Hg converted and PO formed
per mole of surface Cu per second. As shown in Fig. 14, the TOF val-
ues for both C3Hg conversion and PO formation are markedly high-
er over the VO,—Cu catalysts (V/Cu = 0.048-0.20) than those over
the single Cu catalyst. When compared to that over the single Cu
catalyst, the TOF for PO formation over the catalyst with a V/Cu ra-
tio of 0.11 increased for more than one order of magnitude. Thus,
besides the enhanced Cu dispersion, VO, may play other important
roles in promoting the catalytic performance of Cu catalyst.

The catalyst with a higher V/Cu ratio (0.29) showed significantly
lower PO selectivity (Table 2) and lower PO formation activity
(Fig. 14), despite its higher Cu surface area. This suggests the
importance of a proper ratio of V/Cu for PO formation. We specu-
late that the extra VO, species in the catalyst might play negative
roles in PO selectivity. One possible negative role of the extra
VO, species may be their acidity. Our NH3-TPD studies for the cat-
alysts after reactions revealed that the modification of Cu by VO,
resulted in the generation of acidic sites (Supplementary material,
Fig. S3). It is known that even weak Lewis acidic sites can catalyze
the isomerization of PO to allyl alcohol, which can be readily oxi-
dized to acrolein and CO, under oxidized conditions [33].

The chemical state of copper should be a key factor in determin-
ing the catalytic performances. Several previous studies on Cu-
based catalysts proposed that Cu® was the active phase for CsHg
epoxidation by O, [28-30]. On the other hand, we indicated that
Cu'! was responsible for C3Hg epoxidation by 0, over a K*-modified
Cu0,—Si0, catalyst without reduction pretreatment [33]. Su et al.
recently argued that both Cu' and Cu® were responsible for CsHg
epoxidation [34], whereas Onal et al. suggested that the isolated
Cu?* might be the active site [35]. Our present study using VO,-
modified Cu catalyst showed that, without H, pre-reduction, only
very low C3Hg conversion and PO selectivity were obtained
(Fig. 4A). This suggests that Cu" cannot be the active species for
C3Hg epoxidation in our system. The pre-reduction is necessary
for obtaining high PO formation activity over the present unsup-
ported catalyst. We observed induction periods for both C3Hg con-
version and PO selectivity over the Hj-reduced VO,—Cu catalyst
(Fig. 4B). The gradual change of Cu® to Cu,O phase was observed
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from in situ XRD measurements (Fig. 8). This observation together
with the XPS characterization for the sample after reaction sug-
gests that it is not the Cu® but the Cu' that functions for the epox-
idation of C3Hg by O,. Our in situ XRD studies further suggest that
the presence of VO, species accelerates the transformation of Cu®
to Cu' in reactant gas flow at reaction temperature (Figs. 7 and
8). We speculate that the V,05 species in the H,-reduced catalyst
may easily activate O, and the activated oxygen species may then
be incorporated into Cu to form Cu,0.

It is expected that the nature of the active oxygen species deter-
mines the reaction route. Generally, the lattice oxygen is nucleo-
philic and mainly catalyzes the allylic oxidation of C3Hg to
acrolein. Our previous studies showed that the addition of K* into
SBA-15 or SiO,-supported CuO, shifted the H,~TPR peak for Cu" to
Cu® to higher temperatures [31-33]. In the present paper, through
H,-TPR and C3Hg-TPR for the catalysts after reactions (Figs. 11B
and 13), we have demonstrated that the reactivity of lattice oxygen
in the working catalyst was suppressed by the presence of VO, spe-
cies. Moreover, we have confirmed that the reaction of C3Hg with
the lattice oxygen in the working catalyst provided acrolein, CO
and CO,, and no formation of PO was observed. This further sup-
ports the idea that the lattice oxygen is not responsible for C3Hg
epoxidation. This may partly explain the experimental fact that
the modification of Cu by VO, shifts the main partial oxidation
product from acrolein to PO. Actually, Cu,O is a well-known cata-
lyst for the allyllic oxidation of CsHg to acrolein [40-42]. Consider-
ing that the TOFs for both CsHg conversion and PO formation were
remarkably enhanced by VO, modification, we speculate that ac-
tive oxygen species with an electrophilic character may be gener-
ated over the VO,—Cu catalyst. Vanadium species at lower valence
states (V" and V) may play a role in the activation of O, to form
electrophilic oxygen species. Future studies are needed to elucidate
the nature of the active oxygen species over our VO,—Cu catalysts.

5. Conclusions

The unsupported copper powder was less effective for C3Hg
epoxidation by O,. The modification of unsupported copper by
vanadium significantly enhanced both CsHg conversion and PO
selectivity. The catalyst with a V/Cu atomic ratio of 0.11-0.20
was the most efficient for PO formation. Over the catalyst with a
V/Cu ratio of 0.11, PO selectivities of 35% and 16% could be ob-
tained at CsHg conversions of 0.78% and 2.7%, respectively. On
the other hand, over the Cu catalyst without modification, higher
temperatures (573-593 K) were required for obtaining similar
CsHg conversions, and acrolein was the main partial oxidation
product. The pretreatment of the VO,—Cu catalyst was also crucial.
The pre-reduction of catalyst by H; could lead to significantly bet-
ter catalytic performances for PO formation than the oxidative pre-
treatment. We observed an induction period for PO formation over
the reduced catalyst. Our characterizations showed that the pres-
ence of vanadium caused an increase in the dispersion of copper,
which might contribute to the rise in catalytic activity. In situ
XRD studies demonstrated that Cu® in the reduced catalyst was
partially transformed into Cu,O in propylene oxidation and the
existence of VO, promoted this transformation. XPS studies con-
firmed that Cu' mainly existed on the surface of the catalyst after
reaction. XPS studies also informed us that some vanadium species
were changed from V" to V!V during the reaction. The combination
of the characterization results with the catalytic reaction results
suggests that Cu' is the active site for propylene epoxidation and
vanadium species at lower valence states (V" and V) may play
a role in the activation of O,. Our H,-TPR and C3Hg-TPR studies

indicated that the presence of vanadium species suppressed the
reactivity of lattice oxygen in the working catalyst.
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