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ABSTRACT: Cu nanoparticles (NPs) as catalysts have the good
advantage of being more abundant than noble metal NPs. In this
study, we synthesized nonaggregating Cu NPs supported in Y-type
zeolite by the photoreduction method. In this method, Cu ions in
pores of zeolite can be slowly reduced with a small amount of
reductant at room temperature. The high-resolution transmission
electron microscope, energy dispersive X-ray spectroscopy, X-ray
diffraction patterns, and UV−Vis spectra supported that non-
aggregating Cu NPs existed in the pores of zeolite. Catalytic
activities of Cu NP-zeolite were investigated for the aerobic
oxidation of benzyl alcohol. Our Cu NP-zeolite had a large
turnover frequency of 17 h−1. The yield of benzaldehyde increased
in proportion to the amount of Cu loading at ≤0.5 wt %, indicating that Cu NPs in pores of zeolite work as catalysts for selective
aerobic oxidation of benzyl alcohol. The high catalytic activity was brought by nonaggregating Cu NPs in pores of zeolite. The
catalytic reaction for other aromatic alcohols with electron-donating groups proceeded, whereas it did not proceed for the aromatic
alcohols with electron-withdrawing groups or aliphatic alcohols, indicating that the interaction between zeolite and the benzene ring
also contributed to the reaction. This study would be expected to contribute to the development of Cu NP catalysts.

■ INTRODUCTION
Metal nanoparticles (NPs) are expected to exhibit high
catalytic activity due to their large surface area.1−17 While
noble metal NPs such as Au or Pt have been usually studied as
catalysts,18−22 Cu NPs as catalysts have a good advantage of
being more abundant than these noble metal NPs.23 Cu NPs
have been applied to catalytic activity for various chemical
reactions, such as hydrogen evolution reaction, reduction of
CO2 to liquid fuels, and water−gas shift reaction.23 However, it
is difficult to synthesize Cu NPs due to the higher ionized
tendency of Cu2+ ions than that of noble metal ions, and Cu
NPs thus synthesized are also easily oxidized upon exposure to
air. Therefore, it is difficult to synthesize highly catalytically
active Cu NPs, namely, metallic Cu NPs without oxide.
Moreover, for higher catalytic activity, it is more difficult to
synthesize smaller Cu NPs, preferably 1 nm or less in diameter.

Zeolite has attracted attention as a synthesis-supporting
material of small NPs due to its small pores (<1 nm), in which
NPs can be prevented from aggregating and oxidizing in the
pores. There have also been many reports about Cu ions
supported in pores of zeolite.24−27 However, the supported Cu
ions easily migrate and tend to form aggregates not only inside
but also on the surface of the zeolite during the reduction to
Cu0.28 For instance, when Cu ions supported in pores of
zeolite were reduced by hydrogen at high temperature (460

°C), synthesized Cu NPs larger than the pore size of zeolite
were observed.29,30 In the case of sodium borohydride used as
a reductant, aggregated Cu NPs were reported to form on the
surface of zeolite due to rapid reduction.28 Hydrazine as a
reductant under slow reduction conditions realized the
dominant formation of Cu NPs in pores of zeolite.28

Therefore, slow reduction may be the key to synthesis in
pores of zeolite. To this end, the photoreduction method for
Cu ions can be expected to be a promising candidate because
the photoreduction tends to be slow.31

In this study, we synthesized nonaggregating Cu NPs in
pores of zeolite by the combination of ion-exchange and
photoreduction methods.24,31−37 Y-type zeolite, which has a
relatively large pore size of ∼0.9 nm, was used because the size
of acetate ions as the trigger of photoreduction by n-π*
transition38 is smaller than the pore size of Y-type zeolite.39 We
also investigated their catalytic activity for the aerobic
oxidation of benzyl alcohol. There have been several studies
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about catalysts for benzyl alcohol oxidation using noble metal
NPs with zeolite, such as Au NP-zeolite, and PdO/CuO NP-
zeolite.9,40 We herein report that the nonaggregating Cu NPs
in pores of zeolite exhibited high catalytic activity for selective
aerobic oxidation of benzyl alcohol to benzaldehyde even in
the above mild condition (Figure 1a).

■ EXPERIMENTAL SECTION
Material Synthesis. Y-type zeolite (1 g, TOSOH, HSZ-

320HOA), which has 0.9 nm pore and 1.2 nm supercage, was
dissolved in 50 mL of 1.6 mM copper acetate monohydrate
(Cu (OAc)2·H2O) solution and stirred overnight, forming Cu
ion-zeolite dispersion.41 Cu ion-zeolite precipitates were
separated from the solution by centrifugal separation. After
the precipitates were rinsed with Milli-Q water (18.2 MΩ
cm−1), they were dried in an oven at 120 °C, forming Cu ion-
zeolite powders. The obtained powders were dissolved in a
mixture of 45 mL of Milli-Q water, 5 mL of ethanol, and 1.35
μL of acetic acid and thereafter stirred with ultrasonication
(HONDA W-113:45 kHz, 5 min). The mixed solution was
irradiated with a Hg lamp (Hamamatsu Photonics: L9588−
01A) of 15 mW cm−2 at 254 nm for 24 h with stirring, forming
Cu NP-zeolite by photoreduction. These synthesis methods
are illustrated in Figure 1b. Since the mass concentration of Cu
(OAc)2·H2O in this case corresponds to 0.5 wt %, the obtained
Cu NP-zeolite is abbreviated as CuY0.5 in this paper.
Characterization. The dispersion of Cu NP-zeolite (3

mL) in quartz cells was characterized by diffuse reflectance
(DR) UV−Vis spectrometry with a UV−Vis−NIR spectrom-
eter (Shimadzu, UV-3600). The DR UV−Vis spectra were
calculated by Kubelka−Munk function F(R) to convert diffuse
reflectance into an equivalent absorption coefficient as follows

F R
R

R
( )

(1 )
2

2

=
(1)

where R is the reflectance. The Cu NP-zeolite powders
obtained by drying in a vacuum were characterized by powder
X-ray diffraction (XRD) with an X-ray diffractometer (Rigaku,
SmartLab) with Cu Kα radiation (0.154 nm) under operation

at 40 kV and 40 mA. The structures of the powders were
observed by scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX) with a field-emission
SEM (Hitachi High-Technologies, S-5500), and high-reso-
lution transmission electron microscopy (HRTEM) with a
TEM (Thermo Fisher Scientific, Tecnai G2 F20 S-TWIN,
FEI).
Evaluation of Catalytic Activity for Aerobic Oxidation

of Benzyl Alcohol. Cu NP-zeolite powder (20 mg), tridecane
(50 μL), benzyl alcohol (2 mmol), and K2CO3 (10 mmol)
(dehydrating agent) were added to acetonitrile (10 mL). The
solution was reacted with stirring at 700 rpm by a synthesizer
(EYELA, Chemi Station, pps-2510) at 60 °C under air. The
reaction temperature was determined concerning ref 40. The
catalyst was extracted from the reacted solution by centrifugal
separation. We confirmed that the extracted solution did not
contain the catalyst (Cu NP-zeolite) by the leaching test,
which is described in the Supporting Information. The reacted
solution was evaluated by gas chromatography (GC)
(Shimadzu, GC-2014). In GC, tridecane was used as an
internal standard to prepare a calibration curve for
quantification. The amounts of benzyl alcohol and benzalde-
hyde were determined by the calibration curve.

■ RESULTS AND DISCUSSION
Figure 2a shows the XRD patterns of Cu NP-zeolite.
Intensities of the peaks at 43.31 and 50.41 increased as the

Cu loading increased while those of other peaks observed in
zeolite (black line) did not change. According to JCPDS file
no. 4-0836, the peaks at 43.31 and 50.41 were found to
correspond to the (111) and (200) crystal planes of the fcc
phase of Cu, respectively, and other peaks observed in zeolite
were assignable to crystal planes of zeolite. No peaks
originating from Cu2O at 36.41° or CuO at 35.51° were

Figure 1. (a) Conceptual diagram of the catalytic activity of Cu NP-
zeolite for benzyl alcohol oxidation. (b) Illustration of the synthesis
method of Cu NP-zeolite.

Figure 2. (a) XRD patterns of Y-type zeolite and CuY0.5 and CuY2.0.
(b) Area of Cu(111) peak, which was calculated by using normalized
patterns with intensity of zeolite (331) at 15.8°. (c) Enlarged XRD
patterns around zeolite (111) (∼6.3°) of Y-type zeolite and CuY0.5
and CuY2.0. (d) XRD intensity ratio of zeolite (111) as a function of
Cu loading amounts.
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observed (JCPDS files 5-0667 and 48-1548). This suggests
that the loading Cu was converted to metallic Cu in zeolite.
Considering that the amount of zeolite was constant in all
samples, the relative amount of copper can be estimated by
normalizing the peak intensity of Cu (111) with the peak
intensity of zeolite (331) (∼15.8°) (Figure S1) and subtracting
the XRD pattern of only zeolite. As shown in Figure 2b, the
relative Cu amount thus estimated is proportional to the
amount of Cu loading. These indicate that all the loading Cu
was converted to metallic Cu in zeolite without dissipation. 2θ
values of the zeolite (111) peak were found to increase as Cu
amounts increased, as shown in Figure 2c. The peak intensity
ratio was also calculated by dividing zeolite (111) (∼6.3°)
intensity of zeolite without Cu NPs by that of Cu NP-zeolite,
which is shown in Figure 2d. Peak intensity ratio of zeolite
(111) was found to be reduced when Cu was loaded. This
peak shift and peak intensity reduction are due to the
deformation of lattice spacing of zeolite (111), which supports
the idea that Cu NPs were formed in the pores of zeolite.

Figure 3a,b shows the SEM-EDX images of CuY0.5. In the
SEM image (Figure 3a), grains of 500 nm were observed. Since

similar grains were also observed in zeolite without Cu NPs
(Figure S2), the grains are zeolite. The EDX of the grain
showed the existence of not only Si, Al, and O coming from Y-
type zeolite but also Cu. Considering that Cu ions were
introduced into pores of zeolite and were reduced to Cu0, this
result suggests that the Cu NPs exist in pores of zeolite
although no apparent Cu NPs were observed in the SEM
image probably due to lack of resolution. Another group also
previously reported that Cu was observed by TEM-EDX

mapping in a region without black nanoparticles when Cu NPs
were formed in pores of SOD-zeolite.42 Cu amounts in zeolite
were estimated by quantitative analysis of EDX (Figure S3).
The Cu amounts were well proportional to the Cu loading.
Since this tendency promises Cu loading to zeolite even
though no apparent Cu NPs were observed, the existence of
Cu NPs in the pores of zeolite was also supported.

In contrast, large NPs (∼44 nm) were observed in the SEM
image for CuY2.0, as shown in Figure 3c. These NPs seem as if
they are attached to the surface of the zeolite, not to the inside.
In addition, these NPs were found to correspond well to the
densely populated areas in the EDX images (Figure 3d). These
results suggest that Cu NPs did not only exist in the pores of
zeolite but also existed on the surface of zeolite in CuY2.0.
Although the Cu loading amount was continuously increasing
(Figure 2b), most of the large Cu NPs were detected at ≥0.8
wt %, indicating that Cu NPs in pores aggregated at ≥0.8 wt %.
In other words, this result supports that nonaggregating Cu
NPs were formed in pores for 0.5 wt % or less-Cu-containing
zeolite.

Figure 3e shows the HRTEM image of CuY0.5. The
observed lattice image was assigned to that of zeolite, which
supports the idea that the grains observed by SEM were
zeolite. In this HRTEM image, some small NPs, including
those indicated by the arrows, were also observed. The
diameter histogram of these NPs is shown in Figure 3f. The
average diameter was estimated to be 0.85 nm, and more than
88% of NPs were distributed less than 1.2 nm. Considering
that the supercage size of Y-type zeolite was 1.2 nm, these NPs
correspond to Cu NPs formed in the pores of zeolite.

DR UV−Vis spectra are shown in Figure 4a. The peak at
567 nm that appeared in CuY2.0 was ascribed to the LSPR of
the Cu NPs. On the other hand, the peak at 580 nm that
appeared in CuY0.5 was shifted to a longer wavelength
compared to the LSPR of Cu NPs. This red shift was
consistent with Cu NPs existing in pores of zeolite.28 Here, we
calculated the absorption cross-section of Cu NPs on the
surface of zeolite and Cu NPs in the pores of zeolite, as shown
in Figure S4. The details of this calculation are described in the
Supporting Information. Figure S4 shows that the LSPR peak
of Cu NPs in the pores of zeolite is red-shifted compared with
the Cu NPs on the surface of zeolite. Namely, the above red
shift of LSPR supported that Cu NPs were formed in pores of
zeolite for CuY0.5, while Cu NPs were also formed on the
surface of zeolite for CuY2.0. These results are consistent with
the SEM-EDX results. The peak wavelength of LSPR was
almost constant for 0.5 wt % or less-Cu-containing zeolite, as
shown in Figure 4b. Considering that in general, the LSPR
peak wavelength depends on particle size or distance between
particles, this constant LSPR peak position indicates that the
size and distribution of Cu NPs were uniform and
homogeneous, respectively. These also support the Cu NP
formation in the pores of zeolite. For CuY0.5, LSPR peak
intensities were obtained by subtracting the intensity of zeolite,
as shown in Figure 4c. The peak intensity was found to be
proportional to the Cu loading. This indicates that the number
of Cu NPs in the pores of zeolite increased as the amount of
Cu loading increased at ≤0.5 wt %.

The catalytic activity of Cu NP-zeolite was evaluated for the
aerobic oxidation of benzyl alcohol. In gas chromatographic
analysis, benzaldehyde was observed at the retention time of
∼5.8 min only for zeolite with Cu NPs while acetonitrile as a
solvent (∼2.0 min), benzyl alcohol (∼8.7 min), and tridecane

Figure 3. (a) SEM and (b) elemental mapping images of Si, Al, O,
and Cu of CuY0.5. (c) SEM and (d) elemental mapping images of Si,
Al, O, and Cu of CuY2.0. In panels (b) and (d), the scale bar
represents 500 nm. (e) TEM image of CuY0.5, where arrows indicate
NP. (f) Histogram showing the particle size distribution (N = 113).
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as an internal standard (∼42 min) were observed both for
zeolite with and without Cu NPs. On the other hand, the
benzoic acid (∼10.5 min) was not observed for both. The
selectivity was also calculated for benzyl alcohol oxidation to
benzaldehyde. All samples exhibited high selectivity of more
than 90% as shown in Table S1, namely, the amount of
produced benzaldehyde is in good agreement with the amount
of consumed benzyl alcohol. Therefore, the detection of
benzaldehyde for zeolite with Cu NP suggests that benzyl
alcohol was oxidized by Cu NP as a catalyst as follows

benzy alcohol benzaldehyde
Cu NP zeolite

(2)

The catalytic activity was also investigated in an Ar atmosphere
(without O2) for 3 h. However, the catalytic reaction did not
proceed as well as the reaction under air (Table 1), indicating
that the catalytic reaction under air proceeded through O2. The
most probable process of this catalytic reaction can be
explained as follows: Cu NPs abstract hydrogen from the α
carbon adsorbed alkoxide and O2 in air removes the hydrogen
from the Cu NP surface.43

Figure 5a shows the reaction time dependence of the
catalytic activity for CuY0.5. The yield of benzaldehyde
monotonically increased until 24 h. At 24 h, 0.30 mmol of
benzaldehyde was produced while 0.31 mmol of benzyl alcohol
was reduced, which indicates selective oxidation of benzyl
alcohol to benzaldehyde. Considering that the catalytic
reaction is a first-order one, the reaction time (t) dependence
of the amounts of benzaldehyde ([Aldehyde]t) is expressed
with the following equation using the reaction rate constant k

ktln 1
Aldehyde
Alcohol

t

0

[ ]
[ ]

=
i
k
jjjjj

y
{
zzzzz (3)

The ln (1-[Aldehyde]t/[Alcohol]0) values were plotted as a
function of reaction time in the range of 0−12 h in Figure 5b.
The linearly fitted line is in good agreement with the
experimental data, indicating that the reaction is a first-order

reaction in the range of 0−12 h. From the above eq 3, the
reaction rate constant was obtained to be 0.011 h−1. Here, to
compare the catalytic activities with other reports, the
benzaldehyde yield (mol) per Cu of 1 mol (turnover number;
TON) and TON per reaction time (h) (turnover frequency;
TOF) were calculated as the following equations

TON
benzaldehyde yield (mol)

Cu amounts in the catalyst (mol)
=

(4)

TOF
TON

reaction time (h)
=

(5)

Table 1 shows TOF of CuY0.5, zeolite, and Cu-related NPs
previously reported.44−46 CuY0.5 achieved a high TOF of 17
h−1 at 6 h in the air. This value was higher than those of any
other reports where air was used as an oxidant despite the mild
condition (lower reaction temperature than other reports).
Considering that the NP size of CuY0.5 was the smallest
among other reports, this high TOF was brought by the
extremely small Cu NPs in the pores of zeolite.

To discuss this high catalytic activity, Cu loading (wt %)
dependence of benzaldehyde yield was obtained for the

Figure 4. (a) DR UV−Vis spectra of the Y-type zeolite and CuY0.5 and CuY2.0. (b) LSPR peak wavelength as a function of Cu loading. (c)
Intensity of LSPR of pore-loaded zeolite (0.1−0.5 wt %), which was obtained by subtracting the intensity of zeolite.

Table 1. Comparison of Catalytic Activity of Cu NPs for Oxidation of Benzyl Alcohol

reference catalyst NP size (nm) oxidant reaction temperature (°C) TOF (h−1)

this study CuY0.5 ≤1.2 air 60 17
this study CuY0.5 ≤1.2 no (Ar) 60 2.9
this study zeolite air 60 0
44 Cu NPs/Cr2O3 2−5 air 120 16

Cu NPs not shown air 120 0
45 Cu/CuO/cyclodextrin 30 air 140−150 0.0045
46 Cu NPs/cellulose 2−10 air 80 0.006

Cu NPs/cellulose + microwave 2−10 air 80 13

Figure 5. (a) Reaction time dependence of benzyl alcohol amounts
(left) and benzaldehyde yield (right axis). In this reaction, CuY0.5
was used as a catalyst at 60 °C. (b) Reaction time dependence of Ln
(1-[Aldehyde]t/[Alcohol]0). The dashed line in panel (b) indicates
the linearly fitted one.
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reaction of a sufficiently long time (24 h), as shown in Figure
6a. All Cu loading in this range forms Cu NPs in pores as

mentioned in SEM-EDX analysis. The yield was well
proportional to the amount of Cu loading for this pore-loaded
zeolite. This proportional tendency indicates that Cu NPs of
≤1.2 nm in pores of zeolite worked as catalysts. In other words,
pores of zeolite helped the homogeneous formation of Cu NPs
and inhibition of their aggregation spoiling their catalytic
activity. In contrast, the yield seemed to be saturated, and the
TON was reduced at more than 0.5 wt % Cu loading as shown
in Figure S5. As a result, optimized Cu loading was 0.1−0.5 wt
%. As noted in SEM-EDX analysis, large Cu NPs were
observed outside of the pores in this range. Namely, these large
Cu NPs were less effective for catalytic reaction than those
inside the pores of zeolite. This result supports the
effectiveness of nonaggregating Cu NPs in pores of zeolite
for catalytic reaction, and active sites were Cu NPs in pores of
zeolite. As shown by these results, the pore-loaded zeolite
exhibited a high TON of almost 200 mol/mol, as shown in
Figure 6b. This TON value corresponds to the produced
benzaldehyde of more than 4 molecules per 1 Cu NP. This
result indicates that one Cu NP in pores of zeolite can
cyclically produce benzaldehyde more than 4 times. To
investigate the stability of our catalyst, we performed SEM-
EDX analysis after catalytic reaction. From the SEM image,
there are no specific differences in the zeolite grain after
reaction (Figure S6). We also confirmed that the Cu amounts
in zeolite were maintained after catalytic reaction by
quantitative analysis of EDX, indicating that this catalyst can
be reused. In fact, we confirmed that the reaction proceeded
even when we repeated the reaction 3 times. These results are
detailed and are shown in the Supporting Information.

Here, we calculated the total surface area (Stotal) of Cu NPs
for all samples, where we hypothesized that (1) the size of Cu
NPs inside and outside the zeolite was 1.2 and 44 nm,
respectively, and (2) the amounts of Cu NPs inside the zeolite
were constant at ≥0.5 wt %. This calculated Stotal is shown in
Figure S7a. Stotal was found to increase in proportion to the Cu
amounts at <0.5 wt % and be saturated at 0.5 wt %, which is a
similar trend to the yield of benzaldehyde (Figure S5a).
Additionally, the yield was proportional to Stotal, as shown in
Figure S7b. This indicates that the effective catalytic activities
of Cu NPs in pores of zeolite were due to the large surface
area, which was realized by the formation of nonaggregating
Cu NPs in pores of zeolite.

To expand the substrate scope, we also evaluated the
catalytic activity for the aerobic oxidation of various primary
alcohols, as shown in Table 2. We selected aromatic alcohols
with electron-withdrawing groups (4-nitrobenzyl alcohol) and

electron-donating groups (2-methoxybenzyl alcohol, 3-me-
thoxybenzyl alcohol, 4-methoxybenzyl alcohol) and aliphatic
alcohol (1-hexanol, 1-heptanol, 1-octanol) to investigate the
interaction between zeolite and the benzene ring. These
alcohols were reacted under the same condition as benzyl
alcohol for 6 or 24 h using CuY0.5. The TOF values for 3-
methoxybenzyl alcohol of 19 h−1 and 4-methoxybenzyl alcohol
of 16 h−1 were comparable to that of the benzyl alcohol,
whereas other alcohols hardly reacted. This result indicates
that the interaction between zeolite and the benzene ring
contributed to this reaction. In the case of aromatic alcohols
with a nitro group, the group weakened the interaction by
withdrawing electrons from the benzene ring, resulting in low
reactivity. On the other hand, the TOF value for 2-
methoxybenzyl alcohol was lower than that of benzyl alcohol.
This is because the methoxy group close to the hydroxy group
prevented the alcohol from contacting Cu NPs in the pores of
zeolite. To support the contribution of the interaction to the
reaction, we also investigated the catalytic activity for the
aerobic oxidation of benzyl alcohol using CuY0.5 and water as
a solvent, not acetonitrile. However, the catalytic reaction did
not proceed using water as a solvent. In previous reports,
water, a polar solvent, weakens the interaction between zeolite
and the benzene ring.47 Therefore, this result supports the
contribution of the interaction between the zeolite and
benzene ring to the reaction using acetonitrile.

■ CONCLUSIONS
Nonaggregating Cu NPs were synthesized in the pores of Y-
type zeolite by the photoreduction method. EDX analysis and
HRTEM images revealed that most of the Cu NPs were
uniformly distributed less than 1.2 nm in diameter. XRD
patterns and UV−Vis spectra supported the homogeneous
distribution of Cu NPs. The catalytic activity was evaluated for
the aerobic oxidation of benzyl alcohol. It was found that pore-
loaded zeolite had a maximum TOF of 17 h−1. This value is
higher than those of any other reports, where Cu NPs and air
were used as catalysts and oxidizing agents, respectively. The
yield of benzaldehyde increased in proportion to the amount of
Cu loading at smaller than 0.5 wt %, indicating that Cu NPs of
≤1.2 nm in pores of zeolite worked as catalysts for benzyl
alcohol oxidation. In contrast, the yield was saturated at >0.5
wt %, indicating that large Cu NPs (∼44 nm) were less
effective for catalytic reactions. The catalytic reaction for other
aromatic alcohols with electron-donating groups proceeded,
whereas it did not proceed for the aromatic alcohols with
electron-withdrawing groups or aliphatic alcohols, indicating

Figure 6. (a) Yield of benzaldehyde and (b) TON (mol/mol) as a
function of Cu loading (wt %) for pore-loaded zeolite (≤0.5 wt %).

Table 2. Catalytic Activity of CuY0.5 for the Aerobic
Oxidation of Various Primary Alcohols

R CH OH RCHO2
CuY0.5

entries R oxidant

reaction
temperature

(°C)
reaction
time (h)

TOF
(h−1)

1 Ph air 60 6 17
2 o-MeOC6H4 air 60 6 1.9
3 m-MeOC6H4 air 60 6 19
4 p-MeOC6H4 air 60 6 16
5 p-NO2C6H4 air 60 24 0.3
6 C5H11 air 60 24 0.5
7 C6H13 air 60 24 0.1
8 C7H15 air 60 24 1.2
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that the interaction between zeolite and the benzene ring also
contributed to the reaction. From these results, we concluded
that nonaggregating Cu NPs of ≤1.2 nm in pores of zeolite
brought high catalytic activities. This study would contribute
to the development of Cu NP catalysts.
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