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Abstract

The selective oxidation of a series of alcohols to their corresponding carbonyl products was carried out over a rationally design
electrolytic nano-silver/zeolite film/copper grid (SZF) catalyst, which was prepared by a combination of the seed-film method for the fa
of an ultrathin zeolite film and the in situ electrolytic process for the formation of highly dispersed silver nanoparticles. At a relatively lowion
temperature (ca. 320◦C), the SZF catalyst with highly dispersed in situ electrolytic silver nanoparticles exhibited much higher activity
oxidation of mono-alcohols and higher selectivity for ketonic aldehyde in the oxidation of di-alcohols than the conventional bulk ele
silver catalyst. On the basis of the combination of diffuse reflectance ultraviolet visible spectroscopy, X-ray photoelectron spectroscopying
electron microscopy, transmission electron microscopy, X-ray diffraction, and thermoanalysis, the remarkably high activity and sele
the SZF catalyst was attributed to the highly dispersed silver nanoparticles, which were stabilized by the zeolite film against sinte
accordingly, a large amount of Ag+ ions and Agn

δ+ clusters existed in the silver nanoparticles. The improvements of the catalytic perform
of the SZF catalyst in a wide application extension will bring new concerns in both theoretical and applied fields.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Selective oxidation of alcohols to carbonyls in the gas ph
is one of the most important chemical transformations in
dustrial chemistry because of the significance of ketones
aldehydes in the syntheses of drugs, vitamins, and fragra
as well as in many complex syntheses[1–3]. Currently the
focus is on two types of reactions: the selective oxidation
mono-alcohols (Eq.(1)) [4,5], where the desired products a
often those of moderate oxidation (i.e., aldehydes and keto
and the selective oxidation of polyhydric alcohols (Eq.(2))
[1,2,6], where the target products are often moderately oxid
compounds. Products of lean oxidation (α-hydroxyketone),
and overoxidation (carboxyl acid, CO2) or cracking should be
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avoided. The complexity of the selective oxidation of polyh
dric alcohols is due more to the catalyst design.

Up to now, several silver-based catalysts, including bulk
ver and supported silver catalysts, have been develope
the oxidation of alcohols[7–10]. However, some serious pro
lems are still encountered in the application of such cataly
For example, in conventional bulk silver (e.g., industrial el
trolytic silver), the low catalytic activity at low temperature o
ten leads to the formation of byproducts of lean oxidation (e
α-hydroxyketone). In contrast, at a higher reaction tempera
(>500◦C), the products of cracking and/or overoxidation
mainly obtained. Attempts have been made to improve the
alytic performance of silver-based catalysts by either add
additives to bulk silver catalysts[7] or dispersing the silver par
ticles on suitable supports[11]. Supported silver is expected
enhance the dispersion and stability (i.e., antisintering abi
of silver, and thus also enhance its catalytic activity at relativ
low temperatures. However, compared with bulk silver ca
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lysts, supported silver catalysts usually have a low heat con
tivity, which greatly restricts their practical application, esp
cially in some strongly exothermic oxidation reactions. He
the design of a catalyst with elaborate structure and better
formance remains a challenge for research on alcohol cata
oxidation, especially those with relatively complex molecu
structures (e.g., polyhydric alcohols), for which the curren
available catalysts are inapplicable because of their com
selectivity and/or low activity at low temperatures. The dev
opment of a catalyst combining the advantages of both the
silver catalysts (e.g., conventional electrolytic silver) and
supported silver catalysts would be highly desirable for this p
pose.

In our previous communication[1], we developed a nove
silver-based catalyst for the selective oxidation of 1,2-propy
glycol through the in situ generation of electrolytic silv
nanoparticles over an ultra-thin zeolite film precoated on a c
per grid. It was suggested that the zeolite film would hin
sintering of the highly dispersed silver nanoparticles[12,13]
and thereby endow the catalyst with high activity and selecti
for the selective oxidation of 1,2-propylene glycol at a re
tively low temperatures. Furthermore, because of the exist
of the copper grid substrate, the catalyst has a high the
conductivity, which is beneficial to the exothermal oxidati
reaction. In this paper we report an in-depth and wide-rang
investigation of the origin of the high activity of this novel nan
silver/zeolite film/copper grid (SZF) catalyst at low temperat
and the possibility that excellent catalytic performance can
embodied in selective oxidation covering a wide range of
cohols with different physical and chemical features. A se
of alcohols with different molecular structures and/or numb
of hydroxyl groups are used as the reactants to investigat
applicability of the SZF catalyst. The reasons for the SZF c
lyst’s high activity and selectivity are explored through detai
characterizations of the prepared catalyst by diffuse reflect
ultraviolet visible spectroscopy (UV–vis DRS), X-ray phot
electron spectroscopy (XPS), scanning electron microsc
(SEM), transmission electron microscopy (TEM), X-ray d
fraction (XRD), and thermoanalysis.
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2. Experimental

2.1. Catalyst preparation

The copper grid was coated with a thin zeolite film by
previously developed seed-film method[14]. Typically, the cop-
per grid was first seeded with a monolayer of nanosized ze
LTA with the aid of cationic polyelectrolytes. Then the seed
copper grid was immersed in a solution with the molar ra
of 80 Na2O:Al2O3:9 SiO2:5000 H2O at 80◦C for 5 h to fab-
ricate the zeolite film-coated copper (ZFC) grid. Afterwar
the ZFC grid was used as the cathode in an electrolytic
containing 5 wt% AgNO3 solution to prepare the target SZ
catalyst. The electric current density of the electrolytic proc
was 16 A dm−2, the electrolysis temperature was 55◦C, and
the time was 1 min. The catalyst was finally calcined in ai
400◦C for 2 h.

For comparison, a bulk electrolytic silver catalyst was p
pared by a traditional electrolytic process with silver as an
ode and platinum plate as a cathode under the same cond
as the SZF catalyst.

The silver content in the SZF catalyst was determined to
7 wt% by inductively coupled plasma-atomic emission sp
trometry (ICP-AES) analysis, and the Si/Al ratio of the ze-
olite film was measured as 1 (the typical value of zeo
LTA) by energy-dispersive X-ray (EDX) analysis. The surfa
area of silver in the two catalysts was measured through
hydrogen–oxygen titration method. The surface area of th
situ electrolytic silver nanoparticles in the SZF catalyst w
about 74 m2 g−1, whereas that of the bulk electrolytic silv
prepared by conventional process was<1 m2 g−1.

2.2. Catalyst characterization

The SEM and TEM images of the catalysts were obtai
on Philips XL30 and JEOL JEM-2010 instruments with acc
eration voltages of 20 and 200 kV, respectively. The TG
DTA data were recorded in air atmosphere on a Perkin–E
7 thermal analyzer. The XPS analysis was carried out wi
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Perkin–Elmer PHI 5000C ESCA system using Al-Kα radia-
tion (1486.6 eV) at a power of 250 W. The pass energy
set at 93.9 eV, and the binding energies were calibrated b
ing contaminant carbon at a BE of 284.6 eV. The UV–vis D
spectra were recorded on a Shimadzu UV-2450 UV–vis s
trophotometer. The XRD patterns were obtained on a Bru
D8 advance diffractometer over the 2θ range from 5◦ to 90◦
with Cu-Kα radiation. The elemental analyzes were perform
by ICP-AES and EDX attached in the TEM equipment.

2.3. Catalytic oxidation tests

The catalytic oxidation of alcohols was carried out in
continuous-flow, fixed-bed reactor under atmospheric pres
with oxygen as the oxidant and nitrogen as the diluent gas.
volume ratio of oxygen to nitrogen was 1:15. The molar
tio of O2 to alcoholic hydroxyl was about 0.6. The amount
the SZF catalyst loaded in the reactor was 80 mg (volum=
0.04 ml), whereas that of the bulk electrolytic silver catal
was 1.0 g (volume= 0.28 ml). The LHSV of reactants varie
from 20 to 50 galcoholg

−1
cat h

−1 on the SZF catalyst and from
to 20 galcoholg

−1
cat h

−1 on the bulk electrolytic silver catalyst, re
spectively. The reaction temperature varied from 280 to 360◦C.
The products were analyzed by on-line gas chromatogra
(GC) analysis.

3. Results and discussion

3.1. Catalytic behavior

3.1.1. Selective oxidation of aliphatic mono-alcohols
Table 1shows the activities and product distributions of

oxidation of 3,5,5-trimethyl hexanol on the SZF and bulk el
trolytic silver catalysts. With the decrease of the space tim
320◦C, both catalysts exhibited a decline in activity and an
crease in aldehyde selectivity. However, it seems difficul
obtain a rational comparison at the same space time du
s
s-

-
r

re
e

y

t

to

Table 1
Conversion and product distribution of 3,5,5-trimethyl hexanol oxidation

Catalyst Tempera-
ture (◦C)

LHSV

(h−1)

Space
time (s)

Conver-
sion (%)

Selectivity (%)

T.H.a C.O.b

SZF 280 50 0.23 37 86 14
320 20 0.58 79 64 36

40 0.29 51 88 12
50 0.23 43 86 14

360 50 0.23 46 87 13
Bulk
electrolytic
silver

280 4 1.62 12 83 17
320 4 1.62 17 85 15

10 0.65 11 92 8
20 0.32 8 94 6

360 4 1.62 22 83 17
500 4 1.62 49 54 46

a T.H. = 3,5,5-trimethyl hexanal.
b C.O.= cracking and over oxidation products, O2/hydroxyl = 0.6.

the huge difference in the activities. Therefore, we lowered
space time of the SZF catalyst (0.23 s) to about 1/7 of that of
the bulk electrolytic silver (1.62 s). It is noteworthy that ev
at such a low space time, the SZF catalyst still exhibited m
higher activity than the bulk electrolytic silver catalyst, bu
similar selectivity to aldehyde (Table 1). To enhance conversio
of the conventional bulk electrolytic silver catalyst, a high
reaction temperature of 500◦C was adopted. But at this tem
perature, a large quantity of cracking and overoxidized p
ucts was generated on the bulk electrolytic silver catalyst e
though it had a higher catalytic activity. This indicates that
enhancement of low-temperature activity is more importan
the partial oxidation of 3,5,5-trimethyl hexanol. With the d
velopment of fine chemistry, an increasing number of alco
with large, complex molecular structures will be involved
industrial selective oxidation processes. Therefore, the de
opment of partial oxidation catalysts that can operate at lo
temperatures is pivotal to enhancing the yield of the parti
oxidized target product.

Fig. 1shows the results of some representative aliphatic
noalcohols on the SZF catalyst. Like 3,5,5-trimethyl hexa
d t
Fig. 1. Comparison of the conversion (a) and selectivity to aldehyde (b) in the selective oxidation of various acyclic mono-alcohols over the SZF anhe bulk
electrolytic silver catalysts at 320◦C. O2/hydroxyl = 0.6, LHSV of the SZF catalyst= 50 h−1, LHSV of the bulk electrolytic silver catalyst= 4 h−1.
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at a similarly high selectivity to aldehydes (Fig. 1b), all alco-
hols had much higher oxidation activity over the SZF cata
than over the bulk electrolytic silver catalyst (Fig. 1a). Through
a combination of a high activity and selectivity of the S
catalyst, a high yield of the target aldehydes could be ea
achieved at relatively low temperatures, while effectively avo
ing the cracking and overoxidized products generated at
temperatures.

3.1.2. Selective oxidation of di-alcohols
The selective oxidation of di-alcohols is even more challe

ing than that of mono-alcohols, due to the existence of m
than one hydroxyl group. According to Eq.(2), the produc-
tion of hydroxyketone (the byproduct of lean oxidation) is
main reason for the decreased selectivity to the target prod
at relatively low temperatures.Table 2gives the conversion an
product distribution in the selective oxidation in 1,2-butyle
glycol catalyzed by the SZF catalyst and the conventional b

Table 2
Conversion and product distribution of 1,2-butylene glycol oxidation

Catalyst Tempera-
ture (◦C)

LHSV

(h−1)

Space
time (s)

Conver-
sion (%)

Selectivity (%)

H.K.a E.G.b C.O.c

SZF 300 50 0.14 78 23 66 11
320 20 0.35 92 7 61 32

40 0.18 91 9 80 11
50 0.14 88 10 77 13

360 50 0.14 90 9 70 21
Bulk
electrolytic
silver

300 4 1.01 60 64 31 5
320 4 1.01 67 58 36 6

10 0.40 43 55 38 7
20 0.20 29 72 24 4

360 4 1.01 78 52 42 6

a H.K. = .

b E.G.= .

c C.O.= cracking and over oxidation products; O2/hydroxyl = 0.6.
t

y
-
h

-
e

ts

k

electrolytic silver catalyst between 300 and 360◦C. As in the
case of mono-alcohol, the activity and selectivity of di-alco
were also influenced by the space time, and the catalytic be
ior of the SZF catalyst was still compared with bulk electroly
silver at the space time as<1/7 of the latter. However, in con
trast to the results for the mono-alcohols (Table 1), the SZF
catalyst has a slightly higher conversion of 1,2-butylene g
col than the bulk electrolytic silver catalyst, but much high
selectivity to ethyl glyoxal, the target product of the moder
oxidation. In other words, even at 1/7 of space time, the SZ
catalyst still had the ability to produce a high yield of prod
with moderate oxidization, indicating that the silver specie
the SZF catalyst have higher activity than those in the bulk e
trolytic silver catalyst. The high activity of the SZF catalyst c
also be confirmed by its relatively high yields of cracking a
overoxidized byproducts at even mild reaction temperature

Fig. 2 illustrates the results of the conversion and selec
ity to target products of three different di-alcohols catalyz
by the bulk electrolytic silver and SZF catalysts. For all
alcohols, the SZF catalyst had a much higher selectivity to
target products as well as a slightly higher conversion than
conventional bulk electrolytic silver catalyst, demonstrating
efficiency of the SZF catalyst for the oxidation of aliphatic
alcohols.

3.1.3. Selective oxidation of aromatic and alicyclic
alcohols

Other types of alcohols, including aromatic and alicyclic
cohols, were also investigated over both types of catalys
demonstrate the universal superiority of the SZF catalyst
the conventional bulk electrolytic silver catalyst.Table 3lists
the conversion and selectivity in the selective oxidation of
clohexanol. It is clear that, within the selected reaction tem
ature range, both the activity and selectivity of the SZF cata
were much higher than those of the bulk electrolytic silver c
alyst even at a 1/7 space time. The main byproduct over t
bulk electrolytic silver was cyclohexene, the dehydration pr
Fig. 2. Comparison of the conversion (a) and selectivity to di-carbonyl products (b) in the selective oxidation of various acyclic di-alcohols over the SZF and the
bulk electrolytic silver catalysts at 320◦C. O2/hydroxyl = 0.6, LHSV of the SZF catalyst= 50 h−1, LHSV of the bulk electrolytic silver catalyst= 4 h−1.
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Table 3
Conversion and product distribution of cyclohexanol oxidation

Catalyst Tempera-
ture (◦C)

LHSV

(h−1)

Space
time (s)

Conver-
sion (%)

Selectivity (%)

C.H.onea C.H.eneb C.O.c

SZF 300 50 0.16 22 50 40 10
320 20 0.40 38 61 29 10

40 0.20 29 50 37 13
50 0.16 27 53 32 15

360 50 0.16 40 54 30 16
Bulk
electrolytic
silver

300 4 1.12 10 28 63 9
320 4 1.12 14 31 57 12

10 0.45 10 24 68 8
20 0.22 7 22 73 5

360 4 1.12 25 45 41 14

a C.H.one= cyclohexanone.
b C.H.ene= cyclohexene.
c C.O.= cracking and over oxidation products, O2/hydroxyl = 0.6.

uct of cyclohexanol, while the SZF catalyst generated ma
cyclohexanone from the oxidization of cyclohexanol. This m
be attributed to the existence of more active silver species in
latter catalyst.

Fig. 3 exhibits the conversions and selectivities of arom
and alicyclic alcohols over the two catalysts. Similar to
aliphatic mono-alcohols, the novel SZF catalyst has higher
alytic activity than the conventional bulk electrolytic silver c
alyst, confirming the efficiency of the silver species in the S
catalyst for alcohol oxidation.

The advantages of the SZF catalyst can be further un
stood from the analysis of the relationship between the
alytic behavior and the molecular structure of alcohols. For
mono-alcohols, including aliphatic and aromatic alcohols,
improvements in activity are manifested as enhanced con
sion, whereas those of the di-alcohols are manifested m
as enhanced selectivity to the target products. The reaso
this could be the different structures of the reactants. For
mono-alcohols, because only one terminal hydroxyl group
y

e

t-

r-
t-
e

r-
ly
or
e
-

ists for partial oxidation, the difference between the catal
is reflected mainly by the conversion as long as the reac
temperature is not high enough to produce overoxidized p
ucts (Eq.(1)). For the di-alcohols, because of the existe
of the secondary hydroxyl group, a lean oxidation prod
α-hydroxyketone, may be generated as a by-product via the
idation of only one hydroxyl group (Eq.(2)). As a result, the se
lectivity to the products of moderate oxidation characterizes
improvement in the catalysts if the reaction temperature is
high enough to generate cracking and overoxidized prod
As for cyclohexanol, although it is a mono-alcohol, it is som
what different from its acyclic and aromatic analogues beca
of its different alcohol hydroxy group (secondary alcohol). O
ing to the facile formation of olefin, the oxidation of the h
droxyl to the corresponding carbonyl is comparatively diffic
if the activity of catalytic oxidation sites is not high enoug
as in the case of bulk electrolytic silver catalyst. According
its improved selectivity and conversion both contribute to
enhanced catalyst activity.

3.2. Dispersion of silver nanoparticles

Silver nanoparticles are widely used as photosensitive c
ponents[15], catalysts[16–20], and agents in surface-enhanc
Raman spectroscopy[21–23] because of their special prope
ties. It has been widely accepted that metal particles with
average particle size<100 nm have a high surface area an
high fraction of atoms located on their surfaces, which give h
catalytic activity[24]. One of the reasons for the extraordina
catalytic behavior of the SZF catalyst compared with the b
electrolytic silver catalyst may be the existence of abundan
ver nanoparticles in the zeolite film.

3.2.1. SEM and TEM
Fig. 4a shows a typical SEM image of the bulk electroly

silver catalyst at a magnification of 500×. This image illustrates
Fig. 3. Comparison of the conversion (a) and selectivity to carbonyl products (b) in the selective oxidation of various aromatic and alicyclic alcohols over the
SZF and the bulk electrolytic silver catalysts at 320◦C. O2/hydroxyl= 0.6, LHSV of the SZF catalyst= 50 h−1, LHSV of the bulk electrolytic silver catalyst=
4 h−1.
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Fig. 4. SEM images of the bulk electrolytic silver catalyst (a), the ZFC (b), the zeolite film of ZFC at high magnification (c), and the SZF catalyst after calcinations (d);
TEM image of the SZF catalyst after calcinations (e).
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that the bulk electrolytic silver particles easily form a lar
macroscopic structure larger than 100 µm.Fig. 4b exhibits the
gird structure of the prepared ZFC, the surface of which is c
ered by a compacted zeolite film of 1 µm zeolite crystal (Fig. 4c)
with a thickness of ca. 1 µm (cf.Fig. 4d). Electrochemically
treating the ZFC in the AgNO3 solution, followed by calcina
tion at 400◦C, yielded a catalyst with highly dispersed silv
nanoparticles (Figs. 4d and 4e). The silver nanoparticles ar
predominately 2–3 nm in size, although a few larger ones
seen (Fig. 4e). The high and stable dispersion of silver nanop
ticles may be attributed to the strong hindering effect from
zeolite film against the agglomeration of metal nanopartic
which leads to high activity for alcohol oxidation[12,13]. The
zeolite film has two advantages in the production of in situ e
trolytic silver nanoparticles. First, the enriched and unifo
micropore channels in zeolite film provide ideal electroly
tunnels for in situ electrolysis of Ag+ ions, which may benefi
the subsequent formation of highly dispersed silver nanop
cles. Second, the intact zeolite film with sufficient mechan
strength will maintain a smooth and homogeneous electro
process, whereas a damaged film will cause the partial agg
eration of silver particles.

3.2.2. XRD and elemental analysis
The XRD patterns of the SZF catalyst and the bulk e

trolytic silver catalyst after calcination at 400◦C for 2 h are
displayed inFig. 5. It is obvious that the Ag in the SZF cataly
exists mainly as metallic silver after calcination. The diffra
tion peaks of the zeolite film are indistinguishable in the XR
pattern, probably due to thinness of the zeolite film on the
grids, as indicated on SEM (ca. 1 µm;Fig. 4). An ultra-thin ze-
olite film is expected because it would not influence the h
conductivity of the catalyst, which is of great significance
industrial applications, especially for the exothermal oxidat
reaction.
-

e
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,

-

i-
l
c
-

-

u

t

Fig. 5. XRD patterns of the SZF catalyst (a) and the bulk electrolytic si
catalyst (b) after being calcined at 400◦C for 2 h.

3.2.3. TG–DTA analysis
Within the studied temperature range (room temperatur

800◦C), no evident changes were observed in the DTA and
curves of the two catalysts, indicating that the SZF catalys
stable at least up to 800◦C as bulk electrolytic silver, althoug
the former is composed of nanosized silver particles that t
retically have a high tendency to sinter. These thermoana
results again indicate the effectiveness of the hindering e
of zeolite film against the sintering of the silver nanopartic
in accordance with the SEM and TEM findings. Such a ther
stability of the SZF catalyst is of importance for the alcohol
idation reaction.

3.3. Active sites

The electronic properties of the silver catalysts play a
jor role in the selective oxidation of alcohols[25]. Pestryakov
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and Davydov pointed out that for catalysts based on the Cu
group, which have been widely used in the oxidation proce
of alcohols, the M+ cations with a maximal effective charge a
the active sites[26]. Here the effective charge of the Ag ions
the SZF catalyst was investigated by UV–vis DRS and XP
explain its high activity in the selective oxidation of alcohols

3.3.1. UV–vis DRS
The UV–vis DRS technique is a very useful tool for inves

gating the state of silver particles in catalysts[27,28]. Fig. 6a, b,
and d illustrate the UV–vis DRS spectra of the SZF, ZFC,
bulk electrolytic silver catalysts, respectively. For the sake
comparison,Fig. 6c shows the silver spectrum of the SZF ca
lyst deducted by the spectrum of ZFC. The absorption ban

Fig. 6. UV–vis DRS spectra of the SZF catalyst (a), the ZFC (b), differe
spectrum of silver nanoparticles obtained by subtracting ZFC contribution
the SZF catalyst spectrum (c) and the bulk electrolytic silver catalyst (d)
calcination at 400◦C for 2 h.
b-
s

o

f

at

r

310–315 nm is commonly ascribed to metallic silver particle
silver foil (intrinsic photo effect), whereas those at 240–250
and 270–290 nm are assigned to Ag+ ions (s–p, d–p electron
transitions) and charged Agn

δ+ clusters, respectively[29–31].
The bulk electrolytic silver catalyst displays a sharp and d
inant peak centered at 315 nm, indicating the existence
large amount of metallic silver film and large particles. In
case of the SZF catalyst, however, the peak at 315 nm is
matically weakened, and the peak between 250 and 300
becomes predominant, indicating that nanosized silver part
in this catalyst are composed of much more isolated Ag+ ions
and/or Agn

δ+ clusters.

3.3.2. XPS
XPS can provide further information on the chemical stat

silver in the catalysts[32,33]by the shift of the Ag 3d5/2 peak
(Fig. 7). The binding energies (BEs) of the Ag 3d5/2 peak for
the SZF catalyst and for bulk electrolytic silver were 367.6
367.2 eV, respectively. The positive BE shift of the Ag 3d5/2
peak of SZF catalyst compared with that of bulk electroly
silver indicates the existence of more silver ions with posi
charge on the silver surface of the SZF catalyst, becaus
lower electron density in cations compared to that of the m
atoms would reduce the screening of the core-level elect
from their nucleus. Furthermore, the higher BE indicates
greater stability of the Ag+ ions and Agn

δ+ clusters in SZF.
These results are consistent with those derived from the
vis DRS spectra.

As the active sites for the selective oxidation of alcohols[8,
25], the stable existence of a large amount of Ag+ ions and
Agn

δ+ clusters in SZF could well explain its high activity fo
the mono-alcohol and the high selectivity to moderately o
dized products derived from the di-alcohol. On the other ha
the enhanced silver activity at lower temperatures makes i
necessary to react in the high-temperature range as in the
Fig. 7. XPS Ag 3d spectra of (a) the SZF catalysts and (b) the bulk electrolytic silver catalyst.
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of conventional bulk electrolytic silver, which may successfu
prevent the production of cracking and overoxidized produc

4. Conclusion

A novel silver catalyst (SZF) with high alcohol oxidation a
tivity was synthesized by in situ electrolysis of silver nanop
ticles on ZFC. Because of the existence of a large amoun
highly-dispersed silver nanoparticles and an accordingly a
dant number of active sites (Ag+ ions and Agn

δ+ clusters) on
silver nanoparticles, the SZF catalyst has excellent catalytic
idation properties in the selective oxidation of mono-alcoh
di-alcohols, and other types of alcohols via significant enha
ment of activity and/or selectivity to the target products. T
high activity results in a dramatic lowering of the optimal
action temperature and, accordingly, the prevention of crac
and overoxidation. In addition, the ultra-thin zeolite film-coa
copper substrate of the catalyst provides high heat conduct
which benefits the strong exothermic oxidation reactions.
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