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1. Introduction

Recently, using water as a medium in catalytic reactions has
attracted extensive attentions because of it is low-cost, safe,
and pollution-free [1-6]. However, because of its low solubility
in water, most organic reactants cannot completely contact
with the catalyst, which leads to low conversion in catalytic
reactions. The addition of co-solvent or surfactants can im-
prove the reaction rate [7,8], but introduction of auxiliary addi-
tives violates the green chemistry principles. It is also difficult
to separate and purify the products. Therefore, development of
a highly active catalyst for water-mediated systems is still a
challenge.

Yolk-shell microspheres have emerged as a rapidly growing
catalysis research theme because of their unique structure
[9-20], compared with conventional structures, such as
MCM-41 and SBA-15. First, yolk-shell microspheres have a

special hollow structure and low density, which are conductive
to the catalyst suspension in water. The reactants also diffuse
quickly to the surface of the catalyst because of the hollow
structure, which can further improve the reaction rate [21,22].
Second, yolk-shell microspheres have interstitial space be-
tween the shell and the core, which can enrich more reactants
and provide greater possibility for effective reactants to inter-
act with the catalyst. Third, the outer shell can hinder the ag-
gregation of neighboring particles, which enhances their stabil-
ity [23].

Catalytic performance can be improved by increasing the
hydrophobicity of the catalysts. Yang and co-workers [24]
found that organically functionalized mesoporous materials
exhibit significantly enhanced hydrothermal and mechanical
stability. Hydrophobic mesoporous materials can also increase
the adsorption of hydrophobic pollutants in aqueous solutions
[25,26]. Therefore, catalyst hydrophobization can exhibit sig-
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nificantly enhanced activity in aqueous environments [27,28].
However, much higher hydrophobicity of the catalyst can hin-
der effective interactions with the reactants, which leads to low
catalyst activity.

The fluoropropyl group is a moderately hydrophobic func-
tional group. Fluoro-functionalized solid catalysts are hydro-
phobic, causing increased adsorption of the reactants [29,30],
and leading to an enhanced reaction rate. Until recently, little
attention had been paid to the preparation of the fluoropro-
pyl-functionalized yolk-shell structured catalysts and their
catalytic performance in water systems.

In this work, we report the synthesis
ro-functionalized yolk-shell silica with Pd nanoparticles cores
(yPd@mSiO2-F) via impregnation-reduction, encapsulation,
etching and grafting. The structure and composition of the
samples were characterized with X-ray diffraction (XRD),
transmission electron microscope (TEM), N: adsorp-
tion-desorption, and thermal gravimetric analysis (TGA). The
catalytic reactivity and recycling performance were studied
through hydrogenation in water.

of fluo-

2. Experimental
2.1. Preparation of catalyst

Deionized water (20 ml) and ammonia solution (12.2 ml,
25%) were added to 200 ml of absolute ethanol. After vigorous
stirring for 30 min, 12.4 ml of tetraethylorthosilicate (TEOS)
was slowly added. After further stirring for 12 h, aque-
ous-phase dispersed silica nanospheres were generated. The
silica nanospheres (Si02) [31] were obtained by filtration, puri-
fication with deionized water and drying at room temperature.

The prepared SiOz (0.8 g) was added to 10 ml of toluene
containing 0.0084 g of Pd(OAc)2. After stirring for 4 h at room
temperature, the toluene was removed by centrifugation to
obtain the Pd-adsorbed solid. The solid was then reduced with
NaBH4 in 16 ml of toluene and ethanol (V/V = 20:1). This solid
was separated by centrifugation and washed with ethanol. Af-
ter vacuum drying, Pd/SiO2 was obtained.

The prepared Pd/SiO2 (0.6 g) was dispersed into 120 ml of
H20 using ultrasound. Cetyltrimethylammonium bromide
(CTAB ) solution containing 0.9 g CTAB, 180 ml water, 180 ml
ethanol, and 3.3 ml ammonia solution (25% ) were slowly
added under stirring. TEOS (1.0575 g) was successively added
to the solution under stirring. After centrifugation, the materi-
als were added to 120 ml of deionized water and uniformly
dispersed under ultrasonic. Sodium carbonate (2.544 g) was
added for etching at 50 °C for 12 h under N2 atmosphere. The
final product was denoted as yPd@mSiOa.

To synthesize the yolk-shell yPd@mSiOz-F, 0.5 g of
yPd@mSiOz and 0.1635 g of 3,3,3-trifluoropropyltrimethox-
ysilane were added to 5 ml of toluene solution and refluxed for
4 h under a Nz atmosphere at 100 °C. The final material denot-
ed as yPd@mSiO2-F was prepared by centrifugation and
washed with toluene and ethanol.

2.2. Characterization

TEM was performed using a JEM-2000EX (JEOL, Japan, Aki-
shima) at an acceleration voltage of 120 kV. Nitrogen sorption
isotherms were measured at -196 °C with an ASAP2020 volu-
metric adsorption analyzer. The BET surface area was calcu-
lated from the adsorption data in the relative pressure range
p/po from 0.05 to 0.3. Pore size distribution was determined
from the desorption branch of the isotherm using the BJH
method. Pore volume was estimated at a relative pressure p/po
of 0.995. XRD patterns were recorded on a Rigaku D/max-2400
X-ray diffractometer (at 40 kV and 100 mA of Cu K, radiation).
TGA was performed with a NETZSCH TG analyzer (Germany)
under nitrogen from room temperature to 900 °C with a heat-
ing rate of 25 °C/min.

2.3.  Hydrogenation of olefin

For hydrogenation of olefin, the catalytic experiment was
carried out in a three-necked flask fitted with water bath,
thermocouple, and magnetic stirrer. A mixture of H20 (6 ml),
substrate (1 mmol), and catalyst (0.1mol %) was prepared in
the three-necked flask. After air was flushed out of the reactor,
bath was heated to reaction temperature and then was pres-
surized with Hz to 0.15 MPa. Then the mixture was stirred at
500 r/min and the reaction was considered to start. After the
reaction, the catalyst was removed from the reaction mixture
by centrifugation; the products were analyzed by gas chroma-
tography (Agilent 7890A) with a flame ionization detector.

3. Results and discussion
3.1. Catalyst preparation and characterization

The typical procedure for the preparation of yolk-shell
yPd@mSiOz is outlined in Fig. 1. To confine the Pd nanoparti-
cles to the interior of the yolk-shell, we loaded the Pd nanopar-
ticles on SiOz spheres through dipping and reduction, and grew
a silica shell on its surface in the presence of CTAB, then etched
the SiO2 core with Na2COs. A yolk-shell-structure catalyst was
obtained after removing the template by solvent extraction. A
previous method mentioned in the literature obtains a hollow
structure using high temperature calcination to remove the
carbon sphere [32]. Our preparation is implemented under
milder conditions, which avoids the collapse of structure and
deactivation of the active component that may be caused by

S0,
Pd(OAC), o
— L

NaBH,

50 °C | Na,CO,

Extraction of CTAB

Fig. 1. Illustration of the synthesis procedure for the yolk-shell
yPd@mSiO..
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Fig. 2. N adsorption-desorption isotherms of SiO2 (1), Pd/Si0.@mSiO2
(2), yPd@mSiOz (3), and yPd@mSiO»-F (4). yPd@mSiO: is offset verti-
cally by 300; yPd@mSiO:-F is offset vertically by 50.

calcination under high temperature.

The structures of the synthesized materials were character-
ized by N2z sorption. N2 sorption isotherms are displayed in Fig.
2, and the parameters are summarized in Table 1. The N2 ad-
sorption amount of Si0z was very small in the entire pressure
ranges, with a surface area of only 18 m2/g and pore volume of
0.06 cm3/g. Pd/Si02@mSiOz was achieved after encapsulating
Pd/SiOz with SiOz, showing a type IV sorption isotherm. The
capillary condensation steps were shown in the relative pres-
sure range of 0.1-0.3. The data show that specific surface area
increased to 408 m2/g and the pore volume increased to 0.23
cm3/g, which is due to the formation of the porous structure on
the Pd/SiOz surface. The adsorption isotherm of yPd@mSiO2
was also close to type IV. The capillary condensation steps were
shown in the relative pressure range of 0.3-0.5, indicating that
a mesoporous structure had formed. In addition, there was no
overlap between the yPd@mSiO; adsorption branch and the
desorption branch in the relative pressure range of 0.5-1.0. A
clear H4 type hysteresis loop proved that the material had a
hollow structure. In comparison to Pd/Si02@mSiOz, the specif-
ic surface area and pore volume of yPd@mSiO2 increased, re-
spectively, to 841 m2/g and 1.01 cm3/g. This was mainly be-
cause the SiOz cores were etched away, and the template had
been fully removed. There was no significant difference be-
tween the yPd@mSiO2 adsorption branch and the yPd@mSiO-
desorption branch, but the specific surface area, pore volume
: w

200 nm

Table 1

Texture properties of the samples.

Sample Ager/(m?/g) Va/(cm3/g) Pore sizeb (nm)
Si02 18 0.06 —
Pd/Si0.@mSiO: 408 0.23 1.90
yPd@mSiO; 841 1.01 2.85
yPd@mSiO»-F 619 0.63 2.40

a Single point pore volume calculated at relative pressure p/po of 0.99.
bBJH method from adsorption branch.

and pore size were significantly reduced, indicating that the
fluoropropyl successfully grafted onto
yPd@mSiO>.

Typical TEM images of SiOz and yPd@mSiOz are shown in
Fig. 3. The obtained SiOz, with an average particle size of 200
nm, is shown in Fig. 3(a). For the Pd/SiOzsample, Pd nanopar-
ticles sizes are uniformly distributed over a range of 4-10 nm.
After encapsulation, etching and modification, uniform and
nearly monodisperse yolk-shell yPd@mSiO: (Fig. 3(c)) with an
average particle size of 500 nm were obtained. The size of the
microspheres was significantly greater than SiO2.

The XRD patterns of yPd@mSiOz and yPd@mSiO2-F are
shown in Fig. 4. The XRD patterns of yPd@mSiO: are similar to
yPd@mSiO2-F, showing one diffraction peak at 20 = 2.3° of
similar intensity. The XRD and TEM results suggest that the
yolk-shell-structured silica still possesses a mesoporous shell.

The TG plots for yPd@mSiO2 and yPd@mSiO2-F are shown
in Fig. 5. TG curves reveal that three stages of decomposition

groups  were

yPd@mSIO,

Intensity

yPd@mSIiO,-F

2 3 4 5 6 7 8
201(°)

Fig. 4. XRD patterns of yPd@mSiOz and yPd@mSiO.-F samples.

Fig. 3. TEM images of SiO: (a), Pd/SiOz (b), and yPd@mSiO2 (c).
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Fig. 5. TGA curves of yPd@mSiO: (1) and yPd@mSiO-F (2) samples.

occur for yPd@mSiOz. Similar results have been found for
yPd@mSiO2-F. Stage 1 is from the start temperature (50 °C) to
200 °C, stage 2 is from 200 to 320 °C, and the third stage is from
320 to 900 °C. In stage 1, yPd@mSiO2 experiences about 3.48%
weight loss mainly due to the elimination of the physically ad-
sorbed water, but yPd@mSiO2-F only undergoes 1.17% of
weight loss. This is mainly due to the introduction of fluoro-
propyl, causing an increace in the hydrophobicity of the surface
of the material and reducing the adsorption quantity of water.
In stage 2, there is a 4.4% weight loss for yPd@mSiO2, and
3.16% for yPd@mSiO2-F, where most of the template is re-
leased. Most of the weight loss that takes place in stage 3 is due
to the elimination of condensation dehydration of the silica
groups. In this stage, there can be up to 15.31% weight loss for
yPd@mSiO2-F, and higher than 3.54% for yPd@mSiO2. This is
mainly due to the decomposition of grafted fluoropropyl group
and the condensation dehydration of silica groups at high tem-
peratures. According to the TG results, we can calculate the
loading of fluoropropyl to be about 1.2 mmol/g, which is con-
sistent with the results of elemental analysis.

3.2. Catalytic activity of the catalysts

Many studies [33-35] have been conducted concerning the
hydrogenation of olefin in aqueous media because of its im-
portance in industrial fields. This paper looks at hydrogenation
in water to evaluate the catalytic activity of yolk-shell structure
materials. yPd@mSiO2-F and yPd@mSiOz were used in the
hydrogenation of methyl acrylate, and the reaction rate moni-
tored by recording the Hz pressure with the results shown in
Fig. 6. Under the same conditions, the consumption of hydrogen
on the yPd@mSiOz-F is significantly faster than on the
yPd@mSiO2. This demonstrates that the activity of
yPd@mSiO2-F is much higher than yPd@mSiO2. For the ethyl
methacrylate, similar results were obtained, as shown in Fig. 7.
The hydrogen consumption rate of the above two substrates
proves that yPd@mSiO-F has a higher catalytic activity.

Hydrogenation of several typical olefins under aqueous
conditions was further explored. Hydrogenation of all the ole-
fins proceeded efficiently and quantitative yields were almost
achieved (Table 2). Of all the olefins, styrene, with the smallest

0.152
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0.148 YPd@mSIO,

0.146

0.144 - yPd@mSiO,-F

Pressure (MPa)

0.142 +

0.140
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Fig. 6. The reaction kinetics of hydrogenation of methyl acrylate over
the two catalysts in pure water. Reaction conditions: substrate 2 mmol,
water 6 ml, 0.15 MPa, 0.1% Pd, 30 °C, fixed stirring rate.

polarity smallest afforded conversions of 45% with
yPd@mSiO2 and 88% with yPd@mSiO2-F within 45 min. For
aliphatic olefins, butyl acrylate, butyl methacrylate, methyl
acrylate, and ethyl methacrylate, the conversion rate on
yPd@mSiO2-F was much higher than on yPd@mSiO2 under the
same conditions. For acrylamide, yPd@mSiO: offered a 49%
conversion within 60 min, and yPd@mSiO2-F offered 99%,
where the latter is much higher than the former. The results
further confirm that yPd@mSiO2-F shows higher activity than
yPd@mSiO2 for the hydrogenations of olefins. This is because
the shell of yPd@mSiO2 was modified by fluoropropyl, and
exhibited moderate hydrophobicity. This drives the organic
reactants into the intracavity of the yolk-shell, promoting suffi-
cient contact of the reactant and the Pd nanoparticles, leading
to an improved reaction rate.

3.3.  Catalyst recycling

The reusability of catalysts is very important theme and
makes them useful for commercial applications. Thus, the re-
covery and reusability of yPd@mSiO2-F has been investigated
using butyl acrylate as a model substrate. The results are tabu-

0.148
0.146
0.144
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0.136
0.134
0.132
w0
10 20 30 40 50 60
Time (min)

yPd@mSiO,

Pressure (MPa)

yPd@mSIO,-F

Fig. 7. The reaction kinetics of hydrogenation of ethyl methacrylate
over the two catalysts in pure water. Reaction conditions: substrate 2
mmol, water 6 ml, 0.15 MPa, 0.1% Pd, 25 °C, fixed stirring rate.
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Table 2
Results of hydrogenation of different substrates over the two catalysts.

Entr Substrate Product Time Temperature Pressure Conversion 2 (%)
y (min) (0) (MPa) yPd@mSiO; yPd@mSi0,-F
1 ©/\ ©/\ 45 25 0.15 45 88
[0} o]
2 s A, e, 30 30 0.15 48 96
0] (0]
3 Cﬁzﬁ)\o/\/\c”x o o Nen, 60 50 0.30 79 92
CH; CH;
) (0]
M _~am Mo
4 TN N 60 35 0.15 49 99
o) (o)
CH, CH; A
5 A~ e Aot 45 30 0.15 65 94
[0} (0]
CH,. AL CH;
6 07 e, i \H‘\()/\CH; 60 25 0.15 71 94
CH; CHy

Reaction conditions: substrate 1 mmol, 0.1 mol% Pd, H20 6 ml. 2Determined by GC

Table 3
Recycling results of yPd@mSiOz-F.

¢} 0o
H,C 02mol% Cat. ¢
\)J\O/\/\CH3 w0 15h \)I\O/\/\ CHy
Cycle Conversion” (%)
1 99
2 99
3 98
4 99
5 99

Reaction conditions: substrate 1 mmol, 0.2% Pd, water 3 ml, 40 °C, 1.5
h, ambient H; pressure. ‘Determined by GC.

lated in Table 3. The catalyst is highly reusable, retaining its
catalytic activity over five reaction cycles. The conversion rate
was about 98% for every cycle within the same time.

To ascertain whether the catalyst was truly heterogeneous,
or whether it acts as a reservoir for active soluble Pd, a filtra-
tion test was performed. In a typical experiment, Pd complex
(0.1 mol%), acrylamide (2 mmol), and H20 (6 ml) were taken in
a round-bottomed flask and stirred at 35 °C for 30 min. At this
stage (52% conversion), the catalyst was filtered off and the
experiment continued with the filtrate for another 30 min.
There was no detectable increase in the product concentration.
The conversion was 54%, which was significantly lower than a
99% conversion over yPd@mSiO2-F within the same time.
These results can confirm the heterogeneous character of the
catalytically active species. To verify the stability of the catalyst,
the structure of the catalyst after fives uses was analyzed with
N2 adsorption-desorption. The data show that the specific sur-
face area is 382 m2/g and the pore volume is 0.23 cm3/g, which
is a little lower than those of the fresh catalyst. This demon-
strates good stability of the developed catalyst.

4. Conclusions
In conclusion, a new Pd catalyst based on fluo-

ro-functionalized yolk-shell-structured silica (yPd@mSiO2-F)
was prepared and applied in olefin hydrogenation. Characteri-

zations show that the catalyst has a high specific area, and that
its shell has uniformly distributed mesoporous channels.
yPd@mSiO2-F show higher catalytic activity than yPd@mSiO:
for the hydrogenation of olefin. This is because the shell of
yPd@mSiO2 modified by fluoropropyl exhibits moderate hy-
drophobicity, which can drive the organic reactants into the
intracavity of the yolk-shell. This promotes sufficient contact of
the reactant and Pd nanoparticles, leading to high reaction
rates. The activity of yPd@mSiOz-F did not significantly de-
crease after five reaction cycles, and the catalyst showed good
stability. Our research preliminarily demonstrates that the
unique structure and easy functionalization features make the
yolk-shell-structured catalyst promising for more aqueous re-
actions.
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T R ORI I8 G I ON 3 1 A R
AT B RS B AN R T R, PRk, B R
FH T 7K A LR BE 6 v RO A 77 — T A Pk 1k
1R

“HEHT” (yolk-shell) B A FLAA K} 1T A7k R BRI —
b B AL AR 20) b T LA R (0 54, T IO A
SUR I B FE R AL 5 LA REMCM-41F1SBA-154H L,
ARG R ) s 2, RN, B R T T B
oK. T A g RN FLTE R R R N o TR
PR B A 750 A B, DA T R PR R v A S L P S
K22 ARGy S A AR L, <R3 MR
Hh7e 5 WAL IRIAEIE 2 IS 450, P& SR FE 9N £ 1) ] B
Yoy, AR T DRI 78 7 e fid. bah, FAFL
FEAE IS FURAE 5T N I &2 8 4Kk T S B G- 3E F, [F)
B A 428 e A7) P e 2,

XoF T KRR A s I, 8 T A 7] 2 T 1 st 7K kA )
T LR B R P RIS . Yang 1B A PR e R
B, ZH WLE Be BUEI/ FLA R K 30t e PR B 25 5 .
ShiZEP 2R 11, B KAAE G RE B B A4 Rt K T BTG Y
WO 8 7. Lin2 27t 30F B i /K 5 [ 1) 51N AT 42
KA AL S RO ZE . Inumaru5 28R I, PR RIZE B K P
TR S8 ) 2 22 TR R 300 HH R v (D AV P R b T AL,
B 7K A 0T P PR A 51 B A 80 B S B2 1, T S 3
P R NE L (R, A B K M SR AR T 5 R
Vs, A AL ANE VERRAC. A 252 — Pl rp S5 B K
PR A, P e s i i A AL B 3 P g 2o,
REdR A S B . AR, RN ZEDIRRILY <R
S8 R AR 7R 7 ) 4 B JCAE AR H A B RE (1) )82 P i D,
.

AR e LK P E TS0, b, RS TE
Bt B EE. Z0hE B “ BT A A R
(YPAd@mSIOy), i J F A 3 ik B B A AL I, 1) 2% 753 21 3
REfb “ B3 RUEALF(YyPAd@mSIOL-F), 5% F X5 £k AT
Sy IEAT B N PR 5t PR AN A SR ARG i 1 25
PR RS HEAT 1 ZRAE, S I /K AR N &S 2 %2 AR AL
TP B AL FH 1 e
2. KIGES
2.1, LTINS

7£500 mi {58 H i A\ 200 mIJE /K 2. B (AR, K i
B FIRFIAF) 16 mIZUK(AR, BTHz TIRFIA ). 12.2
ml 2 B 7K, SR PR30 minjg, B nA12.4 mliE

1% B (TEOS, AR, Fifhy T 7 A Al), k4 i #:12 h, &
e BT KR P pH A I JE T, RIS
Sio B,

FREX0.8 gl SIO M KV, IIAL0 mIZ R4l
) F V(S LR HE8.4 m), =R FHtHE4 h, B0 BGE
AEWE, IIN16 mIF 2R - ZBER A W (Ve Vzw =
20:1) fii@ = [FINaBH, (B2 TR A /), T = Rk )54
h, SR J5 50 70 25 43 2 [E 44, FH B BRI 4R, B2 TR,
B 75 2Pd/SiO,.

$40.6 g T PA/SIOLFE i A1120 mi 25 2 /K in 31200
i[5 JES 3 v, 788 5 15 min, 2218 N %) £10.9 g+ /5 ke dik
—HERAE(CTAB, BTz Tl A A H]). 180 mIE/K 4
B, 180 mIZ= & 1K, 3.3 mIE /KA LIRS, T
IR 30 minja, N 1.0575 g [ TEOS, 4k 4243 ££10 h,
ZohhiE. TR, B E 1250 mIBEE T, 120 mlZ
BT K 2 B4 5], BN 2.544 g INa,CO3(AR,
R KA 2 7], FEN TR T 3750 °CHig#:12 hxt 2
BEATZI0h. B, TS SRR SR REEL, RI1S )
yPd@mSiO,.

FRHEO0.5 g FIyPd@mSIOFE it T3 i, IS mlE
0.1635 g (0.75 mmol) = %8l A 5= = F A F ik bt (AR, Bl iz
TG RN THER, ZENLRFP T 37100 °Clali4d h, R 5
By, BT A B RN 2B S e, T, RIS
FlyPd@mSiO,-F.

2.2, EWFIRFRAE

KA HAJEOL JEM-2000EX 2 TEMiEAT 2 55 WLl
I AL 120 KV, 7ER R (<196 °C) T, BAN AR F
Ji 7E 3% E Micromeritics A 7] ASAP2020 7 47 # W F 4 I
FAEMRL I LR T AN, SR B XU 26 47 51X (D/max-2400
H A 52 BEAT WA FI 2546 43 AT, Cu K2R, & Fi 40
KV, & HLI 100 mA, 434 18 22 5°/min, 4 i 5L 70 HE &
0.02°. K FAE D P(NETZSCH TG, £ ) xf £ K} 1)
AT 30T, N2, BA25°/min el = 35 T 42900 °C.
23. HREMERNM

IR INEU NLAEFL AT 7K AR DL KB o 1 2
1 = 1 B e R R 4T. K56 ml T HL0, 1 mmolé 4 [
JO7JE 4 LA B i1l % 47 1 48 46 5771 (0.1 mol %) I N 5 B 2 Ho
WMANAS B NP RS, KK 74015
MPa. T 4t 3 28 (% 4500 r/min), I & s N i B T
BRI L. RIS, B0 5 B AT RN PR R
F 5% E Agilent 7890A R UAH €4 1% 43 A 43 437, FID A I
.
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3. ZER5ITR

31 EANHIETRESRIESER

yPAd@mSiO, 1 il £ i 72 3 N DU 28 (WL EIL). N T 4%
PAGKRL [ T “ B3 ” MRS, JeilidiRit. ik
JE B PA g KR T F 8k - Si0, Bk b, ECTABTEAE FAEHL
K EAK—ZSi0,5%, S8E TEBE 214~ FINa,COa%f
SiO, P AZ HEAT Za1 ik, 5t i 388 3 5 791 4 B 2 AR A AR 7] B 75
B BRI, R SRR e 2 BRIRER T
B rhras kg 0 75 BRI LL, %07 V) &% A AR IR, 3B
T P R e 5 D 1 25 W BB S A TG PR 2H 4y R

PRI 2 05— 25 B JAE i 110 N PR A - ot B 25 0t 28, AH
FLERIZHH T3 1. o] LU H, SIO PRI LR AN
18 m?/g, L& F50.06 cm®/g. Pd/SiO, 4 SiO, f F 15 5|
Pd/Si0,@mSiO,, FL W Fft it £k 9 1V &L, 75 AH X & 7
0.1~0.3[H] i I B4 BRI S, HL P & B B3R, e
FE AR FLARR 73 59 1 25408 mP/gAN0.23 cmlg, IX AL
TCTABAETE T, PAISIO R I i | SIOfLIESE 1. &
Z 145 B yPd@mSiO, Y W B 1T I B 45 2 th 22 31 g
RV AL, 76486 JE 770.3~0.5 1) Hi B T 6 40 4 gk S H
R, KUY HA NG, HyPd@mSiO, 7E #H X & /1
0.5~1.03 Bl A 1AW Bt 2 S FBE B 2 S 8 B A, LA
RHAR A G, IEHZMEREE R85
Pd/Si0,@mSiO, Lt yPd@mSiO, i bt 3¢ I FH R L AR AR
BRI, W Eik 841 mi/gAn1.01 cm¥g. X FEEEH
TyPd@mSiO,[11SiO, P A%k Za i, BAR 1) 4,43 LA 78 3
(2B, KNG, Fri3yPd@mSiO,-FAF i I b
i 2R 2R R R AR s, (BB R AL SRR SR
LIRS, R BN ZE R 5]\ ElyPd@mSiO # kL E.

K342 Si0,, Pd/SiO, MyPd@mSiO, I TEM I .
o] WL, B BRI SIO R /NS AT 7 I /NBR AL
HEAE200 nmA A, KPR T 6138 BSio,# i L
15 B I PA/SIOLFE it PARL T [ R /NEEAR B 5, RSP
4~10 nm; L. ZhE2IyPd@mSiO Mk VF %
ANERURLZE A, /MR AT, RSHES00 nmZcfi. 5
SIOERHH L, yPd@mSIO, iR I 1 B 38 K K24
/NERIURL B A% S5 40 e R, BB 2 AR TR B, 5
K2—3%. KEl4RyPd@mSiO,filyPd@mSiO,-F ¥ XRD1.
FH AT L, yPAd@mSiO,7E 26 =~ 2.3° kbt B 1 43¢ i A 47
U, FE— P UE AT A R “EE T BRSNS AR
LS. A EAE S, MRHE20 = 2.3°MAKIRH AT
U, HL s R RE AR ORREANAR, BB A 2 1) 5N IR R
WA RL A 7 2544

K52 yPd@mSiO, AllyPd@mSiO,-FIITGHi k. /&l
Al I, 7E % 75~900 °C, PA@MSIOfFE7E = ANk HIg: KT
200 °CHY, £ i 2k H5.3.48%, W] VA J& A4 Hel 2% ThI 0 B %
7K,  200~320 °C2kEE4.4%, IX J2& i /b & R s PE 7 1)
IYRFTEL; 1E320~650 °CHE il 2k #3.54%, F B2 itz
B il A A /K IE . PA@mSiO-FAE il 2K B A7) =
ANBY B K T-200 °C H1.17%, ] B K F-Pd@mSIO,, iX
ST BT P R 0 5] SRR T A 7K P i, T PR K
/D, 1£200~320 °ClR] 2K H3.16%, X 2 F /b 73*R
T 1 75 B 43 T 8, #E.320~650 °C 2k 2 5114 15.31%,
F2 B L B R () U B (0 4 A D B R R A
IR AT N aE A i KaE . 2 b, T Al SR R P 3R
1.2 mmollg, 5IeER el RIEEAW &

3.2, EHFIAEM

W5 e I S L TE K 4BAG 52 B O A A T2 B
F, V5 % 2538 IEAE 3R 7KAH S SE 1 & 25 i A0 77, - ELfS
TR E AR R R IR, AR SO BRI SR S R
Prgn B < Bk BB ML B MERE . R AL
yPd@mSiO,-FyPd@mSiO, H -1+ P Jifi 12 Y i o &8 e bz
Hh T I BR R H R B R LR R R R 45 R T El6. T
CLF H, A0 F SR 24 R, yPd@mSiO,-F [ #E S0 3%
W] 2K T yPd@mSiO,, & W Hif & i 44 3 12 56 . G 18] 7
B, PR AR b R R DA R L T8 1) I A 32 B Pk 1) 2
KM R %, (HyPd@mSiO,-F ) e B3 5 0 2 s ik, 51516
gE R —2 bl W, yPd@mSiO,-FE A T & AL 3G
P,

N T E 2 AL R B 1 e, K yPd@mSiO, Al
yPd@mSiO,-FH T H e M & s i, 25 3R T-3R2.
AT LUE Y, DR O AR, [ 845 min, yPd@mSiO,FH
yPA@mSiO,-F b 2K 24 4k 2653 )l /£ 45%F188%. X} T
JEWG 2G4, P IRIR T Be. NIGIRHEL. H AR IR
THREE, TEHH A OB 2511 T, yPA@mSIiOp-F 1 4 1) %
R & TyPd@mSiO,. ARG IERZ N KA, < M.60
minff, yPd@mSiO X} i ) 4% 4, % 52 49%, yPd@mSiO,-F
X B B AL R A2 99%, S T 2. 45 BRI, 7R
IKARIE K I S S, yPd@mSiO,-F A Ak 3% 1 B 55 vy
FyPd@mSiO,. X & i T yPd@mSiO, ] 7¢ J2 £ Jil 14 %k
&M Ja B AR FE IR K, B R T4 KA A
AN ) E SR “EE” BRI A, 8 S N4
FNPA4: JE KL 78 43 He fih, 335 T 2 o R A s 3o 6.

33. EMLTIRTEIMER M &E
FE ALK A B, BATA I R T IR 0 &0 LR B
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yPd@mSiO-FHEALTHI A TEA (I TE fE, 25 R 51 T4£3. W]
LAt 55— KA T I S5 5290 min J&& 40 %% AL 25 79 99%.
JRNEER A, ERL B Ve AL, BT RA E
BN 55 S, s AR R B 8] JER M 4 AL
Py rIIE99%. {3 & 58 LR IR etk R AT5 T 3£ 99%. th
BER L, yPA@mSiO,-F B AT B4 (R34 3 Ik g, H.i%
TR 5 [

AT BEAE KR IE FE yPd@mSiO-F AL 7 F 1
T TELH 3 PAAKORE T2 TR 2%, BATRUEMHEAT T 556
FU R 2SI AI A, 30 minf5 15 1k, & i B O e 1S
FUPER, AT I AL I e AL R 1K62%; SR, AR TR 2% A
4RSS N30 min, JERA e A 3R B WL (15 T (54%),
S AR T RV 18] P9 A2 (AL TTU A7 7 T 99% I F AL R (L3R
2, S 4), 1l WAE S R R A A R A TR SRR T
AT L B P A, T AN A SV R AL 2K R PA A KR 1
XA Hr "R S H RE A AP LEPAZR KL T IR, A
Tt IR AR AR E 1, BRATTIAS A3 1 HIS IR

J&i HIyPd@mSiO,-FAF i () B 2 THT A RN FLARFH 43 931 A1382
m?/gH10.45 cm®lg; 5T EEAIHE AL IR EL RS A BT BRA, 3IE
R Z AL T B R AT K AR e Tk

4, g

T 20 RS D R Pd £ AR T R
B RV REARL A, 153 T A ZE D RRAG ) “ R
RZER AT, SR EoR, R L R IAECK, 22
ANEAT 350 50 A B A FLALIE . TE K AR S5 & s B
yPA@mSiO,-F I 7% P4 /5 T yPd@mSiO,. X 1 i /& T
yPd@mSiO, 1) 72 2 28 F N F= A 5 B vh S5 7% B 1 it
I, B R TR KA R B A AU B s L2 “ 8
T BUMRL I s P, A S S AR PG SRR 8 - B, 2
M4 E A S N 2R, yPAd@mSiO,-F A #44 FH 51K e %
PEA PR, R EA RIFpofese . MRk m 540
Gy DRI RR sl “ BT L GE R AL RITE KR S B He
HA R B i



