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Abstract:
A series of metal manganese-cerium silicon comeoadrogel supported Pd

catalysts were prepared by the in-situ method, grexipitation method and the
impregnation method. The catalysts were appliedytthesize diphenyl carbonate
(DPC) by oxidative carbonylation. The effects offatient preparation methods and
composite metal oxide contents on catalytic adtigitwere studied. The prepared
catalysts were characterized by XRD, FTIR, BET, TEHM-TPR and XPS. The
results showed that the metal composite methodahgieéat influence on the catalyst
particle size and specific surface area; the lonpirature oxidation performance and
surface oxygen species content of the catalysisaped by different methods were
different. The catalyst prepared by the impregmatioethod has a large specific
surface area and patrticle size, good low-temperaixidation performance and more
surface adsorption oxygen, which helps to imprdwe multi-step electron transfer
efficiency, to promote the regeneration of thevactiomponent Pd and to increase
catalytic activity.
Key words. diphenyl carbonate, aerogel, oxidative carbomytatoxygen species,
supported palladium catalyst
1. Introduction

Diphenyl carbonate (DPC) is an important intermedifor the preparation of

polycarbonate (PC), which is the second largesineegng thermal plastic. The main
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methods of its preparation are phosgene, tranfiesigton and oxidative
carbonylation methodl1[2], among which the oxidative carbonylation methodais t
synthesize DPC directly with CO,,@nd phenol in the presence of catalyst. Because
of its simple process, cheap raw materials, orgjngle by-product KD, and a high
atom utilization, this method is a green environtakprotection method with bright
prospect in industrial applicatior8][ The catalysts for the synthesis of DPC by the
oxidative carbonylation are divided into two maipés: homogeneous complex
catalysts and heterogeneous supported catalyste fdimer has a big
disadvantage-its product is very hard to separAfe.a consequence of good
performance of easy product separation, the heteems catalytic oxidation method
becomes the most active research direction of sgiting DPC by carbonylation
[4,5]. After more than a decade of active research awkldpment, a variety of
supported catalysts have been attempted such aacthaated carbon, molecular
sieves, polymers, carbon nanotub&s9] and so on. Unfortunately, the active
component Pd is very easy to aggregate, aridiBdrery poor to be recycled, which
led to the low yield of DPC. This kind of researbhs been confronted with a
bottleneck, with no industrialized report.

Metal silicon composite aerogel has many excelbantier properties of aerogel
such as low density, high specific surface aregh Iporosity, 3D network structure
and so on]0-12]. Silicon aerogel with a mesoporous structure Brttie grain size of
the metal oxide, and its high specific surface gm@anotes the active ingredient and
the metal cocatalyst to be highly dispersed onddeier, thereby providing more
catalytic active sites; electron transfer betweestainand silicon-based aerogels, ie
metal-carrier strong interaction (SMSI effect), cagenerate high-valence metals and
improve the oxidation capacity of metal cocatalystaddition, silicon aerogels have
chemical stability and thermal stability, so itdestined to have a good application
prospect in the oxidative carbonylation of phemmoDIPC. The preparation process of
metal / silicon-based composite aerogel is sintpkereaction raw materials is easy to
get and the reaction process is easy to controlprAsent, the mature preparation

methods include in-situ method, precipitation metlamd impregnation methodd,
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14].

Surface modification of Pb catalysts with raretleanxides to improve the
oxidation activity and to enhance catalytic perfanoe is one of the hotspotb{18].
Among them, the most important rare earth in inglaistatalysis is a composite oxide
of Ce. Its special catalytic performance is mangdsn the following three aspects: 1.
The ionic radius of rare earth is large, with ahhaparge, and easy to form a stable
new crystal structure; 2. The ionic radius of raaeth is large, with high coordination,
and between different coordination structures citreversion energy barrier is so low,
that it is suitable for catalytic reaction; 3. Gen is easy to convert between +3
valence state and +4 valence state, and it istea®ym flowing oxygen vacancies in
the structure, so it has better oxygen storageopaence and transmission capacity
on surface, and can produce a synergistic effeitt the metal interfacel9], which
will contribute to the multistep electron transf@rocess of the oxidative
carbonylation. Based on the above three reasoasm#tal Ce is inevitably a good
promoter in the carbonylation catalytic oxidatiaimgess. According to the theory of
redox potential, the metal oxides, which can playirdermediate role in the redox
chain of the oxidative carbonylation, generally édan oxidation-reduction potential
between the following two states, that is, a higlemt cation can oxidize Ptb form
an active component Pd and the reduced state, low-valent ions are rppigidized
by oxygen to high-valent ions. While the redox ptia of MnO,/Mn** (1.224 V) just
lies between PA/Pd (0.99 V) and @H,0O (1.23 V). Theoretically, Mn oxides can
implement the redox cycle regeneration of the gttalactive component B
Therefore, the composite oxide of Ce-Mn is a pramgiscocatalyst for oxidative
carbonylation of phenol to DPC.

In this paper, Ce-Mn oxide silicon-based compositgrogel supported Pd
catalysts were prepared with the low-energy atmesplpressure drying technology
and the catalytic carrier reconstruction technolagyich fully utilized the synergistic
promotion of the cocatalyst, Ce-Mn oxide and theies silicon-based aerogel. It
investigated the different effects of in-situ, pp#@ation and impregnation methods on

the synthesis of DPC by oxidative carbonylatioploénol.
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2. Experiment
2.1. Preparation of catalysts
2.1.1. In-situ method

According to the sum of the mass of Ce and Mn (imctv the molar ratio was
1:1 ) and the mass of silica (calculated as thecgoof silicon in ethyl orthosilicate) ,
that is 10% , 20% , 40% and 60% respectively, maesg@ nitrate (Mn(Ng),) and
cerous nitrate (Ce(N£) were dissolved in ethanol, and added stepwis¢héo
precursor of silica-based aerogel (the final mo#dio of ethanol, TEOS , deionized
water, N, N-dimethylformamide was 3:1:6:0.8), adguated to the pH of 3 with nitric
acid solution. And then it was stirred at 30 for 6 h, poured into a petri dish, and
kept at room temperature to form alcoholic gel.eAfi2 h aging, at 40C, the
mixture was soaked for 24 h respectively with ator of ethanol, and a mixture of
TEOS and ethanol (volume ratio of 1:1). Then thienges washed with ethanol twice,
and dried at 40C for 12 h, and at 70C for 48 h. Finally it was calcined in a
muffle furnace at 500C for 4 h to get a metal silicon aerogel carrier.

PdCL was selected as the active Pd source, and thea@lthy was 1% of the
carrier. The accurately required Pg®has added a certain volume of deionized water
to, and then its pH value was adjusted with hydiarah acid until PGl was
completely dissolved in the mixture to form a brogelution. Next the above metal
silicon based aerogel carriers separately werecattdéhe solution and stirred for 30
min until the mixture was evenly mixed. And ther thH value of the mixture was
adjusted to 9-10 with 1 mol/L NaOH solution, wasitioued to be stirred for 30 min
after the carriers were filtered off, washed witiathized water for 3 times, dried in
an oven at 11QC for 12 h, and finally the catalysts were prepdgccalcination at
300 C for 3 h in a muffle furnace. They were recordedSa$0, S-20, S-40, S-60
respectively.

2.1.2. Precipitation method

In the pure silicon aerogel powder sample (labelg@&A) prepared in the same

manner as above, a mixed solution of Mngd@and Ce(N@)s; was added, and the

NaOH solution was slowly added as a precipitanritl it precipitated completely,
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which was filtered and dried at 90 for 12 h. Finally it was calcined at 50Q° for
4 h to obtain different catalyst carriers, and tRehwas loaded by the above method
to obtain catalysts. The catalysts obtained bysdjg the mass ratio of metal and SA
were also labeled as C-10, C-20, C-40, C-60.
2.1.3. Impregnation method

The pure silicon aerogel powder samples, which weepared in the same
manner, were added a mixed solution of cerium teitrand manganese nitrate
dropwise, stirred for 20 min, aged for 24 h, dretd110 'C for 12 h, and finally
calcined at 500C for 4 h to obtain different carriers. And then Wais loaded by the
above method to obtain catalysts. The catalys@imdd by adjusting the mass ratio of
metal to SA were also labeled as I-10, 1-20, 1-48 &60 respectively.
2.2. Characterization

In this study, the X-ray diffractometer (Model 50-8HIMADZU, Japan) was
used to analyze the structural characteristics r@hated phase parameters of the
samples. Fourier transform infrared spectroscopigXN-470, Nicolet Corporation,
U.S.) was used to analyze the composition of thepses. The specific surface areas
of the test samples were measured by a specifiacguarea & pore analyzer (Model
NOVA2000e, Quantachrome, USA). With a transmisgtattron microscopy mirror
(a JEM-2010 the FEF type, Japan JEOL Co.) surfammology and structure of the
samples were analyzed. With an automatic chemisorginalyzer (2920 FEF, USA
Micromeritics Corporation) the surface activitiesdathe contents of the oxygen
species of the samples were analyzed. With an Xphayoelectron spectrometer (VG
of Multilab 2000, Thermal Electron Corporation, U,Sthe material chemical
compositions, valence states of the elements agdeoxspecies from the surface of
the samples were analyzed.
2.3. Activity evaluation

Accurately 50 g of phenol, 1 g of catalyst, 2 giéf molecular sieve, and 1 g of
tetrabutylammonium bromide were added into a 25Migth-pressure batch reactor.
O, and CO were separately introduced into the reaattl a total reaction pressure

of 5 MPa (wherein the oxygen volume fraction waowb7%). The reaction
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temperature was controlled at 70, and the stirring speed was maintained at 600
r/min. After 4 h reaction, the reaction liquid whkered. The reaction liquid was
analyzed by a GC-2014 gas chromatograph (SHIMADJZApan) to determine the

selectivity and yield.
3. Results and discussion
3.1. Characterization of the catalysts

Intensity(a.u.)

20 30 40 50 60 70 80
Fig. 1. XRD pattern of siIicon-ba:(:e(;a(::eg:)posite gelsupported Pd catalyst

The XRD pattern of the catalysts prepared by theetimethods is shown in Fig.
1. Clear diffraction peaks appear respectively@b3 41.2°, and 58.7° of the three
XRD curves, which matches the MnO standard sp€d€&DS 07-0230) in the PDF
card library. So it describes that the samples laavetal oxide with aggregated phase
MnO. At 28.60°, 47.64°, 56.48°, etc. there are alkmar diffraction peaks, and it
matches Ce@®standard spectra (JCPDS 34-0394 ) in the PDF [darary, so it
describes that the samples have a metal oxide,.CH@@refore, the silicon-based
aerogel supported Pd catalysts are actually congemlinvith a cerium-manganese
composite metal oxide.

Fig 2 shows the FTIR spectra of the composite a#regpported Pd catalysts
( S-20, C-20, 1-20) prepared by the three meth®ts. absorption peaks at 1100tm
and 800 crit of the three kinds of samples respectively comadpo the asymmetric
stretching vibration and symmetric stretching vilana of Si-O-Si. It is indicated that
the main components of the three catalysts are@mas SiQ. And S-20 (Fig 2. (a))
has obvious finger-like peaks from 500 tro 700 cni, which are caused by
structures of -O-Mn-O- and -O-Ce-O-. At 3480 tand 940 cni absorption peaks
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appearing, are attributed to the vibration absorppeaks of Si-OH, which describes
that the surface of carriers contains more Si-Okkré&fore cerium manganese oxide
and the active component Pd are dispersed wdtlammel carriers, helping to increase

the active sites so as to enhance catalytic pegoce
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Fig. 2. FTIR spectrum of silicon-based composit@gel supported Pd catalysts: (a) S-20, (b)

C-20, (c) 1-20.
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Fig. 3. Nitrogen adsorption-desorption isothernsibéon-based composite aerogel supported Pd
catalysts: (a) in-situ method, (b) precipitationtinoel, (c) impregnation method.

The adsorption desorption curves of all catalysepared by in-situ method,
precipitation method and impregnation method am@wshin Fig. 3. Based on the
contrast of the three figures, according to theAORsotherm classification of gas
adsorption, the adsorption desorption curves oélysils prepared by in-situ and
impregnation methods (Fig. 3(a) and (c)) belon@yiee IV. There are some stairs at a
relative pressure between 0.4 and 0.8, becauskacgmiondensation causes Type H2
hysteresis loop, whose shape indicates that tlegeakehas a structure with ink bottle
pores and is a microporous material with a smale pstructure. The adsorption

desorption curves of catalysts C-10, C-20, C-40 &0 prepared by the
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precipitation method, belong to Type II, which icalies that there are no significant
adsorption desorption hysteresis loops at relativelw pressures, showing its
irregularly macroporous structure.

Table 1. Specific surface area, pore size, porgmelof silicon-based composite aerogel

supported Pd catalysts.

Entry Sample BET/(fag®) Poresize/(hm) Pore volume / (&)

1 S-10 492 2.78 0.35
2 S-20 420 2.56 0.31
3 S-40 371 2.38 0.26
4 S-60 316 2.25 0.23
5 C-10 61.8 14.64 0.89
6 C-20 59.6 25.25 0.86
7 C-40 36.4 37.38 0.90
8 C-60 19.6 51.47 0.96
9 [-10 589 3.32 0.49
10 1-20 509 3.30 0.42
11 [-40 431 3.29 0.33
12 I-60 339 3.31 0.26

As Table 1 shows the comparison of specific suraeas, pore sizes and pore
volumes of the catalysts prepared by the in-sitthod impregnation method and
precipitation method, in general, the specific acefareas of the catalysts are reduced
with the loading increasing of the cerium manganesde, when the catalysts are
prepared by the same method. When catalysts gpaneck by the in-situ method, due
to the greater presence of strong capillary forgesn being dried, a part of the metal
in the solvent substitution process is to be [dke bigger metal loading, the more
capillary forces, the stronger drying stress, thmereasily leading to syneresis and
some tunnels collapse or disappearance, and thdesnspecific surface areas,
apertures and pore volu remessulted in. In theiptaton preparation, the required

solution of NaOH is added as a precipitating ageitt) increasing the mass content
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of cerium and manganese, the hydroxide of ceriumgamaese precipitates and is
absorbed onto the carriers. The more absorptiom, ntlore hydroxide of cerium
manganese precipitating on the carriers’ channats sairface, the larger amount of
metal particles agglomerating to form metal clustnd blocking the pores, resulting
in a decrease in specific surface areas and pduenes of the carriers. When most of
pore blockage, metal clusters deposit into largded) forming an stacking irregular
macroporous structure (with the same result asatis®rption desorption curve). So
the specific surface area of catalysts preparedodegipitation method, is much
smaller than that by other preparation methods. sgezific surface area of C-60 is
only 19.6 mi-g*, while the pore size is much larger, about 51.4i At this time, a
large amount of the cocatalyst of cerium mangamasge is agglomerated, but the
dispersion is the most uneven, and the active areshe least. When prepared by the
impregnation method, the structural stability o# ®ilicon aerogel network becomes
better with the increasing of metal loading, therage pore size does not change
substantially, and the specific surface area amd polume decrease due to more and
more metal entering the aerogel channel. As Taldbalvs, the specific surface area
of catalysts prepared by impregnation method, & l#ngest. The complex carriers
have a more complete pore structure, with narroke pze distribution.

Fig. 4 is the TEM photographs of three silicon cosife aerogel support Pd
catalysts with the same mass fraction of metal @&%,2which are produced by
different methods. Since the loading of Pd is ldssn 1%, the metal particles
observed on the photograph are basically ceriumgaragse oxide. The picture
comparison shows that the catalysts of C-20 (Fige¥t (d)) synthesized by
precipitation method has the most uneven dispersionerium manganese oxide
particles, and even small metal particles are almos-existent. They are basically
large metal clusters, serious agglomeration fornatias shown in the portion
indicated by the yellow arrow (Fig. 4(a) and (A)he large-area agglomeration of the
cocatalyst, cerium manganese oxide, is detrime¢atdie multi-step electron transfer
in the catalytic oxidation process, resulting iwliegeneration efficiency of the active

component Pd.
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Fig. 4. TEM hogrphs of te catalys: (),3K)0; (c), () -20; (e), (f) 1-20.

Compared with the precipitation method, the cermanganese oxide grains in
the catalysts C-20 and I-20, prepared by the un+siethod and impregnation method,
are evenly dispersed relatively, with similar sipéparticles. The cerium manganese
oxide is embedded in the three-dimensional netwtrcture of silicon-based aerogel
in the form of small particles. However, in the @<atalysts there is a small amount
of metal agglomeration, as shown in the Fig. 4¢a) @) with a red arrow indicating.
And the particle size is significantly larger thdre metal oxide particles in I-20.
These large particles and a small amount of aggiame may block the
silicon-based aerogel pores, so that the specifitase areas and pore volumes
decrease (consistent with the BET results), whicdatrimental to the dispersion of
the cocatalysts, resulting in a decrease in theeasites. In contrast, in the catalyst
I-20 prepared by the impregnation method, the gseies of cerium manganese oxide
particles are smaller, so that it has the mostoumifdispersion on the surface of the
carrier channel, and the most active sites.

3.2. Activity test of catalysts

10/19



Table 2. DPC yield of catalysts prepared by thehodst of in-situ, precipitation and impregnation.

Entry Sample Yield of DPC (%)  Selectivity (%)  TO#gl DPC/mol Pd 1)

1 S-10 10.37 95.17 73.09
2 S-20 15.31 96.21 107.90
3 S-40 8.63 92.25 60.82
4 S-60 6.26 90.19 44.12
5 C-10 3.31 89.21 23.33
6 C-20 2.10 87.25 14.80
7 C-40 1.23 90.19 8.67
8 C-60 0.83 89.27 5.85
9 I-10 16.28 96.31 114.74
10 [-20 21.58 97.27 152.09
11 13.02 92.87 91.76
12 10.28 86.33 72.45
13 [-40 15.63 93.25 110.16
14 1-60 12.74 90.29 89.79

21st run? 2nd run? 3rd run

All the catalysts prepared by in-situ method, peation method and
impregnation method were applied to synthesize DR©xidative carbonylation of
phenol. The results of the activity evaluation sinewn in Table 2. In the synthesis of
DPC by oxidative carbonylation of phenol, the prottn of one molecule of DPC is
accompanied by the reduction of one molecule éf RdPd. The cerium manganese
oxide acts as a metal cocatalyst to participatehan multi-step electron transfer
process in the oxidative carbonylation, promoting tonversion of Pdo Pd*. The
synergistic effect of bimetallic cerium manganesbkaaces the redox of the catalyst.
Comparing the activity evaluation data in Tablg@nerally speaking, the activity of
the catalyst prepared by the impregnation mettothe highest, and the single yield
of 1-20 reaches 21.58%. This is mainly due to thet that the pore structure of the

silicon-based aerogel in the catalyst preparedheyitnpregnation method remains
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intact and has a larger specific surface area. pdrécle size of the cocatalyst of
cerium manganese oxide is small, highly dispersethe carriers, and the surface of
the catalyst is relatively highly capable of good/gen storage and surface oxygen
transfer, helping to improve multi-step electroangfer efficiency, so the catalyst has
the most active sites. While the catalyst prepargdthe precipitation method is
almost inactive, the highest yield of C-10 is 0B8lB1%. The main reason is that a
large amount of agglomerated cerium manganese imati particles in the catalyst
prepared by the precipitation method blocks thepaf the aerogel network, and the
dispersion of the cocatalyst is extremely unevesulting in the extremely small
specific surface area of the carriers and few actites of the catalyst, which hinder
the multi-steps electron transfer process. In amditthe loading of the metal oxide
also affects the activity of the catalyst, even witee preparation method is the same.
For example, I-10, I-20, 1-40 and 1-60 preparedtlhy same impregnation method,
have different DPC yields, that is 16.28%, 21.58%63%, 12.74% respectively. The
main reason is that when the composite of ceriumgaaese oxide cocatalyst just
started, the active sites increased with the iserea# its loading, which helped to
promote the multi-step electron transfer procesd mmproved the regeneration
efficiency of the active component ¥dHowever, when the loading amount increases
to a certain degree, the cerium manganese metaé @xystal grains gradually grow
up, and the poly groups gather and block the pavhgh causes the specific surface
areas and pores volume of the carriers to decresasé#he active sites are instead
reduced. It is not conducive to the reactants’ gutian on the surface and desorption
of the product in the catalyst, so the activity thé catalyst is reduced (this is
consistent with the BET results).

The regeneration of [-20 catalyst was done and theye used in the
carbonylation reaction with the fresh mixture. Held decreased to about 13.02% in
the second run and 10.28% in the third run. Busstiectivity remained little changed,
i.e., 92.87 to 86.33%. The main results are thataittive component Pd is very easy
to aggregate and P'ds very poor to be recycled.

3.3. Reasons for catalyst synergy
12/19



Studies have shown that the redox ability of theatalyst and the surface
oxygen species play a crucial role in the redoxemnegation of the active component
Pt [8], so we studied the redox abilities of the catalyprepared by different
methods, via HTPR profiles and @TPD profiles (Fig. 5), compared the XPS
spectrum (Fig. 7) to study the surface oxygen gseof the catalysts, and explored

the reasons for the difference of catalytic agfivit

(a) (b) 5-20

$-20 /\—/\/\
1-20

T T
700 800 900 100 200 300 400 500 800 700 800 800
Temperature {T)

(ﬁ\,\

) :
I
o

TCDsingal (a. u.)

TCD singal (a. u.)

100 200 300 400 500
Temperature [ T)

Fig. 5. B-TPR (a) and @TPD (b) of the silicon-based composite aerogepsued Pd catalysts.
Fig. 5(a) is a BFTPR spectrum of a silicon-based composite aersggported

Pd catalysts obtained by different preparation wagth It can be seen from the graph
that the curves of reduction processes of the thatalysts show approximate peak
shapes, mainly including the reduction of two redotuc processes, MnO— MnO
and Ce@ — Ce0s. At low temperatures, 150-25Q is mainly caused by Mii—
Mn®* reduction process8[; 250-400C is mainly caused by M#— Mn? reduction
process. At high temperatures, above'6@) mainly caused by the reduction of GeO
in the bulk phase (C&-Ce™) [20]. In the temperature-programmed reduction
process, the initial reduction temperature indisdte level of surface activity of the
sample and the strength of structural stabilityn@aring the three curves, it is found
that the initial reduction temperatures of the csii-based composite aerogel
supported Pd catalysts obtained by different pegmar methods are different. The
initial reduction temperatures of the catalyst I-gfepared by the impregnation
method, is the lowest (15@), and the initial reduction temperature of theabyt
C-20 prepared by the precipitation method is tlghést (the first B reduction peak
almost disappears). It indicates that the averagmganese valence in 1-20 is
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increased, that is, the NMhand Mrf* in the low-valent state are oxidized, while the
Mn** in the high valence state is increased. The dataprocess is a multi-step
electron transfer process, and the cerium-mangar@sgosite oxide cocatalyst in
this process plays a crucial role, with multi-sédgctron transfer schematically shown
in Fig 6. The catalytic mechanism is as follows:ewhhe active component ¥d
reacts with phenol and CO to form DPC, it is redute P§ by itself; then Mf* in
the composite aerogel carrier, oxidizes the redubefi to Pd*, to promote
regeneration of the active ingredients, while ft&ereduced to Mf; Next Mrf* can

be oxidized by CE to Mn**, while Cé" is reduced to C& Finally in an oxygen
atmosphere, Cé is further oxidized by ©to Cé&™. The flexible transition between
different valence states of €eand C&', makes it easy to form flowing oxygen
vacancies while maintaining structural integritydehas better ability to store oxygen
and to transport oxygen on the surfat@][and can interface with metals generating
synergies. Thus M# increased, can effectively promote the efficienéynulti-step
electron transfer, so the surface activity of 1#{€ahe highest. Compared with TEM
photographs, the main reason is that 1-20 partitée® a small average grain size and
many surface defects, so they have good low-terhperaatalytic oxidation activity
in the catalytic oxidation process (this is corestwith the activity evaluation
experiment results), so the impregnation methodgo®d for preparation of
silica-based composite aerogel supported Pd catalythe synthesis of DPC by

oxidative carbonylation of phenol.
0, Ce(ID X Mn(1V) X X PhO- C OPh
H,O Ce(lv) Mn(11) Pd(1D) PhOH+CO
Fig. 6. multi-step electron transfer process.
The order of desorption of oxygen species on oxisleexygen molecule £~

oxygen molecule anion O— oxygen atom anion G- lattice oxygen & [21].

Surface adsorbed species of @nd O, belonging to the active oxygen on the catalyst
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surface (referred to asoxygen), are more easily desorbed, while theckttixygen
O, (abbreviated aB oxygen) is difficultly desorbed and its desorpteak shape is
asymmetry. Desorption peaks below 500 are generally classified as desorption of
surface active adsorbed oxygen speciesd@ O) on the catalyst, and desorption
peaks above 50Q are assigned to desorption of lattice oxygen encttalyst (&)
[22]. The desorption temperature and desorption stieoigtlifferent oxygen species
are closely related to the oxidation performancthefcatalyst: the temperature of the
desorption peak of the surface active adsorbedarxggecies and the size of the peak
area represent the oxidation activity of the catig§3]. As shown in Fig. 5(b), in the
range of less than 200 , oxygen desorption peagssaapd in all three catalysts,tbu
the start desorption temperature and the desorpgak area were different. Wherein
the start desorption temperature of adsorbe oxgpecies of catalyst 1-20 prepared
by impregnation method is the lowest, and its dasum peak area is the largest;
while the desorption peaks of adsorbe oxygen specfecatalysts C-20 hardly
appeared. Therefore, it can be determined thadufface of the 1-20 catalyst is rich in
adsorbed oxygen species, while the surface oxypecies of the catalyst C-20 is the
least. At the same time, the-OPD curve of the catalyst 1-20 has a large desmmpt
peak at a temperature of 300-7@0 , correspondintheéodesorption peak of the
mobile oxygen specie24]. And the desorption peak area of the S-20 inrdmge is
small, while C-20 has almost no desorption peakhia range, indicating that the
surface of the catalyst 1-20 has abundant mobilgger species. The higher the
content of mobile oxygen species in the carriez,tfore oxygen vacancies which can
be provided in the redox process to adsorb andfeaadsorbed oxygen speci@s]|
The surface of catalyst I-20 has more oxygen vaearand stronger oxidation ability,
can play an important role for the connection o thxidation auxiliaries in the
oxidation carbonylation of phenol, thus improvitg tcatalyst catalytic activity. The
oxygen desorption peak above 8QDis attributed to the desorption peak of oxide
decomposition. The £TPD curve of C-20 indicates that the surface ef itmaterial
has almost no adsorbed oxygen, and therein oxygpaaas mainly in the form of

lattice oxygen, so the catalyst has poor oxidapenformance and low catalytic
15/19



activity.
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Fig. 7. XPS spectrum of a silicon-based compogtegel supported Pd catalyst: (a) Pd3d , (b)
Ols.

In order to study the loading of the active companed and to compare the
surface structure of the catalyst, X-ray photoetetspectroscopy was performed on
the sample, and the XPS spectra of the Pd3d andoflis were compared. The
results are shown in Fig. 7. After peak-differengtanalysis, the binding energy of
Pd3ad,, and Pd3g. in the XPS photoelectron spectroscopy of Pd onstiréace of
catalyst I-20, is basically at 342.3 eV and 33&/Qwehich is basically consistent with
the XPS binding energy of standard Pd®]] indicating that the active component
supported on the surface of the catalyst is maimihe form of P&, which will be
very beneficial for the oxidative carbonylationmifenol to DPC. However, the Pd3d
tracks of the other two catalysts S-20 and C-20% st a lower binding energy
position significantly, corresponding to Pdfter peak-differenating analysis. The
results show that the content of active compon&uf in these two catalysts is
decreased, which is not conducive to the catatgaction.

Two different oxygen species, adsorbed oxygef) é€0d the lattice oxygen (P
respectively correspond to two emission peaks ofilai binding energy: a high
binding energy (about 531.6 eV) showing stronglyaaded oxygen (§), low binding
energy (about 529.5 eV) representing lattice oxy@ey) [27]. Comparing the XPS
spectra of O Is tracks of catalysts prepared bgetmethods (Fig. 7 (b)), it can be
found that these surface oxygen species of thremgelecatalysts mainly exist in the

form of lattice oxygen 28], but with different content of adsorbed oxygereaps.
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Among them, the content of adsorbed oxygen spétiestalyst 1-20 was the highest,
and the content of adsorbed oxygen species inysat@20 was the lowest, which
was consistent with the results of-OPD. The main reason is that the average grain
sizes of the material particles are different, lditice distortions are also different,
and the number of oxygen vacancies are differeltitnately leading to different
numbers of adsorbed oxygen. The adsorbed oxygemesperesent on the surface of
the catalysts can effectively promote the redoXecyt the active component £d
Thus in the oxidative carbonylation of phenol to@Qatalyst I-20 has relatively high
catalytic activity, so the impregnation method arere suitable to produce
silicon-based composite aerogel support Pd cagalyst
4. Conclusion

A series of metal cerium manganese silicon-baseaposite aerogel supported
Pd catalysts were prepared by the in-situ methagciptation method and
impregnation method respectively, and these cdtalysre applied to the synthesis of
DPC by oxidative carbonylation of phenol. The effeof different preparation
methods and the content of cerium manganese oxidine catalytic activity were
investigated. The results show that the catalyspgned by the impregnation method
has relatively good catalytic activity, mainly die 1. the catalyst prepared by
impregnation has a large specific surface areaassrdall particle size, contributing to
the dispersion of active centers and the increhaetive sites, improving the catalytic
activity; 2. the catalyst prepared by the impregmatmethod has better low
temperature oxidation performance and more surd@serption oxygen, which will
help to improve the multi-step electron transfeficefncy and promote the
regeneration of the active componentPthereby increasing the catalytic activity.
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Highlights

1. Catalysts were prepared by the in-situ method, the precipitation
method and the impregnation method.

2. The composite method affect the particle size and specific surface area.

3. The composite method affect the surface oxygen species.
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