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A novel in-situ route was developed to load well-dispersed palladium (Pd) nanoparticles on the surface
of hydroxyl-group-rich titania precursor. Pd nanoparticles are formed by in-situ reduction of Pd(lIl) by
Sn(ll); the latter is linked to the surface of Ti@recursors through inorganic grafting. The initial Pd
nanoparticles then serve as seed for subsequent particle growth and allow us to systematically control
the amount and size of the Pd nanoparticles by varying the amount of added Ha&JPd nanoparticles,
with no protection from ligands, are well-dispersed on theTp@cursor surface without aggregation
even at a high Pd loading of 22.5 wt %. The method is also extended to introduce other noble metal
nanoparticles including Au, Ag, Pt, and their bimetallic nanoparticles onto the gr€xrursor surface.

The as-obtained TiQprecursor-Pd composite is a promising catalyst in nanocatalysis. As an example,
the TiQ, precursor-Pd shows high catalytic activity for Suzuki cross-coupling reaction and can be recycled
multiple times without loss of activity.

Introduction ally, heterogeneous noble metal catalysts are prepared by

. . . . . the impregnation method, during which the support is
Nanocatalysis is essential for chemistry, material science, . f .
immerged into an aqueous solution of a noble metal salt,

and nanoscience® Many noble metal nanoparticles have : T
: . . . followed by solvent evaporation and metal reduction in
been used as catalysts in various chemical reactions. For,

facile catalyst recovery and recycle, noble metal nanoparticleshydmgenl'5 Two other popular preparation methods are
, initati iti initati 6-18
are usually deposited onto the surface of solid supports (e.g. coprecipitation (CP) and depositioprecipitation (DPY,

. ) 'during which noble metal precursor is either coprecipitated
polymer, carbon, metal oxides, clays, and zeolites) to form _ . . .
: with support precursor or directly deposited on the support

heterogeneous catalys$t®. In many cases, there is strong

PR . . surface. For the catalysts prepared by the CP or DP method,
synergistic interaction between noble metal nanoparticles and . S .

. . . “the size distribution of metal particles and the degree of
supports, which can greatly enhance the catalytic activity . .
7118 ) dispersion on the support are affected by many procedural
and selectivityt For example, it has been found that
. ) . ) . factors, such as the type of the support, pH value of the

highly dispersed gold nanoparticles on various oxides show

a remarkable catalysis activity for CO oxidation at low solution, and concentrations of the key componéhis.
temperaturé? a property not found in bulk gold. Tradition- Another approach is to presynthesize colloidal metal nano-

particles and directly load them onto the supp@&¥tin order
to attach the colloid metal nanoparticles on the support, the
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silver nanoparticles on the surface of colloid silica sph€r&s.

For the purpose of better control of metal loading and %,

effective dispersion, it is still very desirable to develop a

simple and reliable protocol for immobilizing noble metal

nanoparticles on the surface of the supports. o ;
Herein, we report an in-situ method to reduce Pd(ll) by w”“m (1) pretreatment

Sn(ll) and subsequently to deposit highly dispersed palladium ¥ %

(Pd) nanoparticles onto the surface of hydroxyl-group-rich

TiO, precursor. The well-dispersed Pd nanopatrticles are free

of protection ligands, and the as-obtained Fjfdecursof

Pd exhibits high catalytic activity even at room temperature

when used as catalyst for Suzuki cross-coupling reaction. Pd nanoparticle Pd seed

In addition, the as-obtained Ti(precursor-Pd catalyst is /

recycled five times and shows excellent stability due to its

heterogeneous composite structure. This synthesis route is TiO2 precursor HCOsNa TiOz precursor

(3) growth

SnClz

ey

PdClz | (2) seeding

also a promising strategy for introducing many other transi-
tion metals (such as Au, Ag, Pt, and their bimetallic

nanoparticles) onto the TiQprecursor surface. Figure 1. Schematic process for loading Pd nanoparticles onto the surface

of TiO; precursor(1) Pretreatment with Sngl(2) In-situ reduction and
the formation of Pd nanoparticle seeds. (3) Further growth of Pd nanopar-
ticles.

Experimental Section

Synthesis of TiQ, Rrecursor Spheres.The titania precursor . reflux for 30 min (ca. 78C), the solid and liquid were separated
spheres were synthesized according to the reported procedures wnt%y centrifugation and the liquid was analyzed by an Agilent 6890

:nln_or mgd_l_f_lcat(l:ohn§. _In latéplcal prozt(ajdtér;a, éomLLteirhatl)utoxyltl | GC equipped with a flame ionization detector (FID) and a 50 m
anium (Beljing Chemicals Co.) was added to 50 mL ethylene glyco capillary column. A time-dependent experiment at room temperature

(Beulntg Chemlcals', tCk:]o.) atrlld wgst magnetically S(;Il're:i Boh alt " using catalysts with different Pd loadings was carried out in the
room temperature; then, the mixture was poured Into a Solion ¢, e manner as the above experiment, except that a double amount

cor:talnlné; 170 mL acetorlg (?jef”m% ﬁh_(?ﬂ’ucalhs_tCo.) a_nc_it 2t-7 mL of Pd catalyst was adopted. A certain amount of the reaction mixture
water and was vigorous stirrect for = h. The White precipitale was ¢ ¢qjlected at specific times during the reaction. The solid and

harvested by gentrlfugatlon, followed by washing with ethanol five liquid was then separated quickly by centrifugation, and the liquid
times and drying at 60C for further use. was analyzed by GC
. - ) 0 .

Loading Pd Nanoparticles onto the TIC, Precursor Surface: Characterization. The samples were characterized by scanning

For the_synthesis of TigprecursorPd with 11.2 wt % Pd Ioadi_ng_, electron microscopy (SEM; Hitachi S-4300F), tunneling electron
0.1 g TiG, precursor sphere powder was added to 20 mL distilled microscopy (TEM; JEM JEOL 2010, with an energy dispersive

Wzter_anld stirred for _10 Imin as part A. 0.1 g Splq]Belijir_]g X-ray (EDX) system), Fourier transform infrared (FTIR; Bruker
Chemicals Co.) Wgs disso VeF’ "2120 ml;] O'OZdM HC_: SO Ut'or('j ahs Tensor 27), and X-ray photoeletron spectroscopy (XPS; VG
part B. Parts A and B were mixed together under stirring, and the g1 AB 220i-XL). Inductively coupled plasma mass spectrom-

color. (.)f the colloid turned yeIIow.quiclfly. Ten min later, thg etry (ICP-MS; Thermo Electron X Il) was adopted to measure the
precipitate was recovered by centrifugation, followed by washing p " ontent

with distilled water five times, and was dispersed into 40 mL
distilled water, resulting in a milky yellow colloidal mixture. Then,
2.5 mL of 0.042 M PdCl (Beijing Chemicals Co.) solution was
added to the above mixture and the color turned to blue-black Figure 1 schematically depicts the overall preparation
immediately. Five min later, 10 mL of 0.15 M sodium formate  procedure for loading Pd nanoparticles onto the surface of

(Beijing Chemicals Co.) solution was added. After stirring for 5 h, hydroxyl-group-rich TiQ precursor. The method is es-
the black precipitate was recovered by centrifugation and washing sentially a three-step process. The first step is to link the

with distilled water five times. The precipitate for further charac- . . .
o ) . Sn(ll) to the TiQ precursor surface through inorganic
terizations was dried at 6TC for 12 h. The preparation procedure ; . . 22
grafting by the following reaction (eq %}

of TiO, precursot-Pd with different Pd loading was the same
except that the amount of the added Pd&llution varied.

Results and Discussion

I I
Suzuki Cross-Coupling Reactions10 mg TiG, precursotPd ? (,3
with 11.2 wt % Pd loading, 1 mmol iodobenzene (Alfa Aesar), 2 HO-Ti-O- /O-'Iri—O‘
mmol phenylboronic acid (Alfa Aesar), 4 mmokRO, (Sigma), St + b — = Sn O + 2H* ey
and 1 mmol pentamethylbenzene (Alfa Aesar, as internal standard HO-Ti-O- \ O-'Il'i-O-
for GC analysis) were added to 15 mL ethanol under stirring. After (|)' (I)
T 1
(26) Hanaoka, T.; Kormann, H. P.; Kroll, M.; Sawitowski, T.; Schmid, G. - . . . . .
Eur. J. Inorg. Chem1998 807. This linkage is achieved by impregnating Gifrecursor
(27) Kobayashi, Y.; Salgueirino-Maceira, V.; Liz-Marzan, L. @hem. into SnC} solution and attaching the Sn(ll) onto the BiO
Mater. 2001, 13, 1630.
(28) Schierhorn, M.; Liz-Marzan, L. MNano Lett.2002 2, 13.
(29) Jiang, X. C.; Herricks, T.; Xia, Y. NAdv. Mater. 2003 15, 1205. (31) Lakshmi, B. B.; Patrissi, C. J.; Martin, C. Rhem. Mater1997, 9,

(30) Zhong, L. S.; Hu, J. S.; Wan, L. J. A method for loading noble metal 2544,
nanoparticles to solid surface and its applications. Chinese Patent (32) Kennedy, J. F.; Cabral, J. M. Solid Phase BiochemistryViley:
200710063046.8, 2007. New York, 1983; Vol. 66.
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standard reduction potential of the?tPd redox pair (0.951
V vs the standard hydrogen electrode (SHE)) is higher than
that of Sit*/Sr?t (0.151 V vs SHE)? thus, the reduction of
Pd(ll) is facile. The third step is controlled growth of Pd
around the initial Pd clusters to form nanoparticles. First,
the TiO, precursor spheres (made of mostly titanium gly-
colate) are synthesized according to the reported procedure
with minor modification?® and taken as an example of a
substrate with a rich hydroxyl group to load with metal
nanoparticles. The scanning electron microscopy image of
the as-prepared TiOprecursor (Figure 2) shows nearly
- monodispersed spheres (ca. 200 nm in diameter). Fourier
sy o, transform infrared (FTIR) spectra (Figure S1 in the Sup-
¢.€3 e ; | — porting Information) shows that the peaks corresponding to
Figure 2. SEM image of the Ti@ precursor spheres used for loading Pd  the hydroxyl group (the ©H stretching band at around 3380
nanoparticles. cm ! and the G-H bending mode at around 1645 cHare
precursor surface. In the second step, the linked Sn(ll) speciesather strong, indicating abundant hydroxyl groups. Figure
acts as a reducing reagent to reduce Pd(ll) in-situ. The 3 depicts the TEM images of the samples during different

‘Blnci?ng Elawrg; [Ke{’l,\

Cu Sn
Pd f&n i

1 2 3 4 5
Binding Energy (KeV)

Figure 3. TEM images of the samples during different preparation stages with low (left) and high (right) magnification: (a and p)eEi®sor; (c and

d) TiO; precursor after the pretreatment with SpGé and f) TiQ precursor with the Pd clusters before growth (the inset of f is the HRTEM image); (g

and h) TiQ precursor with Pd nanoparticles after growth (11.2 wt % Pd loading). The insets of c, e, and g are the EDX analyses of the corresponding
samples, respectively.
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Figure 4. Size distribution of Pd nanoparticles. The nanoparticles are shown Figyre 5. XPS Pd3d pattern of as-obtained ifrecursorPd.
before (a) and after (b) growth on the surface of theslp@ecursor (11.2

% Pd loading).
vt % Pd loading) verifies the presence of both of metallic palladium and Pd(Il)

stages of the procedure. The surface of JTi@ecursor  On the samplé? The Pd3d signal from metallic palladium
spheres is rather smooth (Figure 3a and b). Afterward, theis more intensive than that of Pd(ll), indicating that most of
TiO, precursor spheres are immersed into a $s6lution  Palladium exists in its metal form.

to attach Sn(ll) to their surface. Ten min later, the excess The content of Pd loading on Ti(precursor as well as
Sn(ll) ions from solution are removed by five consecutive the size of Pd nanoparticles can be conveniently controlled
centrifugation/redispersion steps. After such pretreatmentby varying the amount of the added PgQGIVhen the Pd
with SnCh solution, the surface of TiDprecursor spheres loading is decreased to 2.2 wt %, the Pd nanoparticles (Figure
remains smooth as shown in Figure 3c and d. Energy- 6a) are well-dispersed on the Ti@recursor surface with a
dispersive X-ray (EDX) analysis of the TiQdrecursor after  size distribution of 4.0t 0.7 nm. When the Pd loading is
the pretreatment with Sngindicates the presence of Sn(ll)  further decreased to 0.7 wt %, it is hard to distinguish the
(inset of Figure 3c). The colloidal Sn(ll)-linked T}O  Pd nanoparticles by TEM, indicating that the size of the Pd
precursor is then mixed with a solution of PdQinder nanoparticles is indeed very small. On the other hand, when
stirring. The colloidal solution turned blue-black quickly, the Pd loading is increased to 22.5 wt %, many discrete Pd
indicating that the Pd(ll) is reduced by Sn(ll) on the surface nhanoparticles on the surface of TiGpheres can be found
of the TiQ; precursor. EDX analysis (inset of Figure 3e) (Figure 6b), and the average size of these Pd nanoparticles
further confirms the existence of Pd. The Sn(ll) ions adsorbed increases to 8.& 1.0 nm. As shown in Figure 6b, though
on the surface act as reducing agents to ensure that théhe Pd loading is rather high (22.5 wt %), the Pd nanopar-
reduction only takes place on the surface. The resulting Pdticles are still well-dispersed and no aggregation occurs.
atoms by in-situ reduction form small clusters and attach to  This synthesis route also applies for loading other transition
the surface of the Ti@precursor. The previously smooth metal nanoparticles (such as Au, Ag, Pt, and their bimetallic
surface becomes rough (Figure 3e). Figure 3f shows Pdalloy nanoparticles) onto the Ti(recursor surface. When
clusters (the small dark spheres) with an average size of ofAgNO; or HAUCl, is used instead of Pd&ITiO, precursot
3.8+ 0.4 nm (Figure 4a) that are uniformly distributed on Ag or TiO, precursorAu is successfully prepared by this
the surface of the Ti@precursor. A representative high- method. As shown by Figure 7, the Ag and Au nanoparticles
resolution TEM (HRTEM) image taken from the Pd cluster are also well-dispersed on the Ti@recursor surface with
was shown in the inset of Figure 3f. The lattice fringes were average sizes of 6.& 0.9 and 5.3+ 0.8 nm, respectively.
clearly visible with a spacing of 0.22 nm, which corresponded | the present study, when the milky white Tifrecursor

to the lattice spacing of the (111) planes of Pd. These Pd colloid solution is mixed with SnGlsolution, the color of
clusters can also act as seeds for further particle growth,the mixture quickly turns yellow, indicating that the Sn(ll)
which is achieved by adding sodium formate solution into jons have fast interaction with Tidprecursor. During this
the blue-black colloidal solution. With sodium formate, the pretreatment stage, the hydroxyl groups on the surface of
Pd(ll) remaining in the solution is reduced and attached to TiO, precursor strongly chelate with Sn(f32 Since the

the previously formed Pd cluster, leading to larger Pd surface of TiQ precursor is hydroxyl rich, the amount of
clusters. In the end, all Pd(ll) is reduced and deposited on gn(i1) attached to the surface by chemical linking reaction
the TiO, surface. TEM images of the as-obtained TiO s plenty. Thus, many Pd nanoparticles can be formed on
precursof-Pd (11.2 wt % Pd loading) composite are shown the TiO, precursor surface. In a control experiment, without
in Figure 3g and h. The Pd nanoparticles are remarkably the pretreatment with Snglthe TiQ, precursor colloid
well-dispersed, and no aggregation is observed. The averag&olution is mixed with PdGland sodium formate solution

size of the Pd nanoparticles is increased to 6.4.2 nm  gyernight. The resulting product is also investigated by TEM
(Figure 4b). The as-obtained Ti@recursor-Pd composite

is also investigated by EDX analysis and X-ray photoelectron (383) Diaz, R.; Arbiol, J.; Cirera, A.; Sanz, F.; Peiro, F.; Cornet, A.; Morante,
spectroscopy (XPS). The XPS Pd3d spectra (Figure 5) J. R.Chem. Mater2001, 13, 4362.
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Figure 6. TEM images of the Ti@ precursorPd with different Pd loadings: (a) 2.2 and (b) 22.5 wt %.

R A

Figure 7. TEM images of the as-prepared Ti@recursor-Ag (a) and TiQ precursot+Au (b) composites.

As a transition noble metal catalyst, palladium is widely
used in various catalytic reactioffs3® The features that
make the TiQ precursor-Pd catalyst in present study
particularly attractive are the following: (1) the surface area
of the actual catalyst, Pd particles, is very high as the sizes
of the Pd nanoparticles are rather small (several nanometers);
(2) the active sites on Pd nanoparticles are not blocked by
the protection ligands, inferring high catalytic activity; (3)
facile mass transfer is possible as the Pd nanoparticles are
well-dispersed onto the TilOsurface without aggregation;

(4) separation and recycling of the catalyst are also facile
due to the heterogeneous composite structure.

e o 4 : . ": ' The palladium-catalyzed Suzuki cross-coupling reaction
m . ; Oa Hm of arylboronic acid and aryl halide is an effective synthetic
s 3 i A route for biaryls’® 42 Herein, Suzuki cross-coupling of

Figure 8. TEM image of the TiQ precursor-Pd prepared without the ~ i0odobenzene and phenylboronic acid is adopted as a model
pretreatment with Sngl reaction to test the catalytic ability of the Ti@recursot+
Pd catalyst (eq 2).

(Figure 8), showing that most of the Pd nanoparticles are

not deposited onto the TiPrecursor surface. This indicates Q + O\ Pd catalyst )
I B(OH),

that the pretreatment of Ti(precursor with SnGlis vital

for the successful loading of Pd nanoparticles onto the
surface, as the Sn(ll) linkage provides a strong anchor on
the TiQ; precursor surface for initially formed Pd clusters,
which in turn provide seeds for further particle growth on (34) Tsuji, J.Palladium reagents and catalysts, new perspecfor the

the TiQ, precursor surface. Furthermore, although spherical 21st century Wiley: Chichester, 2004.
. . . . (85) Kiss, G.Chem. Re. 2001, 101, 3435.
TiO2 precursor made of titanium glycolate is selected in (36) Beletskaya, I. P.; Cheprakov, A. €hem. Re. 200Q 100, 3009.

present study, it should be noted that other hydroxyl-group- (37) zzéganiquébg;neSh’ C. U; Nandanan, E.; Khan, F.Gkem. Re.
rich TiO, precursors with different chemical composition can (38) Drent, E.; Budzelaar, P. H. NChem. Re. 1996 96, 663.

; (39) Cho, J. K.; Najman, R.; Dean, T. W.; Ichihara, O.; Muller, C.; Bradley,
be used as well. And, the morphology of the Ti®ecursor M. 3. Am. Chem. S0@006 128 6276.

has little effect on the loading of noble metal nanoparticles. (40) Miyaura, N.; Suzuki, AChem. Re. 1995 95, 2457.

The reaction is carried out using TiQ@recurso+Pd (11.2
wt % Pd loading) catalyst. After 30 min of reaction time the
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100 samples with 2.2, 11.2, and 22.5 wt % Pd loading, respec-
tively. The TiG, precursor-Pd with 2.2 wt % Pd loading
shows the highest rate while the sample with 22.5 wt % Pd
loading shows the lowest rate (the amounts of Pd metal on
all three catalysts are kept the same by using a proper amount
of the catalysts). As shown in Figure 6, the size of the Pd
nanoparticles decreases with the decrease of Pd loading, so
that the higher catalytic activity on 2.2 wt % loading catalyst

is very likely due to a smaller Pd particle size. This trend
was also consistent with the reported study of cluster-size

Conversion (%)

P | 1 L

0 20 40 60 80 100 120 140 160 180 200 220 effects in Heck and Suzuki reactions which proposed that

T T TR T |

Time (min) catalysis occurred at defect sites on the cluster sufface.
Figure 9. Activity profiles for the Suzuki coupling reaction by the O

precursofr-Pd samples with different Pd loadings at room temperature: (a) There is debate over whether the reaction is catalyzed by
2.2; (b) 11.2; and (c) 22.5 wt %. the nanoparticles on the solid surface or by leached Pd
species?**Recently, Rothenberg et al. proposed that leached
conversion reaches 100% with 99% yield, indicating that the Pd species were the true catalyst in the-@ coupling
TiO. precursor-Pd catalyst is quite active for this reaction.  reactions'® In the present study, after separating the solid
This catalytic activity is much higher than that of the hollow  catalyst by centrifugation, the same amount of reactants were
palladium spheres under similar reaction condition, where 5qded to the clear solution to repeat the Suzuki reaction
more than 2 times the amount of Pd catalyst and 6 times the\yiihout solid catalyst and ca. 30% of iodobenzene was
reaction time are needed to achieve similar converSidhe converted afte3 h atroom temperature, while the conversion
TiO; precursorPd is also active for the Suzuki coupling as ca. 75% for the solid catalyst with 11.2 wt % Pd content;
reaction penNegn bromoben;ene and phenylboronic acid anCE,o, the contribution from the small amount of leached Po]
for the M|zorokr—Heck coupling reaction. . species might be significant. Further studies are carried on
The TiG;, precursor-Pd can be recycled up to five times to reveal the true catalysis mechanism.
without apparent loss of activity. The conversion is above
95% in all five rounds of recycling. Recently, Hyeon et al.
reported that the yield of the catalytic coupling reactions with
Pd nanoparticles assembled on silica spheres gradually |5 conclusion, a novel route is developed to load Pd
decreased as recycling proceeded due to the significant |05$1anoparticles onto the surface of hydroxyl-group-rich TiO
of Pd nanoparticled! The TEM image of the Ti@precur-  precursor. The method is based on in-situ Pd(ll) reduction
sor—Pd catalyst after five catalyst recycles (Figure S2 in the by Sn(ll) species that are linked to the surface of the,TiO
Supporting Information) shows that the Pd nanoparticles precursor. The Pd loading and the size of Pd nanoparticles
remain highly dispersed on the surface of thezIp@cursor.  are readily controlled by varying the amount of the added
No detachment or aggregation of Pd nanoparticles during pgcy. The Pd nanoparticles are free of protection ligands
the catalytic reaction is observed. After the catalytic reaction, gnd are well-dispersed on the surface without aggregation
the supported Pd catalyst was filtered off and the Pd contentayen at the high loading of 22.5 wt %. The present method
in the solution was found to be 0.8 ppm based on ICP-MS 5 versatile, and many transition noble metals and their
elemental analysis, indicating that a very small amount of pimetallic nanoparticles can be loaded onto the surface of
Pd (ca. 1% of the total loading Pd) was possibly leached. Tio, precursor by this in-situ route. When used as catalyst
This allows the TiQ precursor-Pd catalyst to preserve for Suzuki cross-coupling reaction, the as-obtained ;TiO
excellent activity during multiple recycles. precursor-Pd catalyst shows high catalytic activity and can

In order to investigate the effect of the Pd loading on their pe recycled up to five times without any notable loss of
catalytic activities, three TiQprecursot-Pd catalysts with  catalytic activity.

2.2, 11.2, and 22.5 wt % Pd loadings were tested for the

timg-.dlependent Suzuki coupling reaction. Sir]ce the catalytic Acknowledgment. This work was partially supported by the
activities of all three samples were too high at ethanol National Natural Science Foundation of China (Nos. 20121301,
refluxing temperature, these experiments were carried out20575070, 20603041, 20673121, 20673125, and 20520140277),
at room temperature. After reaction for a specific time, a the National Key Project on Basic Research (No. 2006CB806100
certain amount of the reaction mixture was collected and and 2002CCA03100), and the Chinese Academy of Sciences.
analyzed. Figure 9 shows the activity profiles of the three

catalysts for Suzuki coupling reaction. For the first hour of  Supporting Information Available: The FTIR spectra of the
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