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Abstract

Pt/silica catalysts were prepared by adsorption of Pt:())dﬁ1L from strongly basic impregnation solutions. The pH not only determines
the amount of adsorbed Pt but also influences the particle size of the reduced catalyst. The highest dispersions were obtained at lower P
loading and drying in air at 100C followed by reduction in J at 250°C. With increasing calcination temperature there was a nearly linear
decrease in the Pt dispersion. Itigygested that the dispersion is dependent on thetiiin of Pt species on silica at the time of reduction.
Reduction of Pt~ adsorbed under conditions to give strong elestatic interation leads to particles with a gisrsion of 1.0. Calcination
at temperatures form 150 to 40Q leads to partial oxidation of PTA to ®t species, which reduce to metallic particles with a dispersion of
about 0.4. Finally, calcination above 525 leads to large metallic Pt particles with a dispersion of about 0.07. By selecting the method of
preparation and calcination temperature, verylstndarge metallic nanoparticles can be prepared.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction ration of Pt/SiQ catalysts given iTable 1 [1-22] Incipient
wetness or dry impregnation (DI) is often used in the prepa-

Supported noble metal catalysts are used in a large num-ration with chloroplatinic acid (EPtCl or CPA)[5,6,9,13,
ber of commercially important processes including hydro- 16,19,21,22]but may also be used with platinum tetraam-
genation, naphtha reforming, oxidation, automotive exhaust Mine chloride (or nitrate), Pt(N§4Cl, or PTA[6,21]. With
catalysts, and fuel cells. In order to maximize the activity, (S method, the desired amount of metal salt is dissolved in
it is necessary to make small particles. Typically, supported sufﬁqent water to just fill the pore volume of the support. Pt '
catalysts contain particles of about 10-100 A. It is well O silica catalysts may also be prepared by several nontradi-
known that for some reactions, the particle size affects the tional methods such as a simultaneous sol-gel synthesis of a

rate (per surface atom) and the selectivity. Thus, precise con-Ft Salt and silic410,12,18]or by DI with organic solvents

trol of the particle size is essential for optimum performance. 1220} The mostoften used method, however, is to add PTA
Several steps in the preparation including the support to S'I'Ca.l from a slgrry IN EXCess solut|Qm—5,7,8,1l,12,14—

composition, metal salt, method of metal addition, pH, metal 17] This method is commonly called ion exchange, but can

loading, calcination temperature, etc., affect the ultimate more generally be considered wet impregnation (W1). In the

particle size in the reduced catalyst. The importance of theseWI method of preparation the pH of the neutral or mildly ba-

effects are evident in a survey of the literature on the prepa-> impregnating solution slowly becomes more acidic since
y prep the point of zero charge (PZC) of silica is about 4. If the

impregnating solution is maintained under strongly basic
* Corresponding author. conditions, the silica hydroxyl groups are deprotonated and
E-mail address: millejt1@bp.com (J.T. Miller). platinum tetraammine cation is readily deposited on the sup-
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Table 1
Summary of the literature on the method of preparation for Py S#2alysts
Ref. Ptloading Surface area Surface loading Method Precursor pH Calc. (©) Redc. () Dispersion
(Wt%) (m2/g) (Hmol/m?2) final K K
1 05 nd - Wi PTA-CG 7.0 initial 383 673/603 31-035
1 05 nd - Wi CPA 2.1 initial 383 673/603 .2
23 6.3 364 0887 SEA PTA-OHand Gl 8.9 378 673 ®B4
4 36 200 0923 SEA PTA-C} NH40H 773 - 030
5 038 219 0187 SEA CPAto PTA 9-11 at 343K 393 — ()
5 04 219 0094 DI CPAin acetone  — 393 - 5B
6 0.05 500 05 DI PTA-NG3 - 573 473 ™9
6 0.6 500 0062 DI PTA-NG; - 573 473 00
6 3.0 500 0308 DI PTA-NG3 - 573 473 060
6 31 500 0318 DI CPA - 573 473 @5
7 0.06 198 16 SEA CPAto PTA 9.74 378 533 .a
7 0.46 198 19 SEA PTA 9.74 378 533 .02
7 1.73 198 448 SEA PTA 9.74 378 533 .58
8 0.01-7 194 MO03-185 SEA PTA-OH 8-10.5 573 673 .&b
9 10 260 0197 DI CPA 0.2M HCI 723 773 a1
10 0.83 500-800  .085-0053 Sol-gel PTA-N@Q 4.3 - - 070
11 2.68 200 ®87 SEA PTA-CG) 9.0 Dried 673 Q56
desiccator
11 2.68 200 ®87 SEA PTA-CG 9.0 573 673 B4
11 2.68 200 ®87 SEA PTA-C} 9.0 573 Ar 673 @85
12 1.76 653 38 Sol-gel CPA 1.4 673 673 .20
1.62 480 0173 PTA-NG 4.0 080
1.65 632 0134 Pt(GH705), 4.8 Q50
12 0.95 (design 2.0%) 714 .@B8 Wi PTA-NG; 8.0 673 673 ®5-028
12 091 1097 M43 Ethanol PTA-NO3 2.4 673 673 0-Q15
0.91 754 0062 and Pt(AcAC) 1.65 010-013
acetone
12 1.65 632 34 5.0 673 673 60
0.8 706 0058 Sol-gel Pt(AcAQ) 0.80
0.65 759 0044 0.80
0.40 586 0035 0.80
13 4.9 200 126 DI PtCly - 573 573 B0
1.0 0256 0.50
14 10 300 @71 293 573 Q30
Wi PTA-Cly 12 initial vacuum 673 029
773 028
773 Ny 0.98
14 20 300 ®B42 Wi PTA-Cb 773 Q78
1023 044
1073 020
15 0.81 220 89 SEA PTA-CG) 9.8 673 He 673 ®1
16 2.65 220 ®17 393 673 @2
1.44 Q0336 DI CPA 041
0.49 Q114 0.45
16 3.8 220 883 SEA PTA-C} 9.8 Dried 673 ®6
17 1.05 596 ®m9 SEA PTA-OH - 573 573 07
17 0.90 596 w77 0.34
0.87 341 0131 Wi PTA-OH - 773 573 @3
0.93 238 020 0.93
1.02 580 009 1.00
0.89 202 0226 0.47
18 1.5 0193 Modified Pt(acac) - 0.39
399 impregnation  Pt(acag) 823 373 4
with sol-gel? CPA 010
19 05 0068 1.0
1.6 377 0218 DI CPA Acidic 393 773 B0
25 034 0.30

4.6 0625 0.3
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Table 1 Continued)

Ref.  Ptloading Surface area Surface loading Method Precursor pH Calc. (®) Redc. (B) Dispersion
(Wt%o) (m?/g) (Hmol/m?2) final K K
19 0.7 0095 1.20
15 377 0204 SEA PTA-C} 9.0 393 773 00
2.5 Q34 0.80
45 0612 0.90
20 0.5 M-5 - Organic Pt(Acac) Toluene 673 213
Sol—gel DH- Acetyl Excess 673 bl/He 039
M-5(DH) dehydroxylated acetonate 0.32
Sol-gel(DH) support 0.31
20 0.5 M-5 — Impreg CPA 673 012
Sol—gel DH- Acidic 673 Hy/He 012
M-5(DH) dehydroxylated ? 0.08
Sol-gel(DH) support 0.09
21 1 - - DI PTA - 773 - 0.39-002
and up
22 1 270 019 DI CPA Acidic Vacuum 623 to 0.84-013
? dried 383 973

DI, dry impregnation; WI, wet impregnation at near malipH; SEA, wet impregnation under strongly basic pH.
a Text reads Pt(N@)2(NHy)2, typo assumed.

port. We sugged®3] that it is more correct to describe this 1 T
interaction as strong electrostatic adsorption (SEA), rather 0.9 m 0 =
than ion exchange, since the attraction occurs only in strong [ ]
base sufficient to deprotonate the silanol groups. 0.8 On .
Table lis a list of the methods of preparation, e.g., DI 0.7
(with PTA or CPA), WI (where the pH drifts toward neu- ¢ 9 |
tral pH), and SEA (where the pH remains high) for Pt/silica -g 0.6 L]
catalysts reported in the literature. In addition, to the dif- & 0.5
ferent methods of Pt addition, the metal loading and subse- & °
quent calcination and reduction temperatures are also given. A 0.4 ®
A number of trends affecting the dispersion of the reduced 0.3 o
catalysts can be identified Trable 1 First, DI with CPA gen- X o
erally gives moderate to poor dispersion, ca. 0.2{9,8,9, 0.2
13,16,19,21,22}with the exception at very low loading. DI 0.1
of PTA gives higher dispersions than those prepared from
CPA, about 0.6—-0.9 with higher dispersions at lower Pt load- 0 v ' ' '
ing [6,21]. Preparation of Pt on silica by WI with PTA, i.e., 0 0.2 0.4 0.6 0.8 1
near neutral pH, also gives dispersions, which are moder- Pt surface density (pmoleslmz)

ate to low, generally about 0.3-0[%5,14,17] The highest
dispersions are achieved by SEA of PTA; i.e., the pH re- Fig. 1. Ptdispersion versus Pt surface density for Pt/silica catalysts prepared
mains high throughout the mesatleposition. For catalysts by (open circle) WI; (solid square) SEA calcined at low (373-573 K); and
prepared by SEA and WFig. 1shows that the Pt dispersion (x) SEA calcined at high (673-773 K) temperature (data taken from the
. . . literature).

decreases as the metal loadingreases. Since the catalysts
in Fig. 1were prepared on silicas with different surface area,
the metal loadings were coraged on the basis of Pt surface there is autoreduction to large metallic particles. Dispersions
density (umolm?). While there are only a few examples of ~are higher for catalysts pregaf by strong electrostatic ad-
catalysts calcined at higher teeratures, at the same Pt sur- sorption, at low metal loading, and for catalysts that are not
face density, catalysts calcined below 3@generally have  calcined.
higher dispersiong,3,5,7,8,11,16,17,19]

The effect of the method of Pt addition (with PTA) onto
silica, metal loading, and calcination temperature between 2. Experimental
100 to 675 C on the dispersion of the reduced catalyst has
been determined. In addition, XANES and EXAFS spectro-  Davison 644 silica and platinum tetraammine chlo-
scopies have been used to characterize the Pt species followride [Pt(NHs)4Cl2, 99.9%)] or platinum tetraammine nitrate
ing calcination. Calcination leads to increasing oxidation of [Pt(NH3)4(NO3)2] from Aldrich were used. The NBET
Pt to Pt up to about 500C. Above this temperature, surface area and pore volume were 2%)gand 1.0 c¢g,
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respectively, and were not affected by any of the catalyst termined on the reduced catalysts by the double isotherm
preparation steps. The PZC of the silica was 6.2, typical method using a Coulter Omnisorb 100CX instrument. The
of precipitated silica with alkali impuritieR23]. The silica previously reduced catalyst was rereduced for 1 h and evac-
was washed with water to remove any residual Na and low- uated for 1 h at 250C and cooled to room temperature in
ered the PZC to that of alkali-free silica, ca. 423]. Since vacuum. The first isotherm was determined at room tem-
the adsorption of PTA over adltine and alkaline-free silica  perature. The sample was evacuated at room temperature
has been shown to be identi¢a#], catalysts were prepared and the second Hisotherm was determined. The hydrogen
from the as-received, unwashed silica. For the modeling of chemisorption capaty was determined by the difference in
PTA adsorption, however, a PZC of alkaline-free silica was the two isotherms extrapolated to zero pressure and assum-
assumed24]. The revised physical adsorption (RPA model) ing a hydrogen atom to surface Pt stoichiometry of 1.0.
for PTA on silica was previously describgzi3].
2.3. EXAFSand XANESdata collection and analysis
2.1. PTA adsorption verses pH
X-ray absorption measurements were made on the inser-

A stock solution of 18,700 md. Pt was prepared by tion-device beam line of the Materials Research Collab-
adding 31.96 g Pt(NE)4Cl, to 1.000 L of deionized water.  orative Access Team (MRCAT) at the Advanced Pho-
The elemental composition was confirmed by ICP analysis. ton Source, Argonne National Laboratory. A cryogenically
Concentrated HNg NH;OH, or NaOH was added to ad- cooled double-crystal Si (111) monochromator was used in
just the pH of 50 mL of stock solutions, in 60 mL Nalgene conjunction with an uncoated glass mirror to minimize the
polypropylene bottles. A pH range between 2 and 9 was pre-presence of harmonics. The monochromator was scanned
pared by the addition of HN®and NH,OH, while PTA continuously during the measurements with data points inte-
solutions at a pH between 4 and 13.5 were prepared by thegrated over 0.5 eV for 0.07 s per data point (0.65 eV and 0.05
addition of HNG; and NaOH. The 50 mL of the pH adjusted s for the time series). Measurements were made in trans-
PTA solutions was added to 14.31 g of the silica, giving a mission mode with the ionization chambers optimized for
surface loading (surface area of silica per liter of solution) the maximum current with linear response 10° photons
of 83,000 nf/L. After 1 h, 5 mL of solution were filtered,  detecteds) using a mixture of nitrogen and helium in the
the Pt concentration was determined by ICP and the Pt load-incident X-ray detector and a mixture of ca. 20% argon in
ing on silica was calculated by difference. Final pH values nitrogen in the transmission X-ray detector. A platinum foil

were also recorded. spectrum was acquired simultaneously with each measure-
ment for energy calibration.
2.2. Catalyst preparation Catalyst samples were pressed into a cylindrical holder

with a thickness chosen to give a total absorbance) (
2.0% Pt on silica by Dry Impregnation (DI): 0.90 g of of about 3.0, corresponding to approximately 100 mg of
Pt(NH3)4(NO3)2 in 45 mL H,O was added to 45 g of sil-  catalyst, which resulted in a platinum edge stepuf) of
ica. The initial pH of the PTA solutions was about 5.0. The ca. 0.5 for 2% Pt on silica. EXAFS and XANES spectra
catalyst was dried overnight at 100 in a forced air, ven-  of the calcined catalysts were obtained at room temper-
tilated oven. The Pt elemental analysis determined by ICP ature in air. Phase shifts, backscattering amplitudes, and
was 2.03%. XANES references were obtained from reference com-
2.0% Pt on silica by Strong Electrostatic Adsorption pounds: Pt(NH)4(NOs), for P+, NapPt(OH) for Pt-O
(SEA): 45 g of silica was slurried in 400 mLJ®. The pH and Pft, and Pt foil for Pf and Pt—Pt. The XANES fits
was increased to 9.5 by addition of concentrated;&H. of the normalized spectra were made by linear combina-
0.90 g of Pt(NH)4(NOs), dissolved in 50 mL HO was tion of experimental standards. Standard procedures based
then added. After 1 h the solid was filtered and washed on WINXAS97 softwarg25] were used to extract the EX-
2 x 250 mL HO and dried overnight at 10€ in flow- AFS data[26]. The coordination parameters were obtained
ing air. The Pt elemental analysis determined by ICP was by a least square fit ik- andr-space of the isolated multiple-
2.06% and indicated that virtually all the PTA in solution shell,k%-weighted Fourier transform data.
had been adsorbed. A similar padure, except for adjusting
the amount of PTA added to the impregnating solution, was
followed for preparation of catalysts with other Pt loadings. 3. Results
The DI and SEA Pt/silica catalysts were calcined in
flowing air at temperatures from 100 to 675 by heating 3.1. PTA adsorption verses pH
at 1°C/min to the final temperature and holding for 3 h.

Following calcination, 10 g otatalyst was reduced at at- The amount of Pt adsorbed on silica at a surface load-
mospheric pressure in flowing2H200 cgmin) by heating ing (n? of silica per liter of solution) of 83,000 as a func-
from room temperature to 25€ at 5°C/min and hold- tion of the final pH of the solution is shown frig. 2 The

ing for 2 h. The hydrogen chemisorption capacity was de- amount of Pt adsorbed on silica is given as surface density
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12 Table 2
~ 1 / \ Pt/SiGy: the dispersion of the reduced catalysts prepared by SEA and DI of
‘é‘ // ¢ \ PTA, and calcined at temperatures from 100 to 825
? 0.8 || Pt(%) pH Base Calcination H/Pt
° temperature9C)
§ 0.6 T Strong electrostatic adsorption of PTA
© Py R ’ 0.25 5.0 (initial) ~ None (W) 200 ®7
£ 04 o 063 95 NH,OH 100 096
© /‘ s’ 1.05 9.5 NH,OH 100 100
© 105 95 NH,OH 150 100
1.05 9.5 NH,OH 200 Q96
T . . 1.05 9.5 NH;OH 250 092
8 10 12 14 1.05 9.5 NH,OH 300 086
) 1.05 9.5 NH;OH 400 061
pH Final 105 95 NH,OH 525 024
. ) . ) 1.05 9.5 NH;OH 600 013
Fig. 2. The uptake of PTA on Davison 644 silica as a function of pH (83,000 1 o5 95 NH,OH 675 006
mz/g, 18,700 ppm Pt), basic solutions with YEH (square) or NaOH (di- 1.23 95 NH,OH 100 095
amond). Revised physical adsorption model fit with parameters:-PZ(, 206 95 NH,OH 250 072
ApK =6.75, Ns=5 OH/an, number of hydration sheaths (nhs)1.5 206 95 NH,OH 300 062
2.06 9.5 NH;OH 500 024
(or pmol/m?). At pH’s below about6, there is little ad- 2'82 g‘g E&gﬂ 238 gﬁ
sorption. As the pH increases, the amount of Pt adsorbed; g3 9.5 KOH (0.46% K) 100 26
increases up to a pH of about 10 with a maximum of about 1.88 9.5 KOH (0.19% K) 100 97

1.1 umoym?. There was sufficient Pt in solution to give a

2. Dry impregnation of PTA
1.15 pmofm¢ if all the PTA had been adsorbed. The amount

. , , ) : 5.0 None 100 @5
of PTA adsorbed is the same from basic solutions adjusted g5 5.0 None 150 a5
by either NHOH or NaOH. 1.05 5.0 None 200 68

The adsorption was modeled using the parameters deter-1.05 5.0 None 250 63
mined in the previous study for 200 ppm PTA on sil[23]. L0550 None 400 a1
The dotted line irFig. 2 indicates that the shape of the ad- 1:05 g:g mggz 2(2)(5) gg
sorption curve is generally correct, although the model un- 1 gs 50 None 675 04
derpredicts the amount of Pt adsorbed at this high surface1.50 5.0 None 250 a9
loading (83,000 compared to 2000 and 30,030 Imin the 2.03 5.0 None 100 61
previous study). Apparently the adsorption capacity is higher g-gg 2'8 Egzg ggg -gg
for concentrated PTA-impregnating solutions. Better agree- ., - 50 None 400 a4
ment with the data is obtained by assuming that the radiuss g3 5.0 None 500 a2
of the PTA hydration sphere decreases from about 2 to 1.52.03 5.0 None 550 a9
molecules of water. 2.03 5.0 None 600 09

3.2. Comparison of SEA and DI preparations
higher loading may also be possible if catalysts prepared

The effect of method of preparation of Pt/silica from PTA by SEA are not calcined. Catalysts prepared in basic solu-
on the dispersion of the reduced catalyst, determined by hy-tions of KOH give similar adsorption capacities and high
drogen chemisorption, is given ifable 2 Dissolution of  dispersions as those prepared with JTHH; however, some
PTA in water gives a pH of about 5.0. At this initial pH, residual KOH is retained on the support.
silica adsorbs only 0.25% Pt of a possible 2.0 wt% (this is ~ Catalysts were also prepared by incipient wetness im-
the WI method of preparation). Calcination at 2@gives pregnation (DI) at the pH of the PTA solution, ca. 5.0.
a high dispersion, 0.87. By increasing the pH of the adsorp- Generally, the dispersion is lower than similar catalysts pre-
tion solution with NH,OH, significantly more PTA can be  pared by strong electrostatic adsorption. The specific result
adsorbed. Various amounts of PTA were added to give the depends on the Pt loading. For example, at 1% Pt, the dis-
different Pt loading inTable 2 Virtually all PTA in the par- persion of the DI catalyst dried at 10C is 0.85, while the
ent solutions was adsorbed onto the silica surface in the SEASel-Ads catalyst is 1.0. At 2% Pt, however, the DI catalyst is
(high pH) preparations. Thuander these conditions higher 0.51, while the SEA (KOH) catalyst is 0.97. One would ex-
loadings should be possible. At loadings up to about 2% Pt, pect the dispersion to be very similar at 0.25% Pt since the
the dispersion is high when the drying temperature is nearamount adsorbed at this pH would be the same as that added
100°C; i.e., the catalyst is not calcined. High dispersion at by DI.
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Fig. 3. Dispersion of 1.0% Pt/silica catalysts prepared by SEA (solid cir-

cles) and DI (open circles) of PTA and calcined at temperature from 100 to Fig. 5. The XANES spectra (EXAFS region not shown for clarity) from

675°C. 11.52 to 11.60 eV for 1% Pt on silica prepared by SEA with PTA. The
XANES and EXAFS spectra were obtained at room temperature in air every
1.0 82s.
U °
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Fig. 4. The effect of calcination temperature and metal loading on disper-
sion for 1% Pt (solid circles) and 2% Pt (open circles) on silica prepared by Photon energy [keV]

SEA.
Fig. 6. Normalized XANES spectrum (solid) and fit (11.52-11.60 keV)
(dotted) for 1% Pt on silica prepared by SEA of PTA at pH 9.5 with Xt

After addition of the metal salt to a support, catalysts 2"d calcined at 200C.

are often heated at elevatedgeratures in air prior to re-

duction. The effect of calcination temperature on the Pt 3.3. XANESand EXAFSspectra for PTA on silica at

dispersion for PTA on silica is also shown Table 2and different calcination temperatures

in Fig. 3. For both methods of preparation, the dispersion

(after reduction) is highest when the catalyst is dried at ~ As shown inFig. 5 for samples containing Pt, there

100°C. At this temperature, bottatalysts are white in color.  was a rapid increase in the white line region with subsequent

As the heating/calcination temzture increases, the color  scans. After about 5.5 min, approximately 50% of the Pt had

becomes first light brown and at higher temperature dark been oxidized to Bt', while over 90% had been oxidized af-

brown. As the calcination temperature increases, the disper-ter 30 min. In order to determine the true distribution of Pt

sion decreases approximately linearly. Above about®®)0  oxidation states, correction was made for oxidation by the

the dispersion is nearly identical for both methods of prepa- beam. Consecutive scans in this series were obtained every

ration. 82 s, and the XANES region from 11.52 to 11.60 keV was
The effect of metal loading and calcination on dispersion fit with a combination of Pt and P#t. A typical spectrum

is shown inFig. 4for 1 and 2% Pt on silica prepared by SEA and fit of a XANES spectrum for the 1% Pt on silica cata-

of PTA at a pH of 9.5 with NHOH. As the metal loading  lyst prepared by SEA and dried at 100 is given inFig. 6.

increases, the dispersion is lower at calcination temperaturesThe log , of the amount of Pt~ verses the time of each scan

up to about 500C, above which the dispersion is indepen- indicated a first order oxidation of £t by the beam. Ex-

dent of the metal loading. trapolation to zero time indicated that the sample was 100%
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Fig. 7. The first-order kinetic plot for oxidation ofFt to P by the X-ray

beam for 1% Pt on silica prepared by SEA. Extrapolation to zero time gives Fig. 8. Normalized XANES spectraifd% Pt on silica prepared by DI with

the composition of the oxidation state of adsorbed Pt. PTA at a pH 5.0 and calcined at 100 (dotted), 300 (dashed), an8@G00
(solid).

Table 3

XANES fits (from 11.52 to 11.60 eV) of% Pt/silica catalysts prepared by 1.0

SEA and DI of PTA and calcined at temperature from 100 to875 \

Calcination temperature DI SEA 0.8 L

¢C) pet Pt PO pRt pét PP L \\

100 10 - - 10 - - ‘s 06 3

150 10 - - 10 - - 5

200 Q54 046 - Q80 020 - B 04

250 Q21 079 - Q55 045 - E \ \

300 - 10 - 029 071 -

400 - 10 - 028 072 - 0.2

525 - 10 - - Q37 063 \

600 - 021 079 - Q17 083 0 . . - -

675 - 009 091 - Q10 090 100 150 200 250 300 350

Calcination Temperature, °C

P&t (Fig. 7). Catalysts containing only #t or metallic Pt Fig. 9. The fraction of Pt" on silica after calcination of PTA from 100 to
did not change in the beam during data collection. 300°C, SEA (solid circle) and DI (open circle).

The XANES fits of 1% Pt on silica prepared by DI and
SEA and calcined at temperatures from 100 to 8Z%re ] ) o )
given inTable 3 For both methods of preparation, at F@  increase in the Pt-O coordination numbeig( 11). These
Ptis present as Pt. As the drying/calcination temperature phanges parall_el the increase in whlte.hne intensity confirm-
increases, the white line increases due to partial oxidation ofind the oxidation of PTA by calcination. On the catalyst
PTA to P (Fig. 8). The fraction of Pt" is larger for the  Prepared by DI, Pt” oxide with 6 Pt-O bonds is formed
catalyst prepared by DI, which is fully oxidized at 30D at 300°C and remains the dominant species up to a calci-
(Fig. 9). Even at 400C, not all the PTA adsorbed onto silica nation temperature of 52&. Calcination at temperatures
has been oxidized. These results are consistent with previoudligher than 525C leads to formation of metallic Pt with
results, which show that PTA is not fully decomposed in air @ near-neighbor bond length of 2.77 A (see afég. 11).
at 300°C [27]. Above 500°C (in air), there is a decrease Since a fraction of the metallic particles are oxidized, it is not
in the white line intensity due to autoreduction to metallic Pt Possible to directly estimate the particle size from the Pt-Pt
(Fig. 8). The fraction of metallic Ptincreases with increasing coordination number. However, if one estimates the fraction
calcination temperature. Generally, the fraction of metallic of metallic Ptfrom the XANES, a reasonable estimate can be
Pt at high calcination temperature is very similar for both made from the EXAFS. For example, the fraction of metallic
methods of preparation. Ptin the DI catalyst calcined at 60C is 0.79. Therefore, the

The EXAFS fits of the isolated shells of the calcined cat- actual Pt—Pt coordination number is about 10.6 (8.4/0.79),
alysts are given iffable 4 A typical k2-weighted spectrum  indicating large metallic Pt particles; fully coordinated bulk
andr-space fit are shown ifig. 10 At 100°C, for both platinum has a nearest neighbor coordination number of 12.
methods of preparation the EXAFS indicates that there are Formation of metallic Pt by air calcination always leads to
4 Pt—O (or Pt-N) scatters at a distance of 2.05 A, indicating large particles. Furthermore, the EXAFS coordination num-
no change in the PTA upon contact with silica. EXAFS can- bers and hydrogen chemisorption results indicate that the
not distinguish between a N or O backscattering atom. As dispersion is similar for both methods of preparation at all
the calcination temperaturedreases, there is a continual metal loadings.
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Table 4

EXAFS fits k2: Ak =3.0t0 9.8 A1, Ar1.2=2.8 A for Pt-0;k%: Ak =
3.0t013.8A 1 Ar1.5=23.1Afor Pt-Pt) of 1% Pt/silica catalysts prepared
by SEA and DI of PTA and calcined at temperature from 100 to°675

Calcination Scatter CN R(A) DWF Eg (eV)
temperatureC) (x103)
Strong electrostatic adsorption of PTA at a pH 9.5 with/XHH
100 Pt-O 4 5 -0.1 02
150 Pt-O 8 205 01 0.7
200 Pt-O % 205 01 0.7
250 Pt-O 8 203 17 0.0
300 Pt-O L7 203 13 -0.8
400 Pt-O 2 204 12 -05
525 Pt-O 5 203 05 -1.0
Pt-Pt 65 277 15 -15
600 Pt-O 5 205 07 20
Pt-Pt 83 277 05 -11
675 Pt-O o7 204 07 10
Pt-Pt 97 277 05 -05
Dry impregnation with PTA at a pH 5.0
100 Pt-O 4 5 02 01
150 Pt-O 4 5 01 01
200 Pt-O & 204 11 01
250 Pt-O %6 203 09 —0.6
300 Pt-O a0 204 12 -0.3
400 Pt-O &0 204 11 0.0
525 Pt-O a0 204 11 03
600 Pt-O 15 202 05 -0.9
Pt—Pt 84 277 02 -17
675 Pt-O 03] 203 10 20
Pt—Pt 100 277 04 -14
[ 1 1]
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Fig. 10. kZ-weighted Fourier transform of EXAFS raw data (real part
FT, solid; imaginary part FT, thin solid) plus fit of the isolated shéfl,(

Ak =3.04-9.75 A1 Ar =1.25-2.08 A) (real part FT, dashed; imaginary

part FT, dotted) for 1% Pt on silica prepared by SEA of PTA at a pH 9.5
and calcined at 200C.

4, Discussion

In the previous studj23], a monolayer of PTA adsorbed
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0.02

0.01

Magnitude of FT (k* * Chi)

RIA]

Fig. 11. Magnitude of thet?-weighted Fourier transform for 1% Pt on
silica prepared by DI with PTA at a pH 5.0 and calcined at 100 (dot-
ted, Ak = 3.04-9.75 A1), 300 (solid, Ak = 3.04-9.75 A1), and 600°C
(dashed Ak = 2.74-13.82 A1),

was consistent with experiments performed at surface load-
ings of 1000 and 5000 fyiL, much lower than that currently
employed. At 83,000 RyL (Fig. 2), to achieve quantitative
agreement between theorydaexperiment it is necessary to
reduce the radius of the hydrated Pt cation. Physically this
implies that a higher packing density of PTA can be achieved
at higher (solution) concentrations. A more complete study
of the effect of PTA concentration on the maximum amount
adsorbed is in progress. While modifications to the RPA
model need to be quantified at high loading, the electrosta-
tic interpretation of adsorption, i.e., the Coulombic attraction
between the PTA cation and theguatively charged, depro-
tonated silanol surface, gives, at least, a good qualitative
interpretation of the impregnation phenomenon and can be
used to explain a number of trends in Pt dispersioilan

ble 1and the present data.

4.1. Acorrelation of strong electrostatic adsor ption with Pt
dispersion

The assumption of the electrostatic model is that there is
a strong Coulombic attraction when the PTA cation is con-
tacted with a negatively charged silica surface. This occurs
only when the hydroxide concentration of impregnating so-
lution is large compared to the number of hydroxyls on the
silica surface, i.e., at a pH above about 9. On the other hand,
forimpregnation of PTA at a pH where the number of silanol
groups is much larger than the number of hydroxide ions ini-
tially in solution, the pH approaches the PZC of the silica
and there is little negative charge on the silica surf2&}.
The previous Table 1) and current results will now be ex-
amined in light of this model.

First, DI preparations with CPA, with the exception of
very low loadings, give low dispersion compared to PTA

onto silica was determined to have a steric maximum of preparations. At the pH of an impregnation solution consist-
0.87 umofm?, assuming that the cation retains a hydration ing of CPA, ca. 3, few silanol groups would be expected to
sphere equivalent to about two water molecules. This value be protonated. Thus, only a small amount of RfClwould
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1 -

strongly adsorbed on silica.ddadsorbed anionic Pt com- . 5
plexes will agglomerate during drying. DI of CPA on planar 0.9 X A
silica supports reults in large Pt crystallites, which have ’ »
been imaged by electron microscd@g]. 08 A\ Y. X
For Pt silica prepared by DI with PTA, the dispersions s % \
are also relatively poor, except at low surface loading; see, '@ \ 2
for example, Refg[6,21], Table 2andFig. 2 At DI condi- g 07 v v
tions for typical high surface area oxides, i.e., generally near -,%’ \A X

o
(=2

neutral pH, the oxide buffering effect will decrease the pH ) X
toward the PZ{28]. In other words, for impregnating so-

lutions with an initial pH between about 4 to 7, the number 0.5
of surface silanol groups greatly exceeds the number of hy-
droxide ions solution. The number of hydroxide ions depend 0.4 ' ' ' '
0 0.2 0.4 0.6 0.8 1

both on the pH and on the amount of solution per square me-
ter surface area of silica. Under typical DI and WI (at neutral Pt surface density (umoles/m?)
pH) conditions, only a small number of silanol groups are
.negatlvely charged; therefore, On.ly a. small amount of PTA dispersion of reduced Pt/silica catalysts prepared by SEpiterature cal-
1S Strongly adsorbed. As the |Oadmg increases, much of thecined between 100 and 30C; this study, solid triangle and solid line-dried
Pt salt is physically deposited onto the support and leads toat 100°C; (small open triangle and dotted line) calcined at 260 and
moderate to poor dispersions. (large open triangle and dashed line) calcined at°@D0

Even for Pt/silica catalysts prepared by DI with initially
basic PTA solutions, there is an insufficient amount of base metal complex-support interaction. Alternatively, sintering
to provide adequate negative charge on the support. Thuspf the volatile (neutral) metal species during calcination was
much of the PTA is physically adsorbed. Frarable 1 [1, thought to lead to larger particl§31-33] In this study, in-
14,17]andFig. 1, catalysts prepared from (initially) mildly ~ dependent of the method of preparation, calcination of PTA
basic solutions (WI preparation) had low Pt dispersion. at temperatures as low as 18D affects the reduced particle

The condition for strong electrostatic adsorption between size. By controlling the calcination temperature and method
silica and PTA depends on addition of sufficient base to of Pt addition, one can obtain supported Pt catalysts of dif-
deprotonate enough silanol groups to adsorb all of the Ptferent particle size from very small to very large.
cations. Preparations of catalysts prepared by SEA of PTA  From the linear dependence of the dispersiofrig. 3
[2-5,7,8,11,12,15-17,1%re given inTable 2andFigs. 2 and the fraction of Pt species from the XANES fits, one
and 3in the current work. can estimate the dispersion of the Pt particles resulting from

While the dispersions of the catalysts prepared by SEA reduction of Ptt, P, and P? present after calcination.
are generally greater than 0.6 and are often near 1.0, it iSAssuming strongly adsorbed PTA gives a dispersion of 1.0,
also true that increasing cateition temperature generally one can estimate the dispersion of PTA present during DI
leads to lower dispersion of the reduced catalyst. The pre-preparation. For 1% Pt on silica prepared by DI and dried
viously reported literature together with the current results at 100°C, 0.25% Pt is strongly adsorbed:; i.e., the amount
is shown inFig. 12 The results from this study have been strongly adsorbed at a pH of 5.5. Therefore, with a total dis-
plotted separately as a funati@f calcination temperature.  persion of 0.85, the remaining PTA leads to Pt particles with
Several clear trends emerge frétigs. 1-4 and 12First, the a dispersion of about 0.80 6= (0.25 x 1.0) + 0.75(X)].
highest dispersions are obtained when the catalysts are noAlthough silica prepared by DI does not have the sufficient
calcined, but reduced directly after drying at 2@ This (negative) surface charge to strongly adsorb the majority of
was also previously report¢#l9,30] With all other prepara-  the Pt, PTA interacts sufficiently well to give moderately
tion conditions equivalenEigs. 2 and Zlearly demonstrate  high dispersions, ca. 0.8.
that higher temperature calcination leads to a monotonic de- ~ Similarly, one can calculate the dispersion for platinum
crease in dispersion. This is true for both DI and SEA prepa- particles resulting from the reduction of the*Ptspecies
rations. Furthermore, the loss of dispersion that occurs with produced during calcination. For example, at 26Qhe 1%
elevated calcination temperags increases with increasing Pt/silica catalyst prepared by SEA has a dispersion of 0.61
metal loading for both types of preparatiorf@iple 2and with 28% P£*. The reduction of these Pt species, there-

Fig. 12. Effect of Pt surface density (pmmz) and calcination on the

Fig. 3. fore, results in metal particles with a dispersion of about 0.4.
A similar value is obtained for Pt species on the DI cata-
4.2. The control of Pt particle size lyst, indicating that Pt" oxides interact with the support in

an equivalent way for both methods of preparation, and these
The loss in dispersion due to increasing calcination species reduce to give metallic particles with lower disper-
temperature has been considered to be due to the lossion than Pt". The loss in dispersion due to calcination at
of ammonia ligands leading to disruption of the strong temperature less than about £@is directly proportional
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to the amount of Pt independent of the temperature. This to 400°C leads to partial oxidation of PTA to £t species.
implies that the loss in dispersion is not due to sintering of Itis proposed that reduction of the latter gives metallic parti-
the supported Pt species, but due to the change in the oxida€les with a dispersion of about 0.4. Finally, calcination above
tion state of those species and the strength of the interaction525°C leads to large metallic Pt particles with a dispersion
of these species with the silica surface. of about 0.07. By combination of the method of prepara-
A similar analysis can be made for the dispersion of tion and calcination temperature, very small to large metallic
metallic Pt formed by calcination. Assuming that reduction nanoparticles can be prepared.
of Pt*+ species leads to Pt particles with a dispersion of 0.4,
the dispersion of the metallic Pt can be estimated to be about
0.07. A similar value is obtained for both methods of prepa- Acknowledgments
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