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Abstract

Pt/silica catalysts were prepared by adsorption of Pt(NH3)4
2+ from strongly basic impregnation solutions. The pH not only determ

the amount of adsorbed Pt but also influences the particle size of the reduced catalyst. The highest dispersions were obtained
loading and drying in air at 100◦C followed by reduction in H2 at 250◦C. With increasing calcination temperature there was a nearly li
decrease in the Pt dispersion. It is suggested that the dispersion is dependent on the distribution of Pt species on silica at the time of reductio
Reduction of Pt2+ adsorbed under conditions to give strong electrostatic interaction leads to particles with a dispersion of 1.0. Calcination
at temperatures form 150 to 400◦C leads to partial oxidation of PTA to Pt4+ species, which reduce to metallic particles with a dispersio
about 0.4. Finally, calcination above 525◦C leads to large metallic Pt particles with a dispersion of about 0.07. By selecting the met
preparation and calcination temperature, very small to large metallic nanoparticles can be prepared.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Supported noble metal catalysts are used in a large n
ber of commercially important processes including hyd
genation, naphtha reforming, oxidation, automotive exha
catalysts, and fuel cells. In order to maximize the activ
it is necessary to make small particles. Typically, suppo
catalysts contain particles of about 10–100 Å. It is w
known that for some reactions, the particle size affects
rate (per surface atom) and the selectivity. Thus, precise
trol of the particle size is essential for optimum performan

Several steps in the preparation including the sup
composition, metal salt, method of metal addition, pH, m
loading, calcination temperature, etc., affect the ultim
particle size in the reduced catalyst. The importance of th
effects are evident in a survey of the literature on the pre
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ration of Pt/SiO2 catalysts given inTable 1 [1–22]. Incipient
wetness or dry impregnation (DI) is often used in the pre
ration with chloroplatinic acid (H2PtCl6 or CPA) [5,6,9,13,
16,19,21,22], but may also be used with platinum tetraa
mine chloride (or nitrate), Pt(NH3)4Cl2 or PTA [6,21]. With
this method, the desired amount of metal salt is dissolve
sufficient water to just fill the pore volume of the support.
on silica catalysts may also be prepared by several nont
tional methods such as a simultaneous sol–gel synthesis
Pt salt and silica[10,12,18]or by DI with organic solvents
[12,20]. The most often used method, however, is to add P
to silica from a slurry in excess solution[1–5,7,8,11,12,14–
17]. This method is commonly called ion exchange, but
more generally be considered wet impregnation (WI). In
WI method of preparation the pH of the neutral or mildly b
sic impregnating solution slowly becomes more acidic si
the point of zero charge (PZC) of silica is about 4. If t
impregnating solution is maintained under strongly ba
conditions, the silica hydroxyl groups are deprotonated
platinum tetraammine cation is readily deposited on the s

http://www.elsevier.com/locate/jcat
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Table 1
Summary of the literature on the method of preparation for Pt/SiO2 catalysts

Ref. Pt loading
(wt%)

Surface area

(m2/g)

Surface loading

(µmol/m2)

Method Precursor pH
final

Calc. (O2)
K

Redc. (H2)
K

Dispersion

1 0.5 nd – WI PTA-Cl2 7.0 initial 383 673/603 0.31–0.35
1 0.5 nd – WI CPA 2.1 initial 383 673/603 0.20

2,3 6.3 364 0.887 SEA PTA-OH and Cl2 8.9 378 673 0.64
4 3.6 200 0.923 SEA PTA-Cl2 NH4OH 773 – 0.30
5 0.8 219 0.187 SEA CPA to PTA 9–11 at 343 K 393 – 0.75
5 0.4 219 0.094 DI CPA in acetone – 393 – 0.53
6 0.05 500 0.005 DI PTA-NO3 – 573 473 0.99
6 0.6 500 0.062 DI PTA-NO3 – 573 473 0.90
6 3.0 500 0.308 DI PTA-NO3 – 573 473 0.60
6 3.1 500 0.318 DI CPA – 573 473 0.25
7 0.06 198 0.016 SEA CPA to PTA 9.74 378 533 1.0
7 0.46 198 0.119 SEA PTA 9.74 378 533 0.92
7 1.73 198 0.448 SEA PTA 9.74 378 533 0.58
8 0.01–7 194 0.003–1.85 SEA PTA-OH 8–10.5 573 673 0.65
9 1.0 260 0.197 DI CPA 0.2M HCl 723 773 0.41

10 0.83 500–800 0.085–0.053 Sol–gel PTA-NO3 4.3 – – 0.70
11 2.68 200 0.687 SEA PTA-Cl2 9.0 Dried

desiccator
673 0.56

11 2.68 200 0.687 SEA PTA-Cl2 9.0 573 673 0.84
11 2.68 200 0.687 SEA PTA-Cl2 9.0 573 Ar 673 0.85
12 1.76 653 0.138 Sol–gel CPA 1.4 673 673 0.20

1.62 480 0.173 PTA-NO3 4.0 0.80
1.65 632 0.134 Pt(C5H7O2)2 4.8 0.50

12 0.95 (design 2.0%) 714 0.068 WI PTA-NO3 8.0 673 673 0.25–0.28
12 0.91 1097 0.043 Ethanol

and
acetone

PTA-NO3 2.4 673 673 0.10–0.15
0.91 754 0.062 Pt(AcAc)2 1.65 0.10–0.13

12 1.65 632 0.134 5.0 673 673 0.50
0.8 706 0.058 Sol–gel Pt(AcAc)2 0.80
0.65 759 0.044 0.80
0.40 586 0.035 0.80

13 4.9 200 1.26 DI PtCl4 – 573 573 0.30
1.0 0.256 0.50

14 1.0 300 0.171 293
vacuum

573 0.30
WI PTA-Cl2 12 initial 673 0.29

773 0.28
773 N2 0.98

14 2.0 300 0.342 WI PTA-Cl2 773 0.78
1023 0.44
1073 0.20

15 0.81 220 0.189 SEA PTA-Cl2 9.8 673 He 673 0.61
16 2.65 220 0.617 393 673 0.22

1.44 0.336 DI CPA 0.41
0.49 0.114 0.45

16 3.8 220 0.883 SEA PTA-Cl2 9.8 Dried 673 0.66
17 1.05 596 0.09 SEA PTA-OH – 573 573 0.97
17 0.90 596 0.077 0.34

0.87 341 0.131 WI PTA-OH – 773 573 0.23
0.93 238 0.20 0.93
1.02 580 0.09 1.00
0.89 202 0.226 0.47

18 1.5 0.193 Modified
impregnation
with sol–gel?

Pt(acac)2 – 0.39
399 Pt(acac)2 823 373 0.24

CPA 0.10
19 0.5 0.068 1.0

1.6 377 0.218 DI CPA Acidic 393 773 0.50
2.5 0.34 0.30
4.6 0.625 0.3
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Table 1 (Continued)

Ref. Pt loading
(wt%)

Surface area

(m2/g)

Surface loading

(µmol/m2)

Method Precursor pH
final

Calc. (O2)
K

Redc. (H2)
K

Dispersion

19 0.7 0.095 1.20
1.5 377 0.204 SEA PTA-Cl2 9.0 393 773 1.00
2.5 0.34 0.80
4.5 0.612 0.90

20 0.5 M-5
Sol–gel
M-5(DH)
Sol–gel(DH)

– Organic
DH-
dehydroxylated
support

Pt(Acac)2 Toluene 673 0.43
Acetyl
acetonate

Excess 673 H2/He 0.39
0.32
0.31

20 0.5 M-5
Sol–gel
M-5(DH)
Sol–gel(DH)

– Impreg
DH-
dehydroxylated
support

CPA 673 0.12
Acidic
?

673 H2/He 0.12
0.08
0.09

21 1 – – DI PTAa – 773
and up

– 0.39–0.02

22 1 270 0.19 DI CPA Acidic
?

Vacuum
dried 383

623 to
973

0.84–0.13

DI, dry impregnation; WI, wet impregnation at near neutral pH; SEA, wet impregnation under strongly basic pH.
a Text reads Pt(NO3)2(NH4)2, typo assumed.
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port. We suggest[23] that it is more correct to describe th
interaction as strong electrostatic adsorption (SEA), ra
than ion exchange, since the attraction occurs only in str
base sufficient to deprotonate the silanol groups.

Table 1is a list of the methods of preparation, e.g.,
(with PTA or CPA), WI (where the pH drifts toward neu
tral pH), and SEA (where the pH remains high) for Pt/sil
catalysts reported in the literature. In addition, to the
ferent methods of Pt addition, the metal loading and su
quent calcination and reduction temperatures are also g
A number of trends affecting the dispersion of the redu
catalysts can be identified inTable 1. First, DI with CPA gen-
erally gives moderate to poor dispersion, ca. 0.2–0.4[5,6,9,
13,16,19,21,22], with the exception at very low loading. D
of PTA gives higher dispersions than those prepared f
CPA, about 0.6–0.9 with higher dispersions at lower Pt lo
ing [6,21]. Preparation of Pt on silica by WI with PTA, i.e
near neutral pH, also gives dispersions, which are mo
ate to low, generally about 0.3–0.5[1,14,17]. The highest
dispersions are achieved by SEA of PTA; i.e., the pH
mains high throughout the metals deposition. For catalyst
prepared by SEA and WI,Fig. 1shows that the Pt dispersio
decreases as the metal loading increases. Since the catalys
in Fig. 1were prepared on silicas with different surface ar
the metal loadings were compared on the basis of Pt surfa
density (µmol/m2). While there are only a few examples
catalysts calcined at higher temperatures, at the same Pt su
face density, catalysts calcined below 300◦C generally have
higher dispersions[2,3,5,7,8,11,16,17,19].

The effect of the method of Pt addition (with PTA) on
silica, metal loading, and calcination temperature betw
100 to 675◦C on the dispersion of the reduced catalyst
been determined. In addition, XANES and EXAFS spec
scopies have been used to characterize the Pt species fo
ing calcination. Calcination leads to increasing oxidation
Pt2+ to Pt4+ up to about 500◦C. Above this temperature
.

-

Fig. 1. Pt dispersion versus Pt surface density for Pt/silica catalysts pre
by (open circle) WI; (solid square) SEA calcined at low (373–573 K); a
(×) SEA calcined at high (673–773 K) temperature (data taken from
literature).

there is autoreduction to large metallic particles. Dispers
are higher for catalysts prepared by strong electrostatic ad
sorption, at low metal loading, and for catalysts that are
calcined.

2. Experimental

Davison 644 silica and platinum tetraammine ch
ride [Pt(NH3)4Cl2, 99.9%] or platinum tetraammine nitra
[Pt(NH3)4(NO3)2] from Aldrich were used. The N2 BET
surface area and pore volume were 290 m2/g and 1.0 cc/g,
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respectively, and were not affected by any of the cata
preparation steps. The PZC of the silica was 6.2, typ
of precipitated silica with alkali impurities[23]. The silica
was washed with water to remove any residual Na and
ered the PZC to that of alkali-free silica, ca. 4.0[23]. Since
the adsorption of PTA over alkaline and alkaline-free silic
has been shown to be identical[24], catalysts were prepare
from the as-received, unwashed silica. For the modelin
PTA adsorption, however, a PZC of alkaline-free silica w
assumed[24]. The revised physical adsorption (RPA mod
for PTA on silica was previously described[23].

2.1. PTA adsorption verses pH

A stock solution of 18,700 mg/L Pt was prepared b
adding 31.96 g Pt(NH3)4Cl2 to 1.000 L of deionized wate
The elemental composition was confirmed by ICP analy
Concentrated HNO3, NH4OH, or NaOH was added to ad
just the pH of 50 mL of stock solutions, in 60 mL Nalge
polypropylene bottles. A pH range between 2 and 9 was
pared by the addition of HNO3 and NH4OH, while PTA
solutions at a pH between 4 and 13.5 were prepared b
addition of HNO3 and NaOH. The 50 mL of the pH adjuste
PTA solutions was added to 14.31 g of the silica, givin
surface loading (surface area of silica per liter of soluti
of 83,000 m2/L. After 1 h, 5 mL of solution were filtered
the Pt concentration was determined by ICP and the Pt l
ing on silica was calculated by difference. Final pH valu
were also recorded.

2.2. Catalyst preparation

2.0% Pt on silica by Dry Impregnation (DI): 0.90 g
Pt(NH3)4(NO3)2 in 45 mL H2O was added to 45 g of si
ica. The initial pH of the PTA solutions was about 5.0. T
catalyst was dried overnight at 100◦C in a forced air, ven
tilated oven. The Pt elemental analysis determined by
was 2.03%.

2.0% Pt on silica by Strong Electrostatic Adsorpt
(SEA): 45 g of silica was slurried in 400 mL H2O. The pH
was increased to 9.5 by addition of concentrated NH4OH.
0.90 g of Pt(NH3)4(NO3)2 dissolved in 50 mL H2O was
then added. After 1 h the solid was filtered and was
2 × 250 mL H2O and dried overnight at 100◦C in flow-
ing air. The Pt elemental analysis determined by ICP
2.06% and indicated that virtually all the PTA in soluti
had been adsorbed. A similar procedure, except for adjustin
the amount of PTA added to the impregnating solution,
followed for preparation of catalysts with other Pt loadin

The DI and SEA Pt/silica catalysts were calcined
flowing air at temperatures from 100 to 675◦C by heating
at 1◦C/min to the final temperature and holding for 3
Following calcination, 10 g ofcatalyst was reduced at a
mospheric pressure in flowing H2 (200 cc/min) by heating
from room temperature to 250◦C at 5◦C/min and hold-
ing for 2 h. The hydrogen chemisorption capacity was
-

termined on the reduced catalysts by the double isoth
method using a Coulter Omnisorb 100CX instrument. T
previously reduced catalyst was rereduced for 1 h and e
uated for 1 h at 250◦C and cooled to room temperature
vacuum. The first isotherm was determined at room t
perature. The sample was evacuated at room temper
and the second H2 isotherm was determined. The hydrog
chemisorption capacity was determined by the difference
the two isotherms extrapolated to zero pressure and as
ing a hydrogen atom to surface Pt stoichiometry of 1.0.

2.3. EXAFS and XANES data collection and analysis

X-ray absorption measurements were made on the in
tion-device beam line of the Materials Research Col
orative Access Team (MRCAT) at the Advanced P
ton Source, Argonne National Laboratory. A cryogenica
cooled double-crystal Si (111) monochromator was use
conjunction with an uncoated glass mirror to minimize
presence of harmonics. The monochromator was sca
continuously during the measurements with data points
grated over 0.5 eV for 0.07 s per data point (0.65 eV and
s for the time series). Measurements were made in tr
mission mode with the ionization chambers optimized
the maximum current with linear response (∼ 1010 photons
detected/s) using a mixture of nitrogen and helium in t
incident X-ray detector and a mixture of ca. 20% argon
nitrogen in the transmission X-ray detector. A platinum f
spectrum was acquired simultaneously with each meas
ment for energy calibration.

Catalyst samples were pressed into a cylindrical ho
with a thickness chosen to give a total absorbance (µx)
of about 3.0, corresponding to approximately 100 mg
catalyst, which resulted in a platinum edge step (�µx) of
ca. 0.5 for 2% Pt on silica. EXAFS and XANES spec
of the calcined catalysts were obtained at room tem
ature in air. Phase shifts, backscattering amplitudes,
XANES references were obtained from reference c
pounds: Pt(NH3)4(NO3)2 for Pt2+, Na2Pt(OH)6 for Pt–O
and Pt4+, and Pt foil for Pt0 and Pt–Pt. The XANES fit
of the normalized spectra were made by linear comb
tion of experimental standards. Standard procedures b
on WINXAS97 software[25] were used to extract the EX
AFS data[26]. The coordination parameters were obtain
by a least square fit ink- andr-space of the isolated multiple
shell,k2-weighted Fourier transform data.

3. Results

3.1. PTA adsorption verses pH

The amount of Pt adsorbed on silica at a surface lo
ing (m2 of silica per liter of solution) of 83,000 as a fun
tion of the final pH of the solution is shown inFig. 2. The
amount of Pt adsorbed on silica is given as surface de
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Fig. 2. The uptake of PTA on Davison 644 silica as a function of pH (83,
m2/g, 18,700 ppm Pt), basic solutions with NH4OH (square) or NaOH (di-
amond). Revised physical adsorption model fit with parameters: PZC= 4.0,
�pK = 6.75, Ns = 5 OH/nm2, number of hydration sheaths (nhs)= 1.5
(dotted line) and 2 (solid line).

(or µmol/m2). At pH’s below about6, there is little ad-
sorption. As the pH increases, the amount of Pt adso
increases up to a pH of about 10 with a maximum of ab
1.1 µmol/m2. There was sufficient Pt in solution to give
1.15 µmol/m2 if all the PTA had been adsorbed. The amo
of PTA adsorbed is the same from basic solutions adju
by either NH4OH or NaOH.

The adsorption was modeled using the parameters d
mined in the previous study for 200 ppm PTA on silica[23].
The dotted line inFig. 2 indicates that the shape of the a
sorption curve is generally correct, although the model
derpredicts the amount of Pt adsorbed at this high sur
loading (83,000 compared to 2000 and 30,000 m2/L in the
previous study). Apparently the adsorption capacity is hig
for concentrated PTA-impregnating solutions. Better ag
ment with the data is obtained by assuming that the ra
of the PTA hydration sphere decreases from about 2 to
molecules of water.

3.2. Comparison of SEA and DI preparations

The effect of method of preparation of Pt/silica from PT
on the dispersion of the reduced catalyst, determined by
drogen chemisorption, is given inTable 2. Dissolution of
PTA in water gives a pH of about 5.0. At this initial pH
silica adsorbs only 0.25% Pt of a possible 2.0 wt% (thi
the WI method of preparation). Calcination at 200◦C gives
a high dispersion, 0.87. By increasing the pH of the ads
tion solution with NH4OH, significantly more PTA can b
adsorbed. Various amounts of PTA were added to give
different Pt loading inTable 2. Virtually all PTA in the par-
ent solutions was adsorbed onto the silica surface in the
(high pH) preparations. Thus, under these conditions high
loadings should be possible. At loadings up to about 2%
the dispersion is high when the drying temperature is n
100◦C; i.e., the catalyst is not calcined. High dispersion
-

Table 2
Pt/SiO2: the dispersion of the reduced catalysts prepared by SEA and
PTA, and calcined at temperatures from 100 to 675◦C

Pt (%) pH Base Calcination
temperature (◦C)

H/Pt

Strong electrostatic adsorption of PTA

0.25 5.0 (initial) None (WI) 200 0.87
0.63 9.5 NH4OH 100 0.96
1.05 9.5 NH4OH 100 1.00
1.05 9.5 NH4OH 150 1.00
1.05 9.5 NH4OH 200 0.96
1.05 9.5 NH4OH 250 0.92
1.05 9.5 NH4OH 300 0.86
1.05 9.5 NH4OH 400 0.61
1.05 9.5 NH4OH 525 0.24
1.05 9.5 NH4OH 600 0.13
1.05 9.5 NH4OH 675 0.06
1.23 9.5 NH4OH 100 0.95
2.06 9.5 NH4OH 250 0.72
2.06 9.5 NH4OH 300 0.62
2.06 9.5 NH4OH 400 0.47
2.06 9.5 NH4OH 500 0.24
2.06 9.5 NH4OH 550 0.19
2.06 9.5 NH4OH 600 0.11
1.63 9.5 KOH (0.46% K) 100 1.26
1.88 9.5 KOH (0.19% K) 100 0.97

Dry impregnation of PTA

1.05 5.0 None 100 0.85
1.05 5.0 None 150 0.75
1.05 5.0 None 200 0.58
1.05 5.0 None 250 0.53
1.05 5.0 None 400 0.41
1.05 5.0 None 525 0.30
1.05 5.0 None 600 0.10
1.05 5.0 None 675 0.04
1.50 5.0 None 250 0.29
2.03 5.0 None 100 0.51
2.03 5.0 None 200 0.30
2.03 5.0 None 250 0.29
2.03 5.0 None 400 0.24
2.03 5.0 None 500 0.22
2.03 5.0 None 550 0.19
2.03 5.0 None 600 0.09

higher loading may also be possible if catalysts prepa
by SEA are not calcined. Catalysts prepared in basic s
tions of KOH give similar adsorption capacities and h
dispersions as those prepared with NH4OH; however, some
residual KOH is retained on the support.

Catalysts were also prepared by incipient wetness
pregnation (DI) at the pH of the PTA solution, ca. 5
Generally, the dispersion is lower than similar catalysts p
pared by strong electrostatic adsorption. The specific re
depends on the Pt loading. For example, at 1% Pt, the
persion of the DI catalyst dried at 100◦C is 0.85, while the
Sel-Ads catalyst is 1.0. At 2% Pt, however, the DI catalys
0.51, while the SEA (KOH) catalyst is 0.97. One would e
pect the dispersion to be very similar at 0.25% Pt since
amount adsorbed at this pH would be the same as that a
by DI.
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Fig. 3. Dispersion of 1.0% Pt/silica catalysts prepared by SEA (solid
cles) and DI (open circles) of PTA and calcined at temperature from 10
675◦C.

Fig. 4. The effect of calcination temperature and metal loading on dis
sion for 1% Pt (solid circles) and 2% Pt (open circles) on silica prepare
SEA.

After addition of the metal salt to a support, cataly
are often heated at elevated temperatures in air prior to re
duction. The effect of calcination temperature on the
dispersion for PTA on silica is also shown inTable 2and
in Fig. 3. For both methods of preparation, the dispers
(after reduction) is highest when the catalyst is dried
100◦C. At this temperature, bothcatalysts are white in colo
As the heating/calcination temperature increases, the col
becomes first light brown and at higher temperature d
brown. As the calcination temperature increases, the dis
sion decreases approximately linearly. Above about 500◦C,
the dispersion is nearly identical for both methods of pre
ration.

The effect of metal loading and calcination on dispers
is shown inFig. 4for 1 and 2% Pt on silica prepared by SE
of PTA at a pH of 9.5 with NH4OH. As the metal loading
increases, the dispersion is lower at calcination tempera
up to about 500◦C, above which the dispersion is indepe
dent of the metal loading.
-

s

Fig. 5. The XANES spectra (EXAFS region not shown for clarity) fro
11.52 to 11.60 eV for 1% Pt on silica prepared by SEA with PTA. T
XANES and EXAFS spectra were obtained at room temperature in air e
82 s.

Fig. 6. Normalized XANES spectrum (solid) and fit (11.52–11.60 k
(dotted) for 1% Pt on silica prepared by SEA of PTA at pH 9.5 with NH4OH
and calcined at 200◦C.

3.3. XANES and EXAFS spectra for PTA on silica at
different calcination temperatures

As shown inFig. 5 for samples containing Pt2+, there
was a rapid increase in the white line region with subseq
scans. After about 5.5 min, approximately 50% of the Pt
been oxidized to Pt4+, while over 90% had been oxidized a
ter 30 min. In order to determine the true distribution of
oxidation states, correction was made for oxidation by
beam. Consecutive scans in this series were obtained
82 s, and the XANES region from 11.52 to 11.60 keV w
fit with a combination of Pt2+ and Pt4+. A typical spectrum
and fit of a XANES spectrum for the 1% Pt on silica ca
lyst prepared by SEA and dried at 100◦C is given inFig. 6.
The log10 of the amount of Pt2+ verses the time of each sc
indicated a first order oxidation of Pt2+ by the beam. Ex
trapolation to zero time indicated that the sample was 10
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Fig. 7. The first-order kinetic plot for oxidation of Pt2+ to Pt4+ by the X-ray
beam for 1% Pt on silica prepared by SEA. Extrapolation to zero time g
the composition of the oxidation state of adsorbed Pt.

Table 3
XANES fits (from 11.52 to 11.60 eV) of 1% Pt/silica catalysts prepared b
SEA and DI of PTA and calcined at temperature from 100 to 675◦C

Calcination temperature
(◦C)

DI SEA

Pt2+ Pt4+ Pt0 Pt2+ Pt4+ Pt0

100 1.0 – – 1.0 – –
150 1.0 – – 1.0 – –
200 0.54 0.46 – 0.80 0.20 –
250 0.21 0.79 – 0.55 0.45 –
300 – 1.0 – 0.29 0.71 –
400 – 1.0 – 0.28 0.72 –
525 – 1.0 – – 0.37 0.63
600 – 0.21 0.79 – 0.17 0.83
675 – 0.09 0.91 – 0.10 0.90

Pt2+ (Fig. 7). Catalysts containing only Pt4+ or metallic Pt
did not change in the beam during data collection.

The XANES fits of 1% Pt on silica prepared by DI a
SEA and calcined at temperatures from 100 to 675◦C are
given inTable 3. For both methods of preparation, at 100◦C
Pt is present as Pt2+. As the drying/calcination temperatu
increases, the white line increases due to partial oxidatio
PTA to Pt4+ (Fig. 8). The fraction of Pt4+ is larger for the
catalyst prepared by DI, which is fully oxidized at 300◦C
(Fig. 9). Even at 400◦C, not all the PTA adsorbed onto silic
has been oxidized. These results are consistent with pre
results, which show that PTA is not fully decomposed in
at 300◦C [27]. Above 500◦C (in air), there is a decreas
in the white line intensity due to autoreduction to metallic
(Fig. 8). The fraction of metallic Pt increases with increas
calcination temperature. Generally, the fraction of meta
Pt at high calcination temperature is very similar for b
methods of preparation.

The EXAFS fits of the isolated shells of the calcined c
alysts are given inTable 4. A typical k2-weighted spectrum
and r-space fit are shown inFig. 10. At 100◦C, for both
methods of preparation the EXAFS indicates that there
4 Pt–O (or Pt–N) scatters at a distance of 2.05 Å, indica
no change in the PTA upon contact with silica. EXAFS c
not distinguish between a N or O backscattering atom.
the calcination temperature increases, there is a continu
s

Fig. 8. Normalized XANES spectra for 1% Pt on silica prepared by DI with
PTA at a pH 5.0 and calcined at 100 (dotted), 300 (dashed), and 60◦C
(solid).

Fig. 9. The fraction of Pt2+ on silica after calcination of PTA from 100 t
300◦C, SEA (solid circle) and DI (open circle).

increase in the Pt–O coordination number (Fig. 11). These
changes parallel the increase in white line intensity confi
ing the oxidation of PTA by calcination. On the cataly
prepared by DI, Pt4+ oxide with 6 Pt–O bonds is forme
at 300◦C and remains the dominant species up to a ca
nation temperature of 525◦C. Calcination at temperature
higher than 525◦C leads to formation of metallic Pt wit
a near-neighbor bond length of 2.77 Å (see alsoFig. 11).
Since a fraction of the metallic particles are oxidized, it is
possible to directly estimate the particle size from the P
coordination number. However, if one estimates the frac
of metallic Pt from the XANES, a reasonable estimate ca
made from the EXAFS. For example, the fraction of meta
Pt in the DI catalyst calcined at 600◦C is 0.79. Therefore, th
actual Pt–Pt coordination number is about 10.6 (8.4/0.
indicating large metallic Pt particles; fully coordinated bu
platinum has a nearest neighbor coordination number o
Formation of metallic Pt by air calcination always leads
large particles. Furthermore, the EXAFS coordination nu
bers and hydrogen chemisorption results indicate that
dispersion is similar for both methods of preparation at
metal loadings.
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Table 4
EXAFS fits (k2: �k = 3.0 to 9.8 Å−1, �r1.2 = 2.8 Å for Pt–O;k2: �k =
3.0 to 13.8 Å−1, �r1.5 = 3.1 Å for Pt–Pt) of 1% Pt/silica catalysts prepar
by SEA and DI of PTA and calcined at temperature from 100 to 675◦C

Calcination
temperature (◦C)

Scatter CN R (Å) DWF

(×103)

E0 (eV)

Strong electrostatic adsorption of PTA at a pH 9.5 with NH4OH

100 Pt–O 4 2.05 −0.1 0.2
150 Pt–O 4.3 2.05 0.1 0.7
200 Pt–O 4.5 2.05 0.1 0.7
250 Pt–O 4.8 2.03 1.7 0.0
300 Pt–O 5.4 2.03 1.3 −0.8
400 Pt–O 5.2 2.04 1.2 −0.5
525 Pt–O 2.5 2.03 0.5 −1.0

Pt–Pt 6.5 2.77 1.5 −1.5
600 Pt–O 1.5 2.05 0.7 2.0

Pt–Pt 8.3 2.77 0.5 −1.1
675 Pt–O 0.7 2.04 0.7 1.0

Pt–Pt 9.7 2.77 0.5 −0.5

Dry impregnation with PTA at a pH 5.0

100 Pt–O 4 2.05 0.2 0.1
150 Pt–O 4 2.05 0.1 0.1
200 Pt–O 4.7 2.04 1.1 0.1
250 Pt–O 5.6 2.03 0.9 −0.6
300 Pt–O 6.0 2.04 1.2 −0.3
400 Pt–O 6.0 2.04 1.1 0.0
525 Pt–O 6.0 2.04 1.1 0.3
600 Pt–O 1.5 2.02 0.5 −0.9

Pt–Pt 8.4 2.77 0.2 −1.7
675 Pt–O 0.8 2.03 1.0 2.0

Pt–Pt 10.0 2.77 0.4 −1.4

Fig. 10. k2-weighted Fourier transform of EXAFS raw data (real p
FT, solid; imaginary part FT, thin solid) plus fit of the isolated shell (k2,
�k = 3.04–9.75 Å−1, �r = 1.25–2.08 Å) (real part FT, dashed; imagina
part FT, dotted) for 1% Pt on silica prepared by SEA of PTA at a pH
and calcined at 200◦C.

4. Discussion

In the previous study[23], a monolayer of PTA adsorbe
onto silica was determined to have a steric maximum
0.87 µmol/m2, assuming that the cation retains a hydrat
sphere equivalent to about two water molecules. This v
Fig. 11. Magnitude of thek2-weighted Fourier transform for 1% Pt o
silica prepared by DI with PTA at a pH 5.0 and calcined at 100 (d
ted,�k = 3.04–9.75 Å−1), 300 (solid,�k = 3.04–9.75 Å−1), and 600◦C
(dashed,�k = 2.74–13.82 Å−1).

was consistent with experiments performed at surface l
ings of 1000 and 5000 m2/L, much lower than that currentl
employed. At 83,000 m2/L (Fig. 2), to achieve quantitativ
agreement between theory and experiment it is necessary
reduce the radius of the hydrated Pt cation. Physically
implies that a higher packing density of PTA can be achie
at higher (solution) concentrations. A more complete st
of the effect of PTA concentration on the maximum amo
adsorbed is in progress. While modifications to the R
model need to be quantified at high loading, the electro
tic interpretation of adsorption, i.e., the Coulombic attract
between the PTA cation and the negatively charged, depro
tonated silanol surface, gives, at least, a good qualita
interpretation of the impregnation phenomenon and ca
used to explain a number of trends in Pt dispersion inTa-
ble 1and the present data.

4.1. A correlation of strong electrostatic adsorption with Pt
dispersion

The assumption of the electrostatic model is that the
a strong Coulombic attraction when the PTA cation is c
tacted with a negatively charged silica surface. This oc
only when the hydroxide concentration of impregnating
lution is large compared to the number of hydroxyls on
silica surface, i.e., at a pH above about 9. On the other h
for impregnation of PTA at a pH where the number of sila
groups is much larger than the number of hydroxide ions
tially in solution, the pH approaches the PZC of the sil
and there is little negative charge on the silica surface[28].
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
very low loadings, give low dispersion compared to P
preparations. At the pH of an impregnation solution cons
ing of CPA, ca. 3, few silanol groups would be expected
be protonated. Thus, only a small amount of PtCl6

2− would
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strongly adsorbed on silica. Nonadsorbed anionic Pt com
plexes will agglomerate during drying. DI of CPA on plan
silica supports results in large Pt crystallites, which hav
been imaged by electron microscopy[29].

For Pt silica prepared by DI with PTA, the dispersio
are also relatively poor, except at low surface loading;
for example, Refs.[6,21], Table 2andFig. 2. At DI condi-
tions for typical high surface area oxides, i.e., generally n
neutral pH, the oxide buffering effect will decrease the
toward the PZC[28]. In other words, for impregnating so
lutions with an initial pH between about 4 to 7, the num
of surface silanol groups greatly exceeds the number of
droxide ions solution. The number of hydroxide ions dep
both on the pH and on the amount of solution per square
ter surface area of silica. Under typical DI and WI (at neu
pH) conditions, only a small number of silanol groups
negatively charged; therefore, only a small amount of P
is strongly adsorbed. As the loading increases, much o
Pt salt is physically deposited onto the support and lead
moderate to poor dispersions.

Even for Pt/silica catalysts prepared by DI with initia
basic PTA solutions, there is an insufficient amount of b
to provide adequate negative charge on the support. T
much of the PTA is physically adsorbed. FromTable 1 [1,
14,17]andFig. 1, catalysts prepared from (initially) mildl
basic solutions (WI preparation) had low Pt dispersion.

The condition for strong electrostatic adsorption betw
silica and PTA depends on addition of sufficient base
deprotonate enough silanol groups to adsorb all of th
cations. Preparations of catalysts prepared by SEA of
[2–5,7,8,11,12,15–17,19]are given inTable 2and Figs. 2
and 3in the current work.

While the dispersions of the catalysts prepared by S
are generally greater than 0.6 and are often near 1.0,
also true that increasing calcination temperature general
leads to lower dispersion of the reduced catalyst. The
viously reported literature together with the current res
is shown inFig. 12. The results from this study have be
plotted separately as a function of calcination temperature
Several clear trends emerge fromFigs. 1–4 and 12. First, the
highest dispersions are obtained when the catalysts ar
calcined, but reduced directly after drying at 100◦C. This
was also previously reported[19,30]. With all other prepara
tion conditions equivalent,Figs. 2 and 3clearly demonstrate
that higher temperature calcination leads to a monotonic
crease in dispersion. This is true for both DI and SEA pre
rations. Furthermore, the loss of dispersion that occurs
elevated calcination temperatures increases with increasin
metal loading for both types of preparations (Table 2and
Fig. 3).

4.2. The control of Pt particle size

The loss in dispersion due to increasing calcinat
temperature has been considered to be due to the
of ammonia ligands leading to disruption of the stro
,

t

s

Fig. 12. Effect of Pt surface density (µmol/m2) and calcination on the
dispersion of reduced Pt/silica catalysts prepared by SEA: (×) literature cal-
cined between 100 and 300◦C; this study, solid triangle and solid line-drie
at 100◦C; (small open triangle and dotted line) calcined at 250◦C; and
(large open triangle and dashed line) calcined at 300◦C.

metal complex-support interaction. Alternatively, sinter
of the volatile (neutral) metal species during calcination w
thought to lead to larger particles[31–33]. In this study, in-
dependent of the method of preparation, calcination of P
at temperatures as low as 150◦C affects the reduced partic
size. By controlling the calcination temperature and met
of Pt addition, one can obtain supported Pt catalysts of
ferent particle size from very small to very large.

From the linear dependence of the dispersion inFig. 3
and the fraction of Pt species from the XANES fits, o
can estimate the dispersion of the Pt particles resulting f
reduction of Pt2+, Pt4+, and Pt0 present after calcination
Assuming strongly adsorbed PTA gives a dispersion of
one can estimate the dispersion of PTA present during
preparation. For 1% Pt on silica prepared by DI and dr
at 100◦C, 0.25% Pt is strongly adsorbed; i.e., the amo
strongly adsorbed at a pH of 5.5. Therefore, with a total
persion of 0.85, the remaining PTA leads to Pt particles w
a dispersion of about 0.80 [0.85= (0.25× 1.0) + 0.75(X)].
Although silica prepared by DI does not have the suffici
(negative) surface charge to strongly adsorb the majorit
the Pt, PTA interacts sufficiently well to give moderate
high dispersions, ca. 0.8.

Similarly, one can calculate the dispersion for platin
particles resulting from the reduction of the Pt4+ species
produced during calcination. For example, at 250◦C the 1%
Pt/silica catalyst prepared by SEA has a dispersion of 0
with 28% Pt2+. The reduction of these Pt4+ species, there
fore, results in metal particles with a dispersion of about
A similar value is obtained for Pt4+ species on the DI cata
lyst, indicating that Pt4+ oxides interact with the support i
an equivalent way for both methods of preparation, and th
species reduce to give metallic particles with lower disp
sion than Pt2+. The loss in dispersion due to calcination
temperature less than about 400◦C is directly proportiona
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NY,
to the amount of Pt4+ independent of the temperature. Th
implies that the loss in dispersion is not due to sintering
the supported Pt species, but due to the change in the o
tion state of those species and the strength of the intera
of these species with the silica surface.

A similar analysis can be made for the dispersion
metallic Pt formed by calcination. Assuming that reduct
of Pt4+ species leads to Pt particles with a dispersion of
the dispersion of the metallic Pt can be estimated to be a
0.07. A similar value is obtained for both methods of pre
ration. Since formation of metallic Pt (in air) occurs abo
about 525◦C, calcination at these temperatures would be
pected to always lead to low dispersion.

In addition to controlling the uptake of Pt and the d
persion of the reduced particles, the Coulombic attrac
between PTA and the deprotonated support also lower
rate of oxidation to Pt4+ during calcination (Fig. 9). If the
dispersion is the sum of the different Pt species as discu
above, differences in dispersion,therefore, imply difference
in the amount of each Pt species. For example, inFig. 4both
1 and 2% Pt catalysts contain strongly adsorbed Pt. How
after calcination at 300◦C these have different dispersion
This would suggest that the fraction of Pt4+ is higher in the
latter catalyst. Thus, the rate of oxidation even for stron
adsorbed PTA is loading dependent, and the lower loa
catalysts appear to be more resistant to oxidation. This
in part explain why some studies find that strongly adsor
PTA on silica gives high dispersion even after calcinat
at 300◦C, while we find a loss in dispersion at the sa
temperature. Additional work is required to confirm this p
sibility.

5. Conclusion

These results demonstrate that Pt/silica catalysts prep
by strong electrostatic adsorption of platinum tetraamm
cation from a strongly basic impregnation solutions not o
determine the amount of adsorbed Pt but also influence
particle size and size distribution of the reduced cata
The highest dispersions were obtained by the SEA me
of preparation and drying at 100◦C. With increasing cal
cination temperature there was a linear decrease in the
dispersion. The loss in dispersion for catalysts prepare
the SEA was lower than those prepared by the DI met
The data suggest that the dispersion is dependent o
distribution of Pt species on silica at the time of red
tion. Reduction of strongly adsorbed Pt2+ leads to particles
with a dispersion of 1.0. Reduction of nonelectrostatic
deposited PTA present on catalysts prepared by DI gives
persions of about 0.8. Calcination at temperatures from
-

t

d

,

d

e

to 400◦C leads to partial oxidation of PTA to Pt4+ species.
It is proposed that reduction of the latter gives metallic pa
cles with a dispersion of about 0.4. Finally, calcination ab
525◦C leads to large metallic Pt particles with a dispers
of about 0.07. By combination of the method of prepa
tion and calcination temperature, very small to large meta
nanoparticles can be prepared.
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