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Using a combination of mass spectrometry, in situ quick ex-
tended X-ray absorption fine structure, high-resolution transmis-
sion electron microscopy, and hydrogen chemisorption, we studied
the reactions taking place during different pretreatments of the
catalyst precursor [Pt2+(NH3)4](NO3_)2 impregnated on high-
surface-area SiO, (400 m3/g). Direct reduction in hydrogen leads
to the formation of Pt metal particles in the temperature range
of 150-200°C in a fast process. The reduction is accompanied by
sintering of the platinum particles, leading to relatively large par-
ticles, with an average particle size of approximately 14-16 A.
Autoreduction in helium leads to multiple steps in the reduction.
Around 210 and 240°C, NO, released due to the decomposition
of NH4NOj3, formed during heating up to 180-200°C, reduces the
catalyst precursor at a high rate. At higher temperatures, the reduc-
tion continues slowly through an autoreduction of the Pt(NHj3 ))Zf
complex. The slow reduction rate suggests a nonmobile species.
Accordingly, the final metal-particle size is small, with particles
of 10-12 A. Calcination-reduction results in large particles via a
similar decomposition of NH4NO;3. Particle-size distribution af-
ter autoreduction is considerably smaller than after direct reduc-
tion. The key to obtaining small particles with a relatively narrow-
sized distribution is to avoid the formation of mobile species. With
impregnated [Pt2+(NH3)4](NO§)2, this is best achieved by autor-
eduction. (© 2002 Elsevier Science
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INTRODUCTION

A straightforward method for loading a metal precur-
sor of a supported heterogeneous transition-metal cata-
lyst is incipient wetness impregnation (1, 2). Typically, a
metal precursor is dissolved in an aqueous solution and
brought into the pores of the support. To remove all ligands
and obtain metal particles, the impregnated support has
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to be pretreated. Generally, pretreatment consists of sev-
eral temperature-programmed steps in different gaseous
environments (for example, H,, He, or O,). This pretreat-
ment process is crucial for the final metal-particle size and
particle-size distribution (3). Since catalysis is a surface pro-
cess, small particle sizes are crucial in order to have a high
fraction of catalytic-active surface atoms. Also, small par-
ticles are in general more active in catalysis. In addition, it
has been reported repeatedly that the support largely influ-
ences the catalytic properties of supported catalysts (4-7).
If this metal-support interaction is well understood, this
promises the possibility of tailor-made catalysts. In order
to understand these metal-support effects it is crucial to be
able to prepare different particle sizes on a support with
a narrow particle-size distribution. This can only be done
when the pretreatment processes leading to certain metal-
particle sizes and distributions are well understood.

The metal precursor can be one of a variety of com-
plexes. Commonly used precursors for Pt are H,PtClg
(8-13), Pt(NH;3)4(NO3), (14), and Pt(acac), (12, 15, 16).
Each precursor has its own unique properties. The choice
of precursor therefore depends on such parameters as
support properties and the requirements for the final
metal-particle size. A disadvantage of H,PtCls is that
the presence of chlorine alters the acidity of the support
material (17) and can poison the catalyst. Platinum
acetylacetonate [Pt(acac),] is reported to result in highly
dispersed particles (12). A disadvantage of this precursor
is the use of organic solvents, which can result in car-
bonaceous residues on the catalyst and organic waste.
Pt(NH3)4(NOs3), overcomes these disadvantages. It can be
used in aqueous solutions and all ligands can be removed
by heating the sample. For these reasons, Pt(NH;3)4(NO3),
on a SiO; precursor was used in this study.

Typical studies of the pretreatment of Pt(NH3)4(NO3),
deal with a trial-and-error variation of the pretreat-
ment, resulting in different metal-particle sizes (e.g., 3). For
pretreatments involving zeolitic supports, generally it is
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found that slow heating rates (e.g., 0.2°C/min) are crucial
for small particle sizes (18, 19). This is caused by the micro-
porous structure of zeolites, which adsorb water strongly.
H,O present during pretreatment steps generally results in
large particles (18). For macroporous supports such as SiO,,
this is much less of a problem. Water desorbs easily at rel-
atively low temperatures. Therefore, heating rates during
pretreatments involving macroporous supports can be high
compared to zeolites (e.g., 3).

Several studies that give some insight into the chemical
processes taking place during the pretreatment processes
have been performed (18, 20). Kinoshita et al. (20) studied
the thermal stability of several metal precursors, including
[Pt>+(NH3)4](NO3 ),, in air and hydrogen. It was found for
all precursors that thermal stability in air is higher than in
hydrogen.

Dalla Betta and Boudart (21) studied the pretreatment
of Pt(NH;);" exchanged on zeolite Y. They report that
direct reduction in H, leads to the formation of neutral
Pt(NH3),H; hydride in the temperature range of 80-100°C,
ultimately resulting in agglomeration and thus large parti-
cles. They conclude that decomposition of the complex in
O, should be carried out prior to the reduction.

Van den Broek et al. (18) studied the pretreatment of
ion-exchanged Pt(NH;3)3" on zeolite HZSM-5 in He and
O, with UV-Vis spectroscopy and mass spectrometry. For
the pretreatment in He, autoreduction was found to oc-
cur via the formation of H; and N, from the NHj3 ligands.
Calcination in O; led to the production of NOy in several
different steps. The presence of H,O was found to play a
crucial role in the pretreatment, replacing NHj3 as a ligand
on the Pt>* complex.

Keegan et al. (22) studied calcination and reduction of
the same Pt(NH;);" on a HZSM-5 system using energy-
dispersive extended X-ray absorption fine structure
(EXAFS). They showed that during calcination the Pt-Pt
coordination rises, indicating agglomeration. The final
metal-particle size obtained after direct reduction (no calci-
nation prior to the reduction) was smaller than the particle
size obtained after calcination prior to the reduction. The
authors did not clarify the chemistry of the pretreatment
process.

All these reports mainly deal with exchanged Pt(NH;)3"
on zeolite. The main difference between exchanged and
impregnated [Pt>"(NH3)4](NO3 ), is the presence of nitric
groups (NO3) on the support in the impregnated case. As
will be shown, these groups play a vital role in pretreatment
of the impregnated catalyst precursor.

An example of a study that deals with impregnated
[P+ (NH;3)4](NO3 ), on silica is the study by Zou and
Gonzalez (23). Using in situ UV reflectance spectroscopy,
they establish the presence of the same mobile Pt(NH3),H;
hydride in the same temperature range as Dalla Betta and
Boudart (21) suggested.
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Muiioz-Paez and Koningsberger (24) used a combination
of temperature-programmed reduction, MS, and EXAFS to
study the decomposition of [Pt**(NH3)4](OH™), impreg-
nated on y-Al,O3. They report the decomposition of the
precursor to Pt(NHj3),0 during drying in He at 120°C and
a partial reduction of the precursor to metallic Pt when re-
duced at 180 and 200°C.

All in all, little has been reported on the reactions tak-
ing place for impregnated [Pt>*(NH3)4](NO3 ), on macro-
porous supports. Moreover, the relation of pretreatment to
the final particle-size distribution is rarely investigated. In
our view, knowledge of the reactions occurring during pre-
treatment is a crucial step towards the development of a
process leading to uniform, small particle sizes.

In this study, a powerful combination of high-resolution
transmission electron microscopy (HRTEM), MS, and
quick EXAFS (QEXAFS) is used to study the reactions
of [Pt?*(NH3)4](NO5 ), impregnated on SiO; during dif-
ferent pretreatment processes.

MS is used to monitor which gases are produced during
pretreatment. QEXAFS is used to study the local structure
of the Pt complex during pretreatment. The time scale of
QEXAFS scans (30-90 s per scan) is suitable for studying
reactions such as pretreatment processes. The white-line
area gives information concerning the oxidation state (25).
The EXAFS region represents the geometrical structure
of the Pt atom. The final metal-particle size was obtained
from the Pt-Pt first shell coordination number, hydrogen
chemisorption (26), as well as HRTEM.

[Pt>*(NH3)4](NO;3 ),-impregnated SiO, was heated in
three different gases: aninert gas (Ar or He),H,,and O,. As
mentioned above, heating in an inert gas leads to autore-
duction of the [Pt?>*(NH3)4](NOj ), complex. Heating in H,
leads to a direct reduction of the complex. Heating in O,
(calcination), generally performed to decompose the com-
plex before reducing the metal, results in the formation of
PtOy.

EXPERIMENTAL

Catalyst Precursor Preparation

Five grams of vacuum-dried SiO; (Engelhard, BET sur-
face area 400 m?/g, pore volume 1.1 ml/g) was impregnated
with 5.5 ml of an aqueous solution of [Pt**(NH3)4](NO3 )»
(Aldrich, 18.0 mg/ml, resulting in 1 wt% Pt/SiO,) using the
incipient wetness method. The impregnated support was
dried in a water-free nitrogen flow for 1 h at room tempe-
rature and for 18 h at 80°C.

Pretreatments

Three different pretreatments were performed and stu-
died by both QEXAFS and MS. During each pretreatment
the impregnated support was heated in one gas with a
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ramp of 2°C/min from room temperature to 400°C. The
gases used were (1) either He (QEXAFS) or Ar (MS)
(this sample is called Pt[Ar/He]), (2) O, (Pt[O;]), and (3)
Hy (Pt[H:]).

Mass Spectrometry

A continuous down-flow, fixed-bed reactor (inner diame-
ter 0.8 cm) was loaded with a sieve fraction (212 um < d, <
425 um) of 1 g of the impregnated SiO,. The outlet of the
reactor was connected to a quadrupole mass spectrometer
(Balzers QMS 420) via a capillary. The monitored masses
(ions) were 2 (HJ), 16 (NHJ, O*), 17 (NHf, OH*), 18
(H,07),28 (N3),30 (NO™),32(05),40 (Ar™), 44 (N,OT),
and 46 (NO3) amu. With these masses, all likely reaction
products can be monitored. Mass 16 was used to identify
NHj; since the contribution of the Ot fragment ion of H,O
is limited for this mass and can easily be corrected for.

Quick EXAFS

Impregnated SiO, (120 mg) was pressed in a self-
supporting wafer and mounted in a stainless steel in situ cell
(27). This cell was attached to a series of flow controllers
and to a temperature controller. It was checked that dif-
ferences between the layout of the in situ EXAFS cell and
the down-flow reactor used for the MS experiments do not
result in differences in temperature profiles and reactions
of the catalyst precursor.

QEXAFS measurements were performed at the HASY-
LAB synchrotron (station X1.1) in Hamburg, Germany.
The measurements were done in transmission mode using
ion chambers filled with a mixture of Ar and N,, with an
absorption of 20% in the first and 80% in the second ionisa-
tion chamber. The monochromator [a double Si(111) crys-
tal] was detuned to 50% at maximum intensity to avoid the
presence of higher harmonics in the X-ray beam. In QEX-
AFS mode, the monochromator is in continual motion.

The QEXAFS scans were performed at the Pt Lz edge
(11,564 eV) and were taken from 11,500-12,000 eV with
steps of 1 eV. Each 60 s one scan was taken.

The absorption data was background-subtracted using
standard procedures (28, 29). The spectra were normalised
on the height of the edge-step at 50 eV over the edge.
The white-line intensity was determined by the height of
the white-line after normalisation. Data analysis was per-
formed by multiple shell fitting in R-space (1.3 < R<3.2 A,
2.5 <k <9.5 A=), k-weightings of 1 and 2 were used. Cali-
brated theoretical references (30) obtained with FEFF7
(31) were used as references. The references can be used
for k>2.5 A~!. The variances in imaginary and absolute
parts were used to determine the fit quality (29). Different
backscatterers were identified by applying the difference-
file technique (32) using phase-corrected Fourier trans-
forms.
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Transferability of the phase shift and amplitude among
the nearest neighbours for the whole periodic table is
generally assumed (25). Using EXAFS no distinction be-
tween nitrogen and oxygen neighbours can therefore be
made and nitrogen neighbours are analysed using a Pt-O
reference compound.

Hydrogen Chemisorption

Experimental details of hydrogen chemisorption mea-
surements are described elsewhere (33). Typically, the re-
duced samples are evacuated at 200°C and the hydrogen
uptake is measured at 35°C.

The samples were prepared in situ from the starting
material using the same pretreatments as described above.
The sample heated in He (Pt[Ar/He]) was measured twice:
once directly after the pretreatment and once after the sam-
ple had been flushed with H, at 400°C for 30 min follow-
ing the autoreduction before it was cooled down to mea-
sure the hydrogen chemisorption. This was done to check
whether all platinum was reduced after autoreduction. The
sample heated in O, (Pt[O;]) was subsequently also flushed
at 400°C with He and H; to reduce the Pt particles prior to
chemisorption measurement.

Transmission Electron Microscopy

For samples Pt[Ar/He] and Pt[H,] several pictures were
recorded. For both samples the size of over 230 Pt particles
on the pictures was measured. This was used to determine
the average metal-particle size and the distribution in
particle size. The limit in particle size for detection with
HRTEM of the Pt particles is 5-10 A (i.e, smaller particles
are invisible).

HRTEM was performed by the Dutch National Centre
for high-resolution electron microscopy. The microscope
was a Philips CM30T transmission electron microscope with
aLaBg filament operating at 300 kV. Samples were mounted
on a microgrid carbon polymer supported on a copper grid
by placing a few droplets of a suspension of ground sam-
ple in ethanol on the grid, followed by drying at ambient
conditions.

RESULTS

Direct Reduction, Pt[H,]

Table 1 summarises the results for hydrogen chemisorp-
tion, HRTEM, and EXAFS analysis for all samples.

In Fig. 1, the development of the normalised near-edge
region of the Pt L; edge during heating is shown. A sharp
decrease in the white-line intensity between 150 and 200°C
is observed.

The EXAFS region of the QEXAFS spectra was anal-
ysed. In Fig. 2, an example is given of the Fourier transform
and its best R-space fit of the spectrum taken at 50°C. The fit
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TABLE 1

Sample Properties

Final® coordination

H/Pt? number
HRTEM
Sample Total Strong [diameter (A)] Pt-O Pt-Pt
Pt(H,) 0.89 0.36 18 0.2 9.5
Pt(He/Ar) I° 0.99 0.39 14 0.0 7.8
Pt(He/Ar) I 1.09 0.53
Pt(0,) 0.80°  0.30 n.d. 37 0

@The margin of error in the H/Pt value is approximately +0.03.

b The final coordination numbers were derived from the QEXAFS spec-
trum at 400°C. The initial (at 50°C) Pt—-O(N) coordination number was in
all cases 5.0-5.4. The initial Pt—Pt coordination number was in all cases 0.

¢ Hydrogen chemisorption was measured directly after autoreduction.

4 The autoreduction was followed by reduction for 30 min in H, at
400°C.

€ Hydrogen chemisorption was determined for Pt(He/Ar) after reduc-
tion at 400°C for 60 min following calcination.
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FIG. 1. The near-edge region of the Pt L; edge during heating of

[Pt**(NH3)4](NO3 ), on SiO; in Hy. The sharp decrease between 150 and
200°C indicates reduction of the Pt.
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FIG.2. An example of a Fourier transform and best-fit (R-space fit,
single Pt-O shell, 1.3 < R<2.6 A, k! weighted, 2.5 <k <9.5 A~!) based
on a QEXAFS spectrum obtained during heating in H; at 50°C.
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FIG. 3. The normalised white-line intensity (solid line), the Pt-N co-
ordination number (broken line, triangles), and the Pt-Pt coordination
number (broken—dotted line, boxes) as a function of temperature during
heating of Pt(NH3)4(NO3); on SiO; in Hy.

was performed with a Pt—O reference. It is noted again that
no distinction between O and N neighbours can be made.
The fit and experiment are in good agreement. This quality
of the experimental data and of the fit is representative for
all spectra. This spectrum represents the freshly impreg-
nated [Pt>*(NH3)4](NO3 )2/SiO;. The Pt-Pt coordination
number is 0, as expected, and the fitted Pt-N coordination
number is 5.1.

In Fig. 3, the white-line intensity and Pt-Pt and Pt—N coor-
dination numbers as a function of temperature are shown.
All fit parameters are given in Table 2. From Fig. 3 it is
obvious that the white-line intensity sharply decreases for
150°C < T < 200°C, in a temperature range of only 50°C.
This is accompanied by a simultaneous decrease in Pt-N
coordination number and increase in Pt-Pt coordination
number. The Pt-Pt coordination number rises from 0 at
150° to 8.0 at 200°C. The final Pt-Pt coordination number
at 400°Cis 9.5. The Pt-N coordination number drops from
4.6 at 150°C to 0.5 at 200°C.

Figure 4 shows the intensity of masses 16 (ions NHJ,
0™),17 (NH7, OH™), and 18 (H,O") during heating of the
catalyst precursor in H,. No other gases are produced.

Below 100°C, the desorption of physisorbed H,O is ob-
served. Around 210°C a clear maximum in the desorption
of H,O and NHj; is observed. Although mass 16 is caused
by fragment ions of H,O and NH3, the intensity of mass 16
1s too high to be explained by H,O only. Therefore, it must
be concluded that NHj3 desorbs simultaneously. A strong
shoulder in the desorption of H,O is observed between 150
and 200°C.

Comparing the results presented in Figs. 3 and 4 shows
that in the temperature range during which mass spec-
trometry shows the largest amounts of desorbed gases
(maximum at 210°C), QEXAFS shows only minor changes
in the Pt complex. Vice versa, in the temperature range in
which QEXAFS shows a large change in the local structure
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TABLE 2

Fit Parameters® of QEXAFS Spectra during Heating in H, and Variances of Fits

O shell Pt shell Variances (%)

T (C) R (A) N Ao?P Eo R(A) N Ao?P Eo Im. Abs.
51¢ 2.01 5.1 4.6 34 —d — — — 0.595 0.319
143 2.01 4.6 4.3 4.0 —d — — — 0.318 0.139
156 2.0 33 1.8 4.2 271 3.7 14.2 10.0 1.01 0.490
165 1.98 22 2.6 6.1 2.68 52 11.5 9.0 1.07 0.250
180 1.99 1.6 3.6 4.3 2.70 5.6 9.6 4.9 0.661 0.348
185 1.95 1.0 5.6 10.0 2.70 72 10.4 39 0.690 0.318
200 1.97 0.5 8.0 10.0 2.70 8.0 10.3 34 0.501 0.106
300 —d — — — 2.70 8.7 11.8 2.6 0.904 0.605
400 —d — — — 2.67 9.5 15.6 2.9 1.25 0.323

aErrors in fits: R£1%, N £20%, Ac? £5%, Eg +10%. R-space fit: Ak =2.5-9.5A, AR=13-32A4A,

k?> weighted.
b Debye-Waller factor x1073, +.
CFit with k! weighting, 1.3 < R < 2.5 A.
4 No contribution of this shell present.

of the Pt, only the desorption of H,O is observed as a shoul-
der in the large H,O signal at 210°C and no other gases are
detected.

HRTEM was used to determine the final metal-particle
size. A representative photograph is shown in Fig. 5. Mul-
tiple photographs were analysed and the size of at least
230 particles was measured to determine the average parti-
cle size and the particle-size distribution (Fig. 6, bars filled
with bricks). The particle-size distribution appears to be bi-
modal, with maxima at 14 and 22 A. The average particle
size (as determined by HRTEM) for this sample is 18 A.

Hydrogen chemisorption showed an average hydrogen
coverage of Hiota/Pt = 0.89 (Table 1).

Autoreduction, Pt[Ar/He]

In Table 1, the results for hydrogen chemisorption,
HRTEM, and EXAFS analysis are given.

5.0

-------- 16 (NH2+, O+)
wowbk oA e 17 (NH3+, OH+)
—— 18 (H20+)

3.0

20T

Intensity (arb.units)

00 . .
0 100 200 300 400
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FIG. 4. The intensity of (fragment) ions of desorbed gases vs temper-
ature during reduction in H,.

Heating the sample in Ar leads to the desorption of vari-
ous gases, which are probed with mass spectrometry (Fig. 7).
Below 100°C, physisorbed H,O desorbs as shown by the
desorption of masses 18, 17, and 16. Further heating leads
to the desorption of NOy, H,O, NH3, and N, in two tem-
perature ranges. First, in a broad peak around 210°C the
desorption of NOy, H,O, NHj3, and N is observed. At a
temperature of 240°C a second, sharper desorption peak
for the same gases is observed. In the whole temperature
range the desorption of NO,, O,, and H, is not detected.

The QEXAFS results are given in Fig. 8 and Table 3.
Heating the sample in He first shows a small increase in the
white line from 180 to 200°C, accompanied by a decrease in
the Pt-N coordination number. A sharp decrease from 1.7
to 1.4 in the white-line intensity starts at 200°C and contin-
ues up to approximately 260°C, after which the white line
continues to decrease slowly until the highest temperature

FIG.5. A representative HRTEM picture of the sample after direct
reduction (Pt[H;]). Dark spots: Pt particles.
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TABLE 3

Fit Parameters® of QEXAFS Spectra during Heating in He and Variances of Fits

O shell Pt shell Variances (%)
T(°C) R(A) N Ac?P Eo R (A) N Ao?P Eo Im. Abs.
50¢ 2.01 54 6.2 4.6 —d — — — 0.044 0.012
150¢ 2.00 5.4 6.0 4.9 — — — — 0.108 0.019
197¢ 1.99 4.4 33 53 — — — — 0.371 0.095
209¢ 1.99 3.9 5.8 4.7 — — — — 0.322 0.129
220 2.01 3.2 8.4 2.6 2.59 2.3 144 10.0 1.720 0.222
234 1.94 3.1 12.6 9.3 2.63 5.7 17.3 9.2 0.979 0.407
249 1.97 0.6 6.8 6.6 2.65 6.6 18.4 7.4 0.448 0.146
300 1.94 1.7 25.0 10.0 2.68 7.7 15.9 3.7 1.92 1.02
400 2.19 0.5 5.0 9.9 2.61 7.8 16.9 3.9 3.95 1.61

aErrors in fits: R+ 1%, N £20%, Ac? + 5%, Eg & 10%. R-space fit: Ak = 2.5-9.5 A, AR=1.3-32 A,

k? weighted.
b Debye-Waller factor x1073.

CFit was done with k! weighting, with 1.3 < R < 2.5 A.

4 No contribution of this shell present.
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FIG. 6. The particle-size distribution as determined by HRTEM by
measuring the size of >230 particles. Bar filled with lines: autoreduced
sample (Pt[Ar/He]). Bricks: directly reduced sample (Pt[H;]).
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FIG.7. The intensity of (fragment) ions of desorbed gases vs temper-
ature during heating in Ar.

measured (400°C). The sharp decrease in the white line be-
tween 200 and 260°C is accompanied by a sharp decrease
in the Pt-N coordination number from approximately 4.5
to 2 and an increase in the Pt—Pt coordination number from
0 to approximately 7. At higher temperatures, the nitrogen
neighbours disappear slowly and the Pt-Pt coordination
shows no significant changes.

Hydrogen chemisorption (Table 1) for this sample with-
out an additional high temperature reduction shows a
Hiota1/Pt value of 0.99. The additional high temperature re-
duction leads to an increase in Hyq,/Pt to 1.09.

In Fig. 6 the particle-size distribution for this sample as
determined by HRTEM is shown (bars filled with lines).
The average particle size for this sample is 14 A. Compared
to that of sample Pt[H;], the particle-size distribution is

8
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FIG. 8. The normalised white-line intensity (solid line), the Pt-N co-
ordination number (broken line, triangles), and the Pt-Pt coordination
number (broken—dotted line, boxes) as a function of temperature during
heating of [Pt**(NH3)4](NO; ), on SiO; in He.
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FIG.9. The intensity of (fragment) ions of the desorbed gases vs tem-
perature during calcination in O;.

more uniform, with only one maximum at 12 A and 50% of
the particles in the range of 12-14 A.

Calcination, Pt[O;]

Calcination of the impregnated sample in O, again shows
the desorption of physisorbed H,O below 100°C (Fig. 9).
Similarly to heating the impregnated sample in Ar, heating
the sample in O, leads to the desorption of NOy, H,O, NH3,
and N; at 2 temperatures, viz. at 210 and 240°C. NO, and
H, were not detected. NH3 could not be identified through
its fragment ion NH; because the O, in the gas flow leads
to high quantities of O" with mass 16.

QEXAFS (Fig. 10) shows an increase in the white-line
intensity between 150 and 325°C from 1.7 to 2.05. This in-
crease is accompanied by a decrease in the Pt—O coordi-
nation number from 5.3 to 4.0 (see also Table 4). During
the entire calcination procedure, no Pt-Pt neighbours are
observed.

o
N
)

Coordination number Pt-O
Whiteline intensity (normalized)

-
o]

Ok . . - —11.6
0 100 200 300 400

Temperature (°C)

FIG. 10. The normalised white-line intensity (solid line) and the Pt—
O coordination (broken line, triangles) vs temperature during heating of
[P2*(NH;)4](NO3 ), on SiO, in O,. No Pt-Pt coordination was observed.
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TABLE 4

Fit Parameters® of QEXAFS Spectra during Heating in O,
and Variances of Fits

O shell Variances (%)

T (°C) R(A) N Ac?(1073) Eo Im. Abs.
51 2.00 5.0 3.8 4.6 0.197 0.159
100 2.00 5.3 52 5.0 0.111 0.106
149 2.01 53 5.3 4.5 0.346 0.254
200 1.99 5.3 6.3 5.5 0.277 0.227
208 1.97 5.4 7.9 6.3 0.110 0.075
212 1.98 5.1 7.1 6.0 0.158 0.060
216 1.98 4.9 7.5 54 0.116 0.037
224 1.98 4.4 6.5 4.6 0.122 0.016
244 1.98 4.0 5.0 54 0.259 0.125
260 1.98 4.0 4.3 5.8 0.238 0.068
272 1.99 4.0 3.7 4.8 0.268 0.119
296 1.98 4.2 4.9 5.1 0.932 0.588
346 1.98 4.4 44 5.5 0.508 0.268
400 2.01 3.7 3.0 1.7 0.898 0.749

aErrors in fits: R+ 1%, N +20%, Ac? + 5%, Eg + 10%. R-space fit:
Ak =2.595A, AR=1.3-25 A, k! weighted.

Hydrogen chemisorption after reduction following the
calcination resulted in Hyo, /Pt = 0.80 (Table 1).

DISCUSSION

Reliability of Results from QEXAFSand HRTEM

In a QEXAFS experiment, the monochromator is in con-
tinual motion. Accompanied by the low counting (120 ms)
time per data-point, this gives a relatively low signal-
to-noise ratio. This is most significant at higher energies
since the amplitude of the EXAFS-wiggles decreases at
higher energies. As a consequence, the measured QEXAFS
spectra are considered only reliable up to k = 9.5 A1, in
contrast to typical EXAFS spectra of Pt-containing com-
pounds, which can be used up to k = 15 A~!. Using the
Nyquist theorem (29), the maximum number of free pa-
rameters that can be fitted doing a R-space fit of the data
(1.3 < R<29A,2.5 <k <9.5A 1) isnine. With nine free
parameters two shells (N and Pt) can be fitted. Pt-Pt and
Pt—O/N contributions have differences in backscattering-
amplitudes, which are most prominent at higher energies.
Therefore, fitting and discriminating between Pt and O/N
backscatterers is less reliable using QEXAFS compared
to normal EXAFS, where typically three spectra up to
k = 15 A~! of 30 min each are averaged. Moreover, the
samples have temperatures between room temperature and
400°C. At high temperatures the thermal disorder is high. A
high disorder leads to additional damping of the EXAFS-
wiggles at higher energies. This results in an additional error
in the fitting of the QEXAFS spectra. The error in the fitted
coordination number is estimated at approximately +2.
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However, all samples are similar (all have the same start- 20
ing material, loading, and temperature range) and the dit- |} 16 (NH2*, O%)
ferences in the sample between consecutive spectra are | ... 17 (NH3+, OH+)
minimal. Therefore, the differences in the structural param- g 15 — 18(H20+)
eters as observed are reliable even though the absolute val- ~ § o gg g::?;))
ues may differ from the true physical parameters. £ o 44 (N20+)
HRTEM allows the direct measurement of particle sizes 2z
larger than 5-10 A. Depending on contrast, thickness of the é
sample, and location of the Pt particle on the support, par- =
ticles smaller then 5-10 A are invisible. As these particles
contain only a few atoms, they consist exclusively of sur-
face atoms. Therefore, these small particles are extremely
important in catalysis. 00 . . .
In addition, although these small particles are not probed 100 150 200 250 300
by HRTEM, hydrogen chemisorption is determined largely Temperature (°C)
using these small particles. Extremely small (<10 A) Pt FIG. 11. The decomposition of NHsNOj3 during heating, followed by
particles are known to adsorb more than one hydrogen MS.

per Pt (34). This may result in discrepancies between the
particle size as determined by HRTEM and hydrogen
chemisorption.

Direct Reduction

Direct reduction is characterised by large changes in the
Pt-complex between 150 and 200°C. The Pt-Pt coordina-
tion increases rapidly while both the Pt-N coordination
and white-line intensity decrease (Fig. 3 and Table 2). These
changes are characteristic of a reduction in the Pt>* com-
plex and the formation of metal-particles. It is remarkable
that in this temperature range only the desorption of a
small amount of H,O is observed (Fig. 4). Only at higher
temperatures (210°C), are the desorption of NH3 and large
amounts of H,O observed. In this region, QEXAFS shows
that the reduction is nearly complete. This implies that the
gases desorbing at 210°C must be produced by a mechanism
independent of the reduction in the Pt>* complex.

A proposed mechanism is shown in Scheme 1. Most
likely, during the drying procedure following impregna-
tion, [Pt>**(NH3)4](OH™), and HNOj; are formed in sep-
arate regions of the support. Although this may seem an
unlikely reaction at first sight, this separation is very con-
ceivable during impregnation. When the metal precursor
is dissolved, the [Pt>*(NH3)4](NO5 ), complex is dissoci-
ated into Pt(NH;);" and NO3 . Impregnation is followed by

[Pt>*(NH;),J(OH), + 2 HNO, (5) + H,

1
l 150-200°C, H, W

PO (s) + 2 NH,NO; (s) + 2 H,0 (g) + 2 NH,

NH; (@) +H,0(g) ()
210°C, H,

SCHEME 1. Proposed mechanism for direct reduction.

drying the impregnated support. During this drying, NO3
is transported to specific places on the support, where the
capillary forces are greatest and, hence, water is evaporated
last. However, during drying the Pt>* complex remains be-
hind on the SiO, surface and, hence, the homogeneous dis-
tribution of Pt?* and NOj is distorted and they precipitate
as [Pt2+(NH3)4](OH_)2 and HNO:s.

During reduction of the Pt complex, two of the ammonia
ligands react with this HNOj3 to form ammonium nitrate,
NH4NOj3. This complex is unstable at higher temperatures
and has a boiling point of 211°C. When this complex decom-
poses, nitric oxides (NOy) and H,O are produced (Fig. 11).
In a hydrogen atmosphere, NOy can be reduced to NH3 and
H,Oin the presence of Pt. These gases are indeed observed.

The final particle size as determined by QEXAFS, hydro-
gen chemisorption, and HRTEM is quite large compared
to the autoreduced sample (Table 1). Hydrogen chemisorp-
tion shows a H/Pt value of 0.89, with QEXAFS giving a
Pt—Pt coordination number of 9.5. Normally, a coordination
number of 9.5 would correlate to a H/Pt value of approxi-
mately 0.6 (34). However, as described before, the absolute
Pt-Pt coordination number based on QEXAFS contains a
large margin of error (+£2). Based on HRTEM and hydro-
gen chemisorption, the average metal-particle size is esti-
mated at 14-16 A.

In addition, the particle-size distribution is broad (Fig. 6).
A broad particle-size distribution is typically caused by a
sintering process. Directly after the reduction, at 200°C, a
high Pt-Pt coordination (~8) number is reached. Appar-
ently, during direct reduction sintering of the metal particles
takes place. This is confirmed by the QEXAFS results.

The final metal-particle size is determined by the ratio
of two parameters, the growth and nucleation rate (35). If
the growth rate is high, the first nuclei will rapidly grow to
large particles. Since the formation of metal-metal bonds
adds significantly to the stability of Pt atoms (36, 37), the
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reduction of the Pt>*(NHj)y complex must involve a migra-
tion and collision of the Pt>* species with either an earlier
formed metallic Pt nucleus or several other Pt?>* complexes
and reduce at the same moment. The rapid reduction of the
Pt?>* complex, the high growth-rate of the Pt particles in the
temperature range of 150-200°C, as observed with QEX-
AFS, and the low final dispersion therefore indicate the
presence of a highly mobile species during the reduction,
able to precipitate on the nucleus. It is very likely that this
mobile species is similar to the [Pt*+(NH;),H5 ° hydride,
reported for direct reduction of Pt(NH3)3" on zeolites (21)
and SiO; (23). However, these hydrides were reported in
the temperature range of 60-100°C. In this study, the MS
results clearly show that the impregnated complex remains
intact up to 150°C.

The sudden formation of large particles above 150°Cis in
agreement with observations made earlier (23, 24). Muiioz-
P4ez and Koningsberger (24) studied [Pt>*(NH3)4]J(OH™),
on y-Al,O3 and observed a large Pt-Pt coordination num-
ber after heating the catalyst in H, to 200°C and cooling
it down again to liquid nitrogen temperature to perform
EXAFS measurements. They did not observe the charac-
teristic HyO/NHj; desorption at 211°C, and it was not to be
expected since they used [Pt**(NH;3)4](OH™), instead of
[P** (NH3)4](NO3 ).

The results for the data analysis for the QEXAFS scans
show some interesting features (Table 2). At lower temper-
atures, with a high amount of nitrogen neighbours, the E
for the Pt-N reference is 3.4 and the E, for the Pt-Pt refer-
ence is 10.0. At higher temperatures, with mainly metallic
platinum particles, the situation is reversed: the Ey for the
Pt-N reference is high (10.0) and the E, for the Pt-Pt ref-
erence is low (2.9). This resembles a change in the edge
from Pt** to Pt°. Furthermore, in the early stages of the
reduction the Debye-Waller factor for the Pt-Pt coordi-
nation is large (14.2 x 1073) and this drops to 9.6 x 1073.
Then, when the reduction is nearly complete, the Debye—
Waller factor increases again (to 15.6 x 10~%). The initial
decrease of the Debye—Waller factor is caused by the for-
mation of larger particles, which are structurally more or-
dered than are smaller particles. The subsequent increase
in the Debye—Waller factor is caused by the increase in
temperature, which results in a higher thermal disorder.
In conclusion, the direct reduction is a fast process taking
place between 150 and 200°C, resulting in relatively large
particles with an average size of 14-16 A and a bimodal
particle-size distribution. The desorption of NH3 and H,O
at 211°C s caused by the decomposition of NH4NOs3 in an
independent process of the reduction.

Autoreduction

The decrease in the white line when high temperatures
are compared to low temperatures (QEXAFS, Fig. 8) in-
dicates an autoreduction of the Pt*>* complex. The obser-
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vation that autoreduction takes place is in agreement with
observations made in the literature (18). The process of
autoreduction is characterised by slow reduction of the Pt*+
complex (starting at 200°C) and the relatively low final
metal-particle size (Table 1), as the H/Pt number of 1.09
shows.

A peculiar observation is made with QEXAFS (Fig. 8).
The white line shows a small increase from 175-200°C.
Simultaneously, the number of nitrogen neighbours de-
creases. This can be explained as follows: Each NHj lig-
and will donate some electron density to the Pt>* ion via
the nitrogen lone pair. When a NHj3 ligand is desorbed,
overall less electron density is donated to the Pt>*. This re-
sults in an increase in the number of holes in the d-orbitals,
which in turn results in higher white-line intensity. There-
fore, the conclusion is that at least one ammonia group is
desorbed from the Pt2t between 175 and 200°C. However,
mass spectrometry shows that no gases are produced un-
til 200°C. This means that the desorbed NH3 remains in
the sample. It is likely that it reacts with HNOj3 to precip-
itate as NH4NOgs(reaction 3, Scheme 2). This mechanism
is similar to the mechanism proposed for direct reduction.
NH4NO:s; is unstable at higher temperatures, forming nitric
oxides and H,O. Indeed, mass spectrometry shows the pro-
duction of N,, O,, NOy, H,O, and some NH; between 200
and 250°C, with maximum intensity at 211°C (Fig. 7) and a
second maximum at 240°C.

Simultaneously to the desorption of these gases, QEX-
AFS shows a large decrease in the white line in the tem-
perature range of 200-250°C. In addition, the Pt-Pt coor-
dination number increases from O to ~6 while the Pt-N
coordination number decreases from 5 to 1.5. This implies
that the Pt complex is reduced to a great extent in this tem-
perature range. In the preceding paragraph (direct reduc-
tion), it was shown that production and decomposition of
NH4NO:s; is not necessarily coupled to the reduction of the
Pt>* complex. However, the gases produced during the de-
composition might very well influence the Pt>* complex.
This is apparent when the first derivative of the white line as
a function of temperature is compared with the desorption
of H,O (Fig. 12). The decrease in the white line is maximal

[Pt*(NH;),](OH), + HNO;
l175-200°c 3)

P2+(NH;)5(OH), + NH,NO,

N,0,NO, H,0,NH,

e

‘f
210, 240°C

PE*(NH,),(OH), + 2x NO, 21%280Cy po 4o+ 1/xN,+NH, O

250 - 400°
PEH(NH,),(OH), % PO+2H,0 + (x-) NH;+ b H, + %N, (6)

SCHEME 2. Proposed mechanisms taking place during autoreduction.
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FIG. 12. The decrease in the white-line (first derivative, solid line)
and the production of H,O (dotted line) vs temperature during heating
impregnated [Pt**(NH;)4](NO3 )/SiO;.

when the highest amount of gases is produced, and vice
versa, with the highest reduction rate at 210°C, and a sec-
ond maximum at approximately 240-250°C. This confirms
that reduction must be influenced by the gases produced
during the decomposition of NH4;NOs, either NH3 or NOy
(reaction 4, Scheme 2). Since the Pt complex already has a
high amount of NHj3 ligands, it is most likely that the NOy
influences the reduction. A mechanism for this reduction is
proposed in reaction 5, Scheme 2.

At temperatures higher than 250°C, the reduction con-
tinues gradually, as is indicated by the decrease in the white-
line (Fig.8). The Pt—O (N) coordination number (CN = 1.5)
at 250°C is still relatively high and decreases slowly. This
indicates that not all Pt>* complexes are reduced by the
NO, and another reduction mechanism takes over: autore-
duction. This autoreduction is characterised by the reduc-
tion of Pt?* to Pt’ accompanied by a loss of ligands. No
other molecules are involved in the reduction. The pro-
posed mechanism is given in reaction 6, Scheme 2. This
reaction is similar to the one proposed by van den Broek
et al. (18). A major difference between their study and the
present one is in the support material: They use the zeolite
ZSMS; in this study SiO; is used. With this acidic zeolite, any
NHj; adsorbs strongly on the Brgnsted acidic sites, whereas
on SiO, NHj3 desorbs from the silanol surface groups be-
low 100°C. The presence of NH3 in zeolites at higher tem-
peratures can lead to the formation of the highly mobile
Pt(NH;3),H; hydrides, leading to sintering (18).

The slow rate of reduction of the complex is probably due
to kinetic reasons. As discussed in the previous paragraph
(direct reduction), the final particle size is governed by the
ratio of the growth-rate and nucleation rate (35-38). If the
Pt** complex is not mobile, reduction will be extremely
slow and the final metal-particle size will be small.

At400°C, the white line is still decreasing, indicating that
reduction is still not complete. This is confirmed by the hy-
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drogen chemisorption experiments. The autoreduction fol-
lowed by an additional reduction in H; for 30 min at 400°C
results in higher hydrogen uptake (H/Pt = 1.09, Table 1)
compared to the autoreduced sample without additional
reduction (H/Pt = 0.99). The lower hydrogen uptake indi-
cates that not all Pt is in the reduced state, since admission
of hydrogen at 35°C does not result in a reduction of the Pt
complex.

All techniques reveal a smaller average particle size af-
ter autoreduction than after direct reduction. The high H/Pt
number (1.09, Table 1) for the autoreduced sample shows
that the final metal-particle size is very small. According to
Kip et al. (34), and assuming spherical particles, this H/Pt
value corresponds to an average diameter of approximately
10-12 A, with particles consisting of approximately 20 Pt
atoms. This is in agreement with the upper limit of the
average particle size of 14 A, as determined by HRTEM.
The particle-size distribution is significantly narrower than
in the case of the directly reduced sample (see Fig. 6).
EXAFS gives a Pt-Pt coordination number of approxi-
mately 7.5.

In conclusion, heating the catalyst precursor in an inert
atmosphere leads to a multiple-step reduction, involving re-
duction by NOy and autoreduction. The final metal-particle
size is approximately 10-12 A and the metal-particles are
relatively uniform.

Calcination

In Table 1, the results of hydrogen chemisorption,
HRTEM, and EXAFS analysis are given for this pretreat-
ment.

QEXAFS during the calcination (Fig. 10) shows a con-
stant number of oxygen (or nitrogen) neighbours up to
200°C. This higher stability of [Pt>*(NH3)4](NO3 ), in Oy
compared to the stability in H; is in agreement with the
observations of Kinoshita et al. (20). As expected during
calcination, no metallic Pt—Pt contribution is present for
the whole temperature range. Around 80°C, the white-line
starts to increase at a slow rate, although the number of
direct Pt—-O(N) neighbours remains nearly constant. At
present, no clear explanation exists.

Since the oxygen-containing atmosphere gives a high in-
tensity for its fragment ion, O* (m/z = 16), it was impos-
sible to identify desorbing ammonia by its fragment ion,
NH; (m/z = 16). However, it is likely that NH; desorbing
from Pt>* reacts similarly, as was observed during direct-
and autoreduction: it reacts with HNOj on the support giv-
ing NH4NOj (reaction 7, Scheme 3). The decomposition of
NH4NOj; (reaction 8, Scheme 3) causes the characteristic
broad desorption profile of nitric oxides and water (Fig. 9),
with maxima at 210 and 240°C.

The sharp decrease in the Pt-N(O) coordination number
and increase in the white-line (Fig. 10) between 200 and
250°C indicates a change in the ligands of the Pt. Probably,
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[PtZ*(NH,),](OH), + 2 HNO,

@
0, | 200-240°C
PE*(NH,),(OH), + 2 NH,NO,
210°C ®
N,0, NO, H,0, NH,
+2/xNO,
200-240°C
PO+ 4 H,0+ (1 + V)N, ©
PO (10)

+ 120,

SCHEME 3. Proposed mechanisms taking place during calcination.

the formed NOy reacts with the Pt>* complex to give Pt°
(reaction 9, Scheme 3) in a manner similar to that during
the autoreduction. Naturally, the formed Pt’ is immediately
oxidised to PtO (reaction 10, Scheme 3).

The final metal-particle size, determined after reduction
following the calcination, is large, as is indicated by the H/Pt
ratio of 0.80. It is uncertain whether the final dispersion is
determined during the calcination or during the subsequent
reduction. However, the fast rate of oxidation, as indicated
by the sharp increase in the white line and sudden change
to PtOy around 200-250°C, suggests a large growth-rate of
PtOy particles. Probably, the PtOy particles have the ability
to sinter and form large particles (39).

The Final Metal-Particle Size: Processes Leading
to Narrow Particle-Size Distributions

Hydrogen chemisorption, HRTEM, and QEXAFS all
show that final particle size is smallest after autoreduction.
During autoreduction, the reduction proceeds in several
steps. Two steps (at 210 and 240°C) show a high reduction
rate accompanied by sintering. During this sintering, metal
particles in the range of 10-12 A are formed. The reduction
is caused by the formation of NOy species. A third step,
at T > 250°C, is the autoreduction of the Pt>*(NH3)y com-
plex. This is a slow process, indicating that this species is not
mobile. The size of the metal particles appears to be stable
during this slow autoreduction.

During direct reduction, the creation of a mobile species
at ~150°C results in large Pt particles. In addition, calcina-
tion-reduction at higher temperatures leads to the forma-
tion of larger Pt particles. QEXAFS shows that PtOy is
formed after calcination. It is most likely that also PtOy
particles have the ability to sinter (39) and ultimately form
larger Pt particles.

The key to making uniform small particles is to have a
slow reduction process involving stable, immobile species.
Analysis of the particle-size distribution (Fig. 6) shows that
Pt[Ar/He] has a narrow particle-size distribution compared
to Pt[H,] and has smaller particles. The disadvantage dur-
ing autoreduction is the multiple-step reduction. If the pres-
ence of NOy can be removed before pretreatment, the final
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metal-particle size might be even smaller. One possibility
for achieving this might be using [Pt*>*(NH;3)4](OH™), as a
precursor.

CONCLUSION

By combining mass spectrometry and in situ QEXAFS,
it was possible to elucidate the mechanisms taking
place during reduction, autoreduction, and calcination of
[Pt>+(NH3)4](NO5 ), impregnated on SiO,. The combina-
tion of mass spectrometry with QEXAFS showed that the
production of gases can be a mechanism independent of the
reduction of the [Pt?>*(NH3)4](NO5 ), precursor.

The smallest particles with the narrowest particle-size
distribution are obtained using autoreduction. The key to
making small particles is to avoid the formation of mobile
species that are able to precipitate as metal clusters.
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