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During the preparation of alumina supported platinum catalysts, the precursor [Pt(NH3)4](OH)2 decomposes 
to a neutral Pt(NH3)zO species during the drying process at 120 "C. Treatment in flowing hydrogen at 180 
"C leads to partial reduction of the platinum ammine complex and formation of platinum metal particles. A 
large increase in metal particle size is observed after a treatment under flowing H2 at 200 "C. The final 
reduction at 350 "C causes the total disappearance of the platinum precursor with a further increase in platinum 
particle size. The direct reduction at 350 "C yields the biggest metal particles (35 A) while calcination before 
reduction produces a much higher dispersion (metal particle diameter 10 A). The beneficial effect of calcination, 
already observed by many authxs when using [Pt(NH3)4](OH)2 as a precursor for the preparation of highly 
dispersed WyA1203,  can now be explained because this treatment avoids the formation of the mobile neutral 
Pt(NH3)zO complex. The metal particles produced by treatment in flowing hydrogen at 180 "C present a 
metal-oxygen contribution at 2.7 A formed at the metal-support interface. This long distance is assumed 
to be caused by the presence of hydrogen in the metal-support interface based upon our results in combination 
with other TPD and EXAFS studies. A second metal-oxygen contribution with similar coordination number 
is detected at 3.86 A. This is a consequence of the presence of the first shell metal-oxygen at 2.7 8, and 
implies a [ 11 11 epitaxy in the metal-support interface. 

Introduction 

Supported metal catalysts are generally prepared by impreg- 
nation of the support with an aqueous solution containing the 
metallic precursors. Subsequent drying and/or calcination 
followed by reduction with hydrogen leads to the catalytic active 
phase.' Although all these steps strongly influence the final 
properties of the catalyst and, hence, its performance under 
reaction conditions, attention has been focused only on the 
influence of high temperature treatments under oxygen and/or 
hydrogen on the final metal particle shape and size. Among 
supported metal catalysts Wy-AlzO3 is one of the most studied 
because it is widely used as a reforming and cracking catalyst. 
The influence of oxidation and reduction treatments on this 
system has been studied with TPR/TPD,233 IR? XPS,5 TEM,6 
and XAFS spectro~copy.'-~ The structural and electronic 
properties of platinum particles dispersed in zeolites have also 
been investigated recently with XAFS spectroscopy. 

Recent results have demonstrated the important role of the 
initial steps in the preparation procedure on the agglomeration 
of the metal particles. Ardiles et al. have shown that the 
impregnation step is crucial when the species to be deposited 
shows a strong interaction with the support, while the drying 
step has a marked influence on the final properties of the catalyst 
when the interaction between the precursor and the support is 
weak.15916 It should be realized that uptake of transition metal 
complexes by oxide surfaces can be associated with a ligand 
exchange reaction between a surface hydroxyl group and a 
ligand of the metal complex, incorporating the surface ligands 
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into the complex.'' The chemical behavior of the metal 
precursor complex can give hints for understanding the processes 
taking place during the chemical reaction of the precursor 
complex with the surface. Another important issue is the 
influence of water vapor pressure during the reduction of the 
metallic precursor.18 A high water vapor pressure favors the 
increase of the metal particle size. 

Characterization studies of the WA203 catalyst at the initial 
stage of preparation (Le., impregnation and drying) are not as 
abundant as the studies of the effect of the final high temperature 
treatment in oxygen and/or hydrogen. The metal precursor 
compounds which are commonly used contain chlorine ligands. 
They provide good metal dispersions, both by the decomposition 
of the complex and by formation of oxochloro  compound^.'^ 
Moreover, chlorine modifies the acidity of the support, improv- 
ing the catalytic performance in naphtha reforming processes.20 
Nevertheless, there are several processes in which chlorine 
hampers the catalytic activity of the system.21 In this case the 
use of another Pt precursor is strongly recommended since once 
chlorine reacts with the support, it is very difficult to remove 
it, because it can be included in the support network.22 

Among the possible alternatives, [Pt(NH3)4](OH)2 is one of 
the most attractive since the residual product (ammonia) can 
be removed from the surface of the support by heating under 
inert atmospheres. The use of platinum amrnine complexes is 
crucial for the preparation of highly dispersed platinum particles 
in zeolite, used for several reforming reactions (n-hexane 
dehydrocyclization, benzene hydrogenation.) Dalla Betta and 
Boudart in 197223 found that calcination of a Pt/Y sample 
prepared using [Pt(NH3)4](OH)2 resulted in a high metal 
dispersion. However, WL zeolite supported catalysts can be 
prepared with a high dispersion by direct reduction in hydrogen 
of the ammine precursor,14 while calcination before reduction 
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TABLE 1: 
Ranges of Reference Compounds 

Crystallographic Data and Fourier Filtering at temperatures higher than 300 "C leads to large particles 
outside the zeolite channels.24 In contrast with the abundant 
information obtained for the H2PtC16 p r e c u r s ~ r , ~ . ~ * . ~ ~  there is a 
gap in the knowledge of the activation process of the platinum- 
ammine precursor. 

A combination of TPD (temperature programmed desorption) 
and EXAFS measurements carried out on the WK-LTL catalytic 
s y ~ t e m ~ ~ , ' ~  has demonstrated that the structure of the metal- 
zeolite interface is dependent on the reduction treatment in 
hydrogen. LTR (low temperature reduction -300 "C) leads to 
the presence of hydrogen in the metal-zeolite interface resulting 
in a metal-oxygen coordination around 2.7 A. HTR (high 
temperature reduction -600 "C) gives metal-oxygen bonds 
around 2.2 A, whereas at intermediate reduction temperatures 
bometal-supportth types of metal-oxygen coordinations are 
detected. For Wy-A1203 catalysts detailed information about 
the structure and epitaxy in the metal-support interface and 
their dependence on the reduction temperature is lacking. 

In this study a combination of TPR (temperature programmed 
reduction), MS, and XAFS (X-ray aborption fine structure) 
spectroscopy is used to follow the initial stages of decomposition 
of [Pt(NH3)4](OH)2 onto A1203 under inert and reducing 
atmospheres. The final goal of this paper is to determine the 
first stages of the metal-metal bond and metal-support 
interface formation. Attention has been focused onto four main 
aspects: (i) identification of the platinum entities undergoing 
reduction, (ii) determination of the threshold of metal-metal 
bond formation, (iii) study of the formation of the metal-support 
interface, and (iv) study of the influence of the pretreatment 
(calcination and reduction vs direct reduction and, in both cases, 
reduction temperature) on the structure of the platinum metal 
particles and on the metal-support interface. 

Experimental Section 

A 1 wt % Pt/y-AlzOs (sample 1) catalyst was prepared by 
incipient wetness of a y-Al2O3 support, Ketjen CK-300 with a 
superficial area of 200 m2/g and 0.56 mL/g pore volume, with 
a known amount of [Pt(NH&](OH)z, from Strem Chemical 
Newburyport, dried at 120 "C for 15 h, and stored in air. This 
sample was submitted to several decomposition treatments under 
inert and reducing atmospheres and its evolution followed with 
the techniques described below. 

To check the effect of calcination treatments on the final metal 
dispersions, another Wy-Al2O3 catalyst (sample 2) was prepared 
in a similar way, but instead of drying it under He before 
reducing, it was calcined in air at 350 "C and reduced at the 
same temperature. In this sample only the EXAFS spectrum 
of the reduced system has been recorded. 

Temperature programmed reduction experiments were carried 
out with a conventional TCD system connected to an HP-3054- 
DL system for data storage and processing. A gas stream (5% 
H2 in Ar, 10 mL/min) was passed through the sample using a 
constant heating rate of 10 "C/min. The TC detector for 
hydrogen consumption was calibrated with CuO being linear 
in a range of 10-200 pmol. The total hydrogen uptake was 
obtained by integration of the area under the curve. No 
hydrogen consumption was detected in the range 25 to 600 "C 
in the bare support. 

Mass spectra were recorded in a flow system connected to a 
quadrupole mass spectrometer (QMS), PGA-100, that allows 
the recording of eight different signals per second. The system 
is controlled by a PC that also stores the data. 

EXAFS measurements of the catalysts were performed at 
EXAFS station 9.2 of the Wiggler beam line of the SRS at 
Daresbury (U.K.). This station is operating with a double crystal 

FT filter 
Ab-Sc range range R 

compound pair k" (A-1) (A) N (A) ref 
Pt foil Pt-Pt 3 2.2-20.4 1.4-3.1 12 2.77 28 
Na2Pt(OH)6 Pt-0 1 1.8-14.5 0.0-2.3 6 2.05 29 
[Pt(NH&](OH)2 Pt-N 1 1.6-12.5 0.3-2.2 4 2.04 28 

monochromator Si[220], which was detuned to 50% intensity 
to minimize the presence of higher harmonics. The estimated 
resolution was 3 eV at the Pt Lm edge (11 564 eV). The 
measurements were carried out in transmission mode using 
optimized ion chambers as detectors. Each data point was 
collected for 1 s, and at least two to four scans were averaged, 
thus minimizing high- and low-frequency noise. 

The samples were pressed into thin self-supporting wafers 
with an absorbance of approximately 2.5 and mounted in an 
in-situ EXAFS cell.25 EXAFS measurements were done under 
a controlled atmosphere (He or H2) on the Pt Lm edge at liquid 
nitrogen temperature. The EXAFS spectra of Pt foil and Naz- 
Pt(OH)6 were used as references to calculate phase shifts and 
backscattering amplitude functions of the Pt-Pt and Pt-0 
absorber-backscatter pair. A water solution of [Pt(NH3)4](OH)z 
was measured at room temperature, and the EXAFS spectrum 
was used as a reference to calculate phase shifts and backscat- 
tering amplitude functions for Pt-N contribution. 

Standard procedures were used to extract the EXAFS data 
from the measured absorption spectrum. Normalization was 
done by dividing by the height of the absorption edge, and the 
background was subtracted using cubic spline  routine^.^^,^' 

The data analysis procedures used to obtain the reference data 
for Pt foil and Na~Pt(0H)b are extensively described in ref 10. 
The manufacture of the reference functions from EXAFS data 
of Pt foil, NazPt(OH)6, and [Pt(NH3)4](OH)2 is straightforward, 
since the first shell peak (Pt-Pt, Pt-0, and Pt-N, respectively) 
in r space shows no overlap with higher shells. The crystal- 
lographic first-shell coordination parameters for all the reference 
compounds, the weighting of the Fourier transform, and the 
ranges in k and r space used to extract the reference functions 
from the experimental EXAFS data are given in Table 1. 

The EXAFS data analysis was performed using the experi- 
mentally determined phase shifts and backscattering amplitudes 
for the various contributions. To determine reliably the 
parameters characterizing the high Z (Pt) and low Z (0 and N) 
contributions, multiple shell fitting in k space with subsequent 
control in r space was done with application of both k1 and k3 
weighting. The use of both k1 and k3 weighting is a prerequisite 
since the k-dependence of the backscattering amplitude of low 
Z elements (0 and N) is different from that of high Z elements 
(Pt). The backscattering amplitude of the low Z elements 
becomes very small above k = 10 A-*, in comparison with the 
amplitude of high Z scatterers, which is still significant at higher 
k values.30 Application of only k3 weighting in systems 
containing both high and low Z scatterers leads to an underes- 
timation of the contribution of the low Z elements. Moreover, 
optimizing k1 and k3 fits both in k and in r space results in a 
better decoupling of N (coordination number) and A d  (Debye- 
Waller factor) as well as R (coordination distance) and AEo 
(inner potential correction) and, therefore, in a more reliable 
set of parameters.1° The difference file technique was applied 
together with phase-corrected Fourier transforms to resolve the 
different contributions in the EXAFS data.31 

Due to curved wave effects the phase shift and backscattering 
amplitude functions obtained from reference compounds are 
correct only when there is no difference in distance between 
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Figure 1. TPR profile of [pt(NH3)4](OH)dy-Al20~ sample after 
impregnation and drying. 

the reference compound and the unknown. Thus, coordination 
numbers need to be corrected for a difference in distance 
between the reference compound and the unknown according 
to10 

The errors in the structural parameters were calculated from 
the covariance matrix taking into account the statistical noise 
of the EXAFS data and the correlations between the different 
coordination  parameter^.^^ We have not found a simple function 
to evaluate systematic errors, so they are not included in the 
calculation of the standard deviations. The amplitude of the 
noise was estimated from the raw data at those k values, where 
the EXAFS signal was sufficiently damped out. The values of 
the goodness of fit (eV2) were calculated as outlined in the 
Reports on Standard and Criteria in XAFS Spectro~copy.~~ 

Results 

Temperature Programmed Reduction Profies. The TPR 
profile of sample 1 (submitted first to a drying treatment under 
Ar flow up to 200 "C for 1 h) shows two hydrogen-consuming 
processes (peaks I and 11 in Figure 1) peaking at 315 and 465 
"C, respectively. A desorption process (peak III in Figure 1) 
is maximum around 550 "C. The hydrogen uptake is H2/Pt = 
0.85 in the first process and H2/Pt= 0.32 in the second process. 
The hydrogen desorption is H2Pt = 0.43 in the third (negative) 
peak. The overall hydrogen consumption (I + 11 - 111) is H2/ 
pt = 0.75. 

It has to be pointed out that the abnormally high temperatures 
of the maxima in H2 consumption and desorption are due to 
the extreme experimental conditions used to get the maximum 
sensitivity with the minimum amount of sample (HdAr flow = 
10 mWmin). This causes a linear shift of around 50 "C in the 
absolute position of the maxima. In fact, in preliminary 
measurements carried out with standard conditions (50 "in, 
larger of amount of sample) the maxima in the TPR profiles 
were shifted 65 "C toward lower temperatures. 

I------ 1 1 I 

100 200 200 300 m 500 

Figure 2. Mass spectra of [Pt(NH3)4](OH)dy-A1203 sample after 
impregnation and drying. Profiles recorded during the decomposition 
process under H2 for signal with mle ratio 18 (HzO), 17 (Hot, NH3), 
16 (l60, NH+2), and 15 

T('C1 

NH2+). 

Mass Spectroscopy. To gain additional information about 
the decomposition of the [Pt(NH3)4](OH)2 complex, especially 
about the evolution of ammonia, the mass spectra of sample 1 
submitted to thermal treatment under H2 at increasing temper- 
atures have been recorded. The results are shown in Figure 2, 
where the evolution of the species with mle = 18, 17, 16, 15 
( d e  is mass to charge ratio) has been plotted against temper- 
ature. The identification of NH3 (mle = 17) in the presence of 
water is quite difficult since both OH+ and NH3 have the same 
m/e (=17). Moreover, l60 and NH2+ both have m/e = 16. Thus, 
the production of four species has to be followed in order to 
study the decomposition of the platinum ammine complex 
present on the surface. The species with mle = 17 and 18 give 
information about the evolution of water and the species with 
d e  = 15 and 16, about the evolution of ammonia. The maxima 
appearing at 200 "C and between 250 and 500 "C in the signal 
with d e  18 can be ascribed to the dehydration and dehydroxy- 
lation processes of the alumina surface, re~pectively.~~ The 
same two processes dominate the signal with mle = 17, and 
hardly any changes are recorded in the signal with mle = 16. 
The signal with m/e = 15 shows a new process starting at about 
300 "C and reaching a maximum at 400 "C. This process can 
be attributed to ammonia evolution, according to previous 
studies of ammonia desorption from modified alumina.3s 

X-ray Absorption Fine Structure Spectroscopy (XAFS). 
I .  Experimental Conditions. X-ray absorption spectra have 
been recorded at four stages of the decomposition of the 
platinum ammine complex in sample 1 under inedreducing 
atmospheres. The first spectrum has been recorded under He 
after submitting the sample to a drying treatment under He flow 
at 120 "C for 15 min, heating rate of 5 " C h i n  (designated as 
sample HEi120). This treatment was given to the sample in 
order to remove physisorbed water, thus preventing the sintering 
of the metal particles during the subsequent reduction process.'* 
Additionally, it provides a well-defined state of the system 
before the reduction process is carried out. 

The activation in hydrogen was followed by recording the 
EXAFS spectra with the sample exposed to 1 atm of H2 after 
reduction at three different temperatures. The second spectrum 
was recorded at the beginning of the reduction process, with 
treatment with Hz at 180 "C for 20 min, heating rate of 5 "C1 
min (designated as sample DECH180). The third spectrum was 
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Figure 3. (a) Pt Lm edge of platinum tetraammine complex (solid 
line) and platinum foil (dashed line). (b) Pt LE edge of samples HE120 
(solid line), DECH180 (dashed line), DECH200 (dashed-dotted line), 
and DECH350 (dotted line). 

measured after a further reduction in H2 at 200 "C for 20 min, 
heating rate of 5 "C/min (designated as sample DECH200). The 
choice of both temperatures was not obvious because a direct 
extrapolation of the peak positions in the TPR system cannot 
be made. The absolute position of the TPR peaks has to be 
corrected by -65 "C, as described above. With this correction 
it can be seen that at 180 "C, just at the beginning of the 
reduction process, it has gone far enough to produce detectable 
amounts of platinum particles but with a reasonable fraction of 
the dried precursor still present. The temperature of 200 "C 
was chosen to establish an intermediate situation during the 
reduction process. The temperature of the fourth treatment 
(heating rate of 5 "Chin,  350 "C for 30 min) (sample 
DECH350) resulted in a fully reduced sample (HzM = 0.85, 
where M = metal). 

To study the influence of a "normal" reduction treatment (no 
slow decomposition, i.e., direct heating in Hz from room 
temperature to 350 "C with a rate of 5 "Ch in ,  1 h at 350 "C), 
another spectrum (sample R350) has been recorded in sample 
1. To determine the influence of calcination prior to the 
reduction treatment, sample 2 (calcined after impregnation) was 
reduced in flowing H2 (heating rate 5 " C h i n  from room 
temperature to 350 "C, 1 h at 350 "C). The EXAFS spectrum 
obtained from this sample is indicated by sample OR350. 

2. XANES. To follow the decomposition of the adsorbed 
platinum species and the formation of the Pt-Pt bonds, the white 
line of the Pt L ~ I  edge has been recorded for sample 1. Figure 
3a includes the normalized XANES spectra of the Pt Lm X-ray 
absorption edge of the [Pt(NH3)4](OH)z complex (solid line) 
and Pt foil (dashed line). These spectra have been plotted vs E 
- EO (total energy minus edge energy) with this last value being 

0.02 
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Figure 4. (a) E M S  raw data of water solution of [pt(NH3)4](OH)2 
(dotted line) and of sample HE120 (solid line). (b) kl-weighed Pt-N 
phase-corrected Fourier transform of EXAFS spectrum of sample 
HE120 [Ak = 3.0 - 11.6 A-l] (solid line) and [Pt(NH3)41(0H)~ [Ak 
= 3.0 - 12.3 A-l] (dotted line). 

defined as the major inflection point in the edge. The difference 
in amplitude of the threshold peak (white line) is caused by the 
difference in oxidation state (Pt2+ vs Ro). A characteristic 
feature in the shape of the XANES spectrum of the platinum 
ammine complex is the peak at 13 eV after the absorption edge 
(peak A in Figure 3a). The XANES spectrum of R foil can be 
identified by peak B (15 eV) and peak C (30 eV). 

Figure 3b presents the XANES spectra of the HE120 (solid 
line), DECH180 (dashed line), DECH200 (dotted-dashed line), 
and DECH350 (dotted line). The high amplitude of the white 
line and the presence of peak A in the XANES spectrum of the 
HE120 sample point to the existence of Pt-N bonds in the 
adsorbed platinum species. The continuous decrease in the 
intensity of the white line induced by treatment under hydrogen 
at increasing temperatures indicates a progressive reduction of 
Pt2+ ions. Also the disappearance of peak A characteristic of 
the presence of Pt-N bonds shows the decomposition of the 
platinum complex. The presence of peaks B and C in the 
sample DECH350 is an indication of the formation of platinum 
metal particles. 

3. EXAFS. The raw EXAFS spectra of the [Pt(NH3)4](OH)2 
complex and the HE120 sample are displayed in Figure 4a. A 
comparison of both spectra shows the similarity in nodes and 
shape. However, the amplitude of the EXAFS oscillations at 
low k values is smaller for the HE120 sample, and there is a 
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FT weight FT range filter range fit weight analysis amplitude 
V’ noise 6v2 b.c sample k” Ak(.k’) AR(A) k“ range Ak (A-1) Nhdpa 

HE120 (0.0-4.0)d 0 3.5-12.0 22.6 14.6 0.002 2.05 
DECHl80 1 2.9-13.1 0.1 -4.1 1 3.5-12.5 23.9 7.9 0.002 0.52 
DECH200 1 2.1-12.0 0.5-4.2 1 3.5- 11.5 20.3 8.3 0.0015 1.09 
DECH350 3 2.6-12.1 0.9-6.3 2 3.0-1 1.0 28.5 12.5 0.003 0.74 
R350 2 2.7-16.7 1.1-5.9 2 3.5-16.0 39.2 23.2 0.002 1.61 
OR350 2 2.6-14.3 1 .O-4.1 1 3.5-13.5 20.7 4.7 0.001 1.60 

Nindp is number of independent parameters; Niodp= 2 A k M ~ c  + 1. v is degrees of freedom; v = Nindp - Nfi,, See Report on Standards and 
Criteria.33 Range in r space used to fit the unfiltered EXAFS. 

clear difference in node position for k = 4.1 A-I. This is an 
indication of a decrease in Pt-N coordination after adsorption 
of the ammine complex onto the support and the occurrence of 
a new type of bond. This can be seen more clearly in Figure 
4b, which includes the magnitude and imaginary part of the 
kl-weighted Fourier transform (corrected for the Pt-N phase, 
thus emphasizing the Pt-N contribution). An inspection of the 
imaginary part also reveals differences in positions of nodes 
between 1 R 2 A. 

Two structural models have been tried to fit the raw EXAFS 
spectrum (noise level is estimated to be 0.002). The number 
of independent points NhdP in the spectrum calculated according 
to the Nyquist theorem32 for the fitting range (Ak = 3.5-12 
A-1, AR = 0-4 A) amounts to 22.6 (see also Table 2). A 
model with one Pt-N coordination (Nfit = 4 with Y = 18.6 
degrees of freedom) gives a goodness of fit value ev2 = 5.2, 
with N = 2 for the coordination number and R = 2.03 A for 
the coordination distance. Introducing also a coordination with 
oxygen (Nfi, = 8 with Y = 14.6 degrees of freedom) leads to 
the coordination parameters as presented in Table 3. This model 
describes the data with a goodness of fit value ev2 = 2.05. The 
confidence limit of the extra Pt-0 coordination is calculated 
to be 96%, which implies that the model with both a Pt-N and 
a Pt-0 coordination describes the data best. It has to be pointed 
out that Pt-0 and Pt-N phase shift and backscattering 
amplitude functions have been used to fit Pt2+-0 and Pt2+-N 
bonds, respectively. Transferability of these functions among 
nearest and even next-nearest neighboring elements in the whole 
periodic table is generally assumed. However, it has been 
recently shown that the backscattering amplitude function is not 
transferable for the next-nearest neighbors carbon and oxygen.36 
Small differences are observed between the experimentally 
obtained nearest neighbor Pt-N and Pt-0 backscattering 
amplitudes (see Figure 5b). Also small but significant differ- 
ences are detected between the experimentally obtained nearest 
neighbors phase shift functions, as can be observed in Figure 
5a. There is a difference of more than 2n  radians which is 
also dependent on k. These functions have been obtained from 
the EXAFS data of the [Pt(NH3)4](OH)2 and NazPt(oH)6 
reference compounds, using the following equations: 

~ ( k )  = A(k)expa sin[@(k)exp,I 
phase shift function: 

V ( k )  = 4(k),,,, - 2kR 

~ ( k )  = ~(k) , , , , k~~ /~ ,2  e x p [ 2 ~ / ~ 1  exp[2dk2] 

backscattering amplitude function: 

where A(k)exptal is the amplitude function and & k ) e x p ~  is the 
argument of the sine function, obtained by first shell Fourier 
filtering of experimental data. The functions ~ ( k )  and F(k) are 
obtained using the following input parameters for Pt-N, N = 
4, R = 2.04 A, u = 0 , A  = 10, So2 = 1, and for Pt-0, N = 6, 
R = 2.05 A, u = 0, A = 10, So2 = 1. The difference in phase 

TABLE 3: EXAFS Coordination Parametee 
parameters N AO3(&) x lo3 R ( h  AEo(eV) 

coordination Pt2+-N 
HE120 2.0 (0.3) 1.0 (1.0) 2.03 (0.01) 2.0 (2.9) 
DECH180 1.9 (0.2) 4.6 (1.0) 1.97 (0.01) 8.6 (1.2) 
DECH2OO 1.0 (0.1) 2.2 (1.8) 2.00 (0.01) 3.0 (1.4) 

coordination Ptz+-O 
HE120 1.0 (0.6) 3.9 (0.6) 2.00 (0.02) 9.5 (8.4) 

coordination Pt-0, 
OR350 0.4(0.1) 4.0(6.0) 2.16(0.03) -6.5(5.0) 

coordination Pt-0~1 
DECHl8O 0.9 (0.6) -2.4 (8.4) 2.70 (0.06) -2.7 (6.3) 
OR350 0.5 (0.3) 7.0 (10) 2.66 (0.06) 7.0 (7.4) 

coordination P t - 0 ~ 2  
DECH180 1.2 (0.3) -1.3 (3.2) 3.84 (0.03) -6.8 (1.6) 

coordination Pt-Ptl 

DECH200 5.2 (0.3) 4.0 (0.6) 2.770 (0.004) 4.2 (0.6) 
DECH350 7.2 (0.3) 3.0 (0.5) 2.770 (0.004) 3.3 (0.4) 
R350 10.1 (0.2) 2.0(0.1) 2.771 (0.001) 3.8 (0.2) 
OR350 5.5 (0.3) 3.0 (0.3) 2.775 (0.003) 2.5 (0.5) 

coordination Pt-Ptz 
DECH180 1.5 (0.5) 4.0 (3.5) 3.94’ -1.3‘ 
DECH200 2.0 (0.4) 4.0 (3.2) 3.95 (0.02) -6.7 (1.4) 
DECH350 2.8 (1.5) 5.7 (6.7) 3.90 (0.04) -4.3 (3.1) 
R350 4.4 (0.5) 2.4 (1.1) 3.93 (0.01) -5.0 (1.0) 
OR350 2.0 (0.3) 3.0 (1.3) 3.96 (0.01) -8.5 (0.7) 

coordination P t - P t 3  
DECH350 8.8 (3.6) 8.2 (6.5) 4.79 (0.04) 1.0 (2.4) 
R350 17.5 (1.1) 2.8 (0.6) 4.78 (0.006) 3.3 (0.6) 

coordination Pt-pt4 
DECH350 2.4 (1.3) 2.2 (5.2) 5.52 (0.03) 1.9 (1.7) 
R350 11.1 (1.0) 4.0 (0.8) 5.52 (0.006) 2.1 (0.4) 

Standard deviations were calculated from the covariance matrix 
and the estimates of the noise level in the scans. Standard deviation 
not calculated (see text). 

DECH180 2.5 (1.9) 4.1 (5 .5 )  2.7706 5.36 

shift data explains why in a statistical analysis a structural model 
with both a Pt-N and a Pt-0 coordination can be distinguished 
from a model with only one Pt-N shell. 

The raw EXAFS spectra of the DECH180, DECH200, and 
DECH350 samples are given in Figure 6a. The decrease of 
the amplitude around k = 3.8 A-1 (characteristic for Pt-N), 
the progressive increase of the amplitude around k = 3 A-1 
(characteristic for Pt-Pt), the change in shape of the amplitude, 
and the difference in nodes are indicative of the formation of 
platinum metal particles. The magnitude of the k3-weighted 
(emphasizing the Pt-Pt contribution) Fourier transform of the 
raw data is plotted in Figure 6b. This Fourier transform has 
been corrected for the Pt-Pt phase shift and backscattering 
amplitude, giving single symmetric peaks at the actual coordina- 
tion distance. Figure 6b shows the presence of the Pt-Pt bonds 
(Pt-Ptl at 2.77 A) in the DECH180 sample. A further increase 
in metal particle size at higher reduction temperatures (samples 
DECH2OO and DECH350) is indicated by the presence of peaks 
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Figure 5. (a) Phase shift function (&) and (b) backscattering 
amplitude function (F(k))  Pt-N (solid line) and Pt-0 (dashed line) 
bonds. 

corresponding to higher Pt-Pt coordination shells in bulk 
platinum metal (Pt-Ptz at 3.92 A, Pt-Pt3 at 4.80 A, and Pt- 
pt4 at 5.54 A).Z8 

The presence of both low 2 (Pt-N and/or Pt-0) and high 2 
contributions (Pt-Pt) in the DECH180 sample can be further 
demonstrated by applying a kl-weighted Fourier transform 
(making the Fourier transform also sensitive to the low Z 
elements). Figure 7 displays a Pt-Pt phase and amplitude- 
corrected k1 weighted Fourier transform of the DECH180 sample 
(solid line) and Pt foil (dashed line). The main peak in both 
Fourier transforms is scaled to 1. A comparison of both the 
magnitude and the imaginary part of the Fourier transform 
between 1 < R < 2.5 8, of the DECH180 sample and of the Pt 
foil demonstrates the presence of a Pt-N and/or Pt-0 
coordination besides the Pt-Pt bonds in the DECHl8O sample. 
Additionally, the Pt-Pt2 peak at 3.92 A, together with another 
contribution, can be detected in the range 3 < R < 4 8, for this 
sample. 

The Fourier transforms of the raw data of the samples 
DECH180, DECH200, and DECH350 were Fourier filtered (see 
Table 2). The value of the weight factor of the forward Fourier 
transform was chosen to get an optimum separation between 
the Pt-Pt2 and higher shell contributions for DECH180 and 
DECH200. The Fourier transform of the DECH350 sample was 
filtered to include the Pt-pt, shell. The isolated EXAFS spectra 
were fitted with different structural models. Details of the fit 
procedures (fit ranges in k space, the number of independent 
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Figure 6. (a) EXAFS spectra of samples DECHl8O (solid line), 
DECH200 (dotted line), and DECH350 (dashed-dotted line). (b) Fourier 
transform (magnitude) [k3, Ak = 3.1 - 11.5 A-1, Pt-Pt phase and 
amplitude corrected] of EXAFS data of samples DECH180 (solid line), 
DECH200 (dotted line), and DECH350 (dashed-dotted line). 
points, NhdP, the degrees of freedom, v ,  and the goodness of 
the fit, cV2) are given in Table 2. The final results of the EXAFS 
data analysis of DECH180, DECH200, and DECH350 are 
presented in Table 3. As can be seen there, submitting the 
sample in the EXAFS cell to reduction under HZ at 180 "C for 
15 min produces a decrease in the coordination number for 
Pt2+-L (L = N, 0, -2.00 A), the appearance of Pt-Pt bonds 
at 2.76 and 3.94 A, and two new Pt-0 distances at 2.70 and 
3.84 A, attributed to the metal-support interface. 

Parts a and b of Figure 8 include comparative plots of the 
best fit and isolated EXAFS data for sample DECH180 in k 
and r space, respectively. To show the relative intensities of 
the contributions from the interface in this spectrum as well as 
the quality of the fits, comparative plots of both interfacial shells 
are included in Figure 8c-e. The difference files containing 
the separate interfacial platinum oxygen contributions, Pt-OL1 
= isolated EXAFS - (Pt-L + P t - 0 ~ 2  + Pt-Ptl + Pt-Ptz) 
and Pt-OLZ = isolated EXAFS - (Pt-L + Pt-OLI + Pt-Ptl + Pt-Pt2), are displayed in k and r space in Figure 8c,d and 
Figure 8e,f, respectively. The estimated level of the noise 
amplitude in the raw EXAFS spectrum of the DECH180 sample 
amounts to 0.002. This noise level is indicated in the difference 
files (these files are based upon a Fourier filtered EXAFS 
spectrum) and is given in parts c and e of Figure 8 by two lines 
with a positive and negative amplitude of 0.001, respectively. 
With the current version of the EXAFS Data Analysis Program 
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and amplitude) of the EXAFS data obtained from the OR350 
sample together with the same kind of transform of the spectrum 
obtained from the platinum foil. Both Fourier transforms are 
normalized and scaled to one at the first shell Pt-Pt peak. The 
detectable differences between both transforms for 1 < R < 
2.5 8, are due to the presence of low Z scatters in the EXAFS 
of the OR350 sample. 

The Fourier transform of the EXAFS of the OR350 sample 
was filtered to include the Pt-Pt2 shell, whereas the isolated 
EXAFS of the R350 sample comprises the f i s t  four Pt-Pt 
shells. The results of the full analysis of the OR350 and R350 
samples are given in Tables 2 and 3. In sample OR350 a new 
Pt-0, shell can be detected, already observed in other supported 
platinum catalysts treated under hydrogen at higher tempera- 
tures.13J4 In parts a and b of Figure 11 the best fit and isolated 
EXAFS data for OR350 sample are plotted in k and r space, 
respectively. Parts c and d of Figure 11 contains the difference 
file (Pt-OS + Pt-OL1 -t Pt-Ptz = isolated EXAFS - Pt- 
Ptl) obtained from the analysis of the EXAFS spectrum of the 
OR350 sample in k and r space, respectively. The noise level 
of the raw EXAFS spectrum is indicated in Figure 1 IC. 
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Figure 7. Fourier transform [k', Ak = 3.5 - 12 A-1, Pt-Pt phase 
and amplitude corrected] of EXAFS spectrum of sample DECHllO 
(solid line) and Pt foil (dashed line). The latter is scaled to match the 
amplitude of the former. 

(XDAP), the maximum number of parameters that could be kept 
free during the fitting procedure and for which it was possible 
to calculate the standard deviations was 16. Taking into account 
that Pt-Ptl and Pt-Ptz shells have well-known parameters 
because they have been fitted many other times,l0-l4 we 
considered the coordination distances and inner potential values 
AJZo of these shells as fixed (=known parameters) during the 
calculation of the limits of accuracy, although these four 
parameters were optimized during the fitting procedure. 

Treating under hydrogen at 200 "C (DECH200) produces a 
further decrease in the coordination number of the Pt2+-N(0) 
bonds, as well as an increase in the number of neighbors for 
the first and second Pt-Pt shells. The contribution from the 
metal-support interface in this sample was too small to allow 
a reliable analysis. As shown in Table 3, the reduction in H2 
at 350 "C (DECH350) induces an increase in the coordination 
number for Pt-Ptl and Pt-Pt2 shells as well as the appearance 
of the third and fourth metal-metal shell at 4.79 and 5.52 A. 
The atoms in the fourth shell are shadowed by the atoms in the 
f i s t  shell, resulting in multiple scattering effects. Consequently, 
the EXAFS signal of this shell is amplified, and an additional 
amplitude factor has to be introduced. This shell has therefore 
phase and amplitude functions which differ from the ones of a 
normal Pt-Pt absorber-backscatterer pair. The fabrication of 
the reference P t - h  has been extensively described in ref 10. 
Also in this sample the contributions of the metal-support 
interface were too small to allow a reliable analysis. 

The raw EXAFS data of the R350 and OR350 samples are 
displayed in Figure 9a. Direct reduction in H2 at 350 "C (R350) 
of the [Pt(NH3)4](OH)2 precursor produces much larger platinum 
crystallites, whereas calcination before reduction (OR350) leads 
to smaller platinum particles in comparison with the results 
obtained from the "slow" decomposition process. This can be 
seen in Figure 9b, which shows the k3-weighted Fourier 
transform (Pt-Pt phase and amplitude corrected) of the EXAFS 
data obtained from the R350 and OR350 samples together with 
the same type of Fourier transform for the DECH350 sample. 
The data quality of the OR350 sample is very good; the noise 
amplitude is estimated to be 0.001. Figure 10 shows a 
kl-weighted Fourier transform (corrected for the Pt-Pt phase 

Discussion 

Hydrogen Consuming Processes. The process showing a 
maximum at 315 "C (peak I in the TPR diagram) can be 
assigned to the main reduction. The integrated area under this 
peak corresponds to a hydrogen consumption H m  = 0.85. A 
similar peak has been detected by Laiyuan et al. using a heating 
rate of 12 "Ch in  (similar to our heating rate of 10 "Chin)  
when reducing a chlorinated calcined Ptly-Al203 sample.37 
Hilbrig et al.,38 using a smaller heating rate (5  "Chin), observed 
this peak shifted to 275 "C. The amount of hydrogen consumed 
in our system means nearly two hydrogen atoms for each Ptn+ 
ions, thus indicating that the ammine complex reduction process 
involves the reaction Pt2+ - Pto. The lack of hydrogen 
consumption to reach the stoichiometric ratio H m  = 1.0 can 
be due to a partial reduction of the ammine complex while 
flowing hydrogen at room temperature prior to the TPR 
experiment. 

This reduction process is consistent with the recorded changes 
in the white line intensities (see Figure 3b). As observed by 
other authors,39 when studying bulk platinous compounds (Pt, 
Pt2+, and PP), white line intensities are a reliable indication 
of changes in Pt oxidation state. However, monitoring of the 
white line in this study is not a suitable method to establish 
quantitatively changes since the intensities of white lines in 
L-edges reflect two separate processes in the catalyst: variation 
in the metal particle size and variations in Ptn+/Pt (n = 2, 4) 
ratio.40 Although the second process determines to a higher 
degree the intensity of the white line, the f i s t  one can be 
important in supported metals in highly dispersed state.41 An 
extra complication arises from the presence of chemisorbed 
hydrogen which influences the intensity of the white line.32 

Once the platinum ions have been reduced, the second peak 
(peak 11, H D  = 0.32, maximum at 465 "C), observed as well 
by Laiyuan at a similar tem~erature,~' can be assigned to an 
activated hydrogen adsorption process. The third, negative peak 
( H m =  0.43, maximum at 550 "C) corresponds to an activated 
hydrogen desorption. Both processes are strongly related and 
have been the subject of many studies. Thus, peak 111 has been 
recently observed by Primet et aL3 within the temperature range 
450-615 "C and has been associated with hydrogen strongly 
held on platinum. It was the first detection by Menon et al. 
that suggested that hydrogen desorbed at this temperature could 
be located not only on the topmost surface layer but also in a 
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Figure 8. Data analysis results for DECH180: (a) isolated EXAFS (solid line) and best fit (dotted line; (b) Fourier transform [kl ,  A k  = 3.5 - 12.5 
A-l] of spectra shown in a; (c) Pt-ql EXAFS calculated with best-fit parameters (dotted line) and difference file [isolated EXAFS - (Pt2+-N 
+ Pt-Ptl + Pt-Ptz + Pt-o~z)] (solid line); (d) Fourier transform (k', A k  = 3.5 - 12.5 A-I, Pt-0 phase corrected) of spectra shown in c; ( e )  
Pt-OLz EXAFS calculated with best-fit parameters (dotted line) and difference file [isolated E M S  - (PtZf-N + Pt-Ptl + Pt-Ptz + R-OLI)] 
(solid line); (0 Fourier transform (k l ,  A k  = 3.5 - 12.5 A-l, Pt-0 phase-corrected) of spectra shown in e. Estimated noise level in raw EXAFS 
data of the DECH180 sample is given with a dashed line in Figure 9c,e. 

few subsurface layers of platinum.2 A "high-temperature 
hydrogen", observed on small platinum particles after hydrogen 
treatment at 723 K by Rochefort et a1.?2 has been reported to 
cause a decrease in the rate of methylcyclohexene dehydroge- 
nation, confirming the autoinhibition process mentioned by 
Menon for alumina-supported platinum catalyst. Recently, this 
activated hydrogen desorption process has been related (i) to 
the release of the interfacial hydrogen located between the 
platinum atoms and support oxide surface and responsible for 
the Pto-OL1 bond at 2.7 A and (ii) to spillover hydrogen.13J4 

Ammonia Evolution. The study of the MS data indicates 
that ammine complex disruption, ammonia evolution, and Pt2+ 
reduction are three separate processes that do not take place 
simultaneously. According to EXAFS results, disruption of the 
ammine complex-monitored by the decrease of Pt2+-N 
coordination number-is a process that starts during the drying 
treatment and is accomplished at the beginning of the reduction 
process. From MS data it can be inferred that ammonia 
evolution takes place during the reduction treatment above 300 
"C, when the metal reduction process is nearly fulfilled in the 
EXAFS cell. A reasonable explanation for the MS data is that 
during the drying and the reduction treatments, R2+-N bonds 
break apart and ammonia ligands are free to adsorb on the acid 
sites of alumina surface. After this step, ammonia molecules 
remain on the alumina surface until the temperature is high 
enough to allow desorption from the strongly acid sites.35 

Geometrical Structure of the Samples. 1. HE120 Sample: 
Zmpregnated and Dried. The best fit for this sample includes 
two shells corresponding to unreduced platinum, the first one 
assigned to Pt2+-N bonds at 2.03 A and the second to Pt2+-0 
at 2.00 A. The first distance is similar to that found for species 
[Pt(NH3)4I2+ in the Magnus-Green salt in solid state2* and in 
water solution43 and is within the range of Pt-N bond distances 

in square planar oxo-ammine complexes, 2.03-2.09 A,44 and 
in [Pt(en)#+ (en = H~NCHZCH~NH~) ,  2.04 The second 
distance is similar to the values found in PtO and Pt0~.~* The 
total coordination number is three. Since the species involved 
in the impregnation process is [Pt(NH3)4I2+, one can anticipate 
finding a coordination number of four around Pt2+ ions in the 
dried sample or, eventually, of five if one water molecule/ 
hydroxyl group is present as an axial ligand, as found by Kraus 
et al. by SCF  calculation^.^^ The total coordination number of 
three for the first shell, as found from EXAFS data analysis, is 
much lower. It implies that the initial square planar complex 
undergoes some structural changes during the drying treatment 
under helium atmosphere at 120 "C, producing a decrease in 
the coordination number. This structural change can be 
explained by the formation of platinous oxydiammine [R- 
(NH3)20] as found by Reise@ by heating the tetrammine 
hydroxide at 110 0C:47,48 

[P~(I"JHQJ~I(OH)~ + [WNH3)2OI $. H2O + 2NH3 

Altematively, Dalla Betta and Boudart proposed in 1972 the 
formation of a neutral mobile hydride in the first stages (below 
200 "C) of the reduction of [Pt(NH&](OH)2, supported on 
zeolite:23 

to account for the low dispersion obtained in the uncalcined 
sample. 

Since our sample was heated at 120 "C under He and the 
coordination numbers for the Pt-0 and Pt-N bonds are one 
and two, respectively, our findings can only be explained on 
the basis of the first reaction. Although the low coordination 



Decomposition of [Pt(NH3)41(OH)z J. Phys. Chem., Vol. 99, No. 12, 1995 4201 

0.04 1 . 1 

2 4 6 8 10 12 14 16 18 
k (1/A) 

100 I 

Figure 9. (a) EXAFS spectra of samples OR350 (solid line) and R350 
(dotted line). (b) Fourier transform (magnitude) [k3, M = 3.1 - 11.5 
A-l, Pt-Pt phase and amplitude corrected] of EXAFS data of OR350 
(solid line), R350 (dotted line), and for comparison DECH350 (dashed 
dotted line). 

number is not usual in transition metal complexes and the 
dissociative mode of activation of square planar complexes is 
a rarity, the existence of such 3-fold coordinated species has 
been described as intermediate in a dissociative mechanism for 
ligand exchange in Ptz+ square planar complexes.49 
Our results are not compatible with the proposal made by 

Dalla Betta and Boudart; the sample has not been submitted to 
treatment under hydrogen, and the total coordination number 
would be two, because hydrogen cannot be detected since the 
backscattering amplitude is too low. Since the oxydiammine 
[Pt(NH3)2O] complex is neutral, it will have a high mobility 
thus allowing the sintering of the metal particles. This can 
nicely explain the low metal dispersion of the samples which 
were not calcined before reduction. 

2. Samples DECHl80, DECH200, DECH350: Decomposed 
and Reduced Species. The decrease in the coordination number 
of bonds at 2.00-2.03 8, indicates the decrease in the 
concentration of the oxidized species, R2+, during the reduction 
treatment. Nevertheless, the increase in the coordination number 
for Pt-Pt bonds does not indicate unambiguously the increase 
in metal particle size because the Pt-Pt coordination number 
obtained from the EXAFS analysis is averaged over all Pt atoms 
in the sample, Le., in the metallic state as well as in the oxidic 
phase. In this case EXAFS coordination parameters have to 
be corrected taking into account the fraction of the metal 
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Figure 10. Fourier transform [ k l ,  Ak = 3.1 - 14.3 A-1, Pt-Pt phase 
and amplitude corrected] of EXAFS spectrum of sample OR350 (solid 
line) and of Pt foil (dashed line). The latter is scaled to match the 
amplitude of the former. 

oxidized.5O As it has been discussed before, this fraction cannot 
be calculated reliably in our system; direct extrapolation of the 
conclusions from the TPR profile cannot be made since 
experimental conditions are different, and changes in the white 
line involve several processes on top of the metal reduction. 
Alternatively, this information can be found in the coordination 
number of the Pt-0 bonds from the interface as well as in the 
appearance of higher Pt-Pt shells. 

Firstly, the appearance of P t - P t 2  and Pt-Pt3 shells indicates 
unambiguously the increase of metal particle size in samples 
DECH200 and DECH350 as compared to that in sample 
DECH180. Secondly, the coordination numbers for the different 
Pt-Pt coordination shells derived from the analysis of the 
EXAFS data of DECH350, R350, and OR350 allow a quanti- 
fication of metal particle size. Samples DECH180 and DECH200 
have not been considered because platinum is not fully reduced 
and coordination numbers for Pt-Pt shells are fractional. To 
cany out a reliable calculation of this value, some information 
is needed about the morphology of the metal particles. E M S  
can provide this information; in particular it allows distinction 
between three- and two-dimensional crystallites. Thus, the 
existence of second metal-metal shells at 3.94 A in all samples 
discards the formation of bidimensional particles. With this 
knowledge and the assumption of the existence of fcc spherical 
particles, from model calculations, the behavior of the average 
coordination number as a function of the number of atoms in 
the particle for the first three shells can be derived.1° We have 
used these calculations to estimate the number of atoms in the 
particle from the coordination number of metal-metal shells 
in the fully reduced samples. The number of atoms in the 
particle and the particle diameter have been estimated indepen- 
dently for each shell in samples DECH350, R350, and OR350, 
and the results are included in Table 4. It has to be taken into 
account that, due to its smaller intensity, the accuracy in 
coordination number obtained from the second shell is smaller 
than the values obtained from the first and third shell. 

From the examination of Table 4 we can extract two 
conclusions. The f i s t  is that the direct reduction yields the 
biggest metal particles, while oxidizing treatment prior to 
reduction produces the smallest metal particle size. To reliably 
obtain these values for both samples, the first (and third) Pt- 
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Figure 11. Data-analysis results for OR350: (a) isolated EXAFS (solid line) and best fit (dotted line); (b) Fourier transform [k', Ak = 3.5 - 13.5 
A-I] of spectra shown in a; (c) Pt-Os + Pt-OLI + Pt-Ptz EXAFS calculated with best-fit parameters (dotted line) and difference file (isolated 
EXAFS - (Pt-Ptl) (solid line); (d) Fourier transform (k', Ak = 3.5 - 10.0 A-l) of spectra shown in c. 

TABLE 4: Coordination Numbers, Number of Atoms per 
Particle, and Particle Diameter for Fully Reduced Samples 

DECH350 R350 OR350 
shell NR-R natoms D (A) NR-R natoms D (A) NB-R naroms D (A) 

1 7.2 40 13 10.1 650 35 5.5 14 9 
2 2.8 40 13 4.4 360 27 2.0 19 11 
3 8.8 40 13 17.5 650 35 

Pt shells can be used. A sample decomposed and reduced at 
350 "C is an intermediate situation; metal particles are consider- 
ably smaller those in the directly reduced sample but larger than 
those in the oxidized and reduced sample. Moreover, the fact 
that the metal particle size deduced from the three shells is 
exactly the same is an indication of homogeneous particle size 
and shape as well as a very consistent fit. All these conclusions 
are confirmed by the values of another parameter included in 
Table 3: the Debye-Waller factor. Since they are an indication 
of local order, they should decrease as metal particle size 
increases. As expected, Debye-Waller factors for Pt-Ptl, Pt- 
Ptz, and Pt-Pt3 shells present the smallest values in sample 
R350. Since there is an increase in coordination number for 
the same contributions, a coupling between these two parameters 
is discarded. 

The second conclusion is that the beneficial effect of 
calcination pnor to reduction, already observed by several 
authors when preparing supported platinum catalysts using [Pt- 
(NH3)4](OH)z as p r e c ~ r s o r , ~ ~ . * ~  can be explained now in light 

of the results here presented. As shown before, the decomposi- 
tion process in nonoxidizing environments generates oxydiam- 
mineplatinous complex, [Pt(NH3)20], which, being neutral, has 
a very high mobility. A neutral hydride complex, [Pt(NH3)zHz], 
was already proposed by Dalla Betta and Boudart to explain 
the lowest dispersion obtained in Pt-zeolite samples prepared 
by direct reduction of [Pt(NH3)4](OH)z. We support their 
hypothesis of the neutral complex, but, on the basis of the 
EXAFS analysis of sample DECHE120, the neutral complex is 
the oxydiammine instead of the dihydride. 

The smallest particle size of the decomposed and reduced 
sample when compared with the directly reduced sample can 
be attributed to the other factor determining metal particle 
growth: water vapor pressure during reduction.'*J9 The drying 
treatment under helium and the slow reduction step in sample 
DECH350 should have kept the water pressure at a much lower 
level than that in the directly reduced samples. Consequently, 
platinum particles are smaller in this sample. 

More research is needed to generalize and to extrapolate the 
preparation conditions using [Pt(NH&](OH)2 as a precursor for 
creating highly dispersed platinum particles onto other supports 
different from y-Al2O3. For instance, extremely small platinum 
clusters dispersed onto LTL zeolite can be obtained by 
impregnation followed by drying at 120 "C and direct reduction 
in hydrogen using a high gas flow ('100 n~L/min) .~ ' , '~ . '~  
Calcination at low temperature (-280 "C) followed by reduction 
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also leads to a high dispersion in the same system.24 It is 
probable that the pore structure and morphology of the LTL 
zeolite decrease the mobility of the neutral [Pt(NH3)2O] complex 
implying that the pretreatment conditions can be slightly 
different for the LTL support. 

Bazin et al.9 followed the decomposition of the H2PtCl6 
precursor onto y-Al2O3 using the dispersive EXAFS technique. 
They claimed to detect, during the decomposition of the 
precursor, a “long Pt-Pt bond” at 2.85 A. In all the samples 
studied in this paper no trace of a Pt-Pt bond at 2.85 A has 
been detected. Nevertheless, some evidence of direct Pt-Pt 
bonds at values different from that of the bulk metal has been 
reported to occur in several coordination compounds. For 
instance, in tetranuclear platinum complexes Pt-Pt distances 
in the range 2.57-2.60 A, slightly shorter than those in the 
metal, have been observed by Betz et al.51 Longer distances 
have been observed in “platin blaus” complexes, where the 
average oxidation state of Pt is 2.25, each platinum ion is 
coordinated by two nitrogen and two oxygen atoms, and Pt-Pt 
distances range from 2.78 to 2.93 A?2 In these complexes, the 
highest Pt-Pt coordination distance is determined by Columbic 
repulsion between equally charged ions. In fully reduced 
systems the only coherent distances reported up to now are those 
of the bulk metal. However, the “long Pt-Pt bond” derived 
by Bazin et al.9 from their EXAFS data analysis can be related 
to a partially reduced system, as in “platin blaus” mentioned 
above. Alternatively, the detection of the “long Pt-Pt bond” 
could be due to the use of “normal” Fourier transforms for 
assigning peaks in the EXAFS data. Owing to the nonlinearity 
of the phase shift and the k dependence of the backscattering 
amplitude of the Pt-Pt absorber-backscatterer pair, a single 
Pt-Pt contribution gives rise to three distinguishable peaks in 
a normal Fourier transform.30 The side lobes at the high R side 
of the triple peak of the single Pt-Pt contribution occur at about 
the distance claimed by Bazin et al. to be caused by the presence 
of a long Pt-Pt distance. Therefore, the long Pt-Pt distance 
may be caused by an artifact in the EXAFS data analysis 
method. 

Structure of the Metal-Support Interface. The structure 
of the interface is characterized by two Pt-0 contributions at 
2.75 and 3.85 8, which can be clearly detected only when the 
Pt-Pt contribution is still small (DECH180) and the signal to 
noise is sufficiently high (OR350). This can be appreciated in 
Figure 8c-f and Figure 1 IC where the metal-support contribu- 
tions have been plotted in k space together with the maximum 
noise level of the original raw EXAFS data. The metal-support 
contributions in both samples have comparable intensities, and 
in this way the structure of the interface can be studied reliably. 
The experimental conditions for which a Pt-0 coordination at 
around 2.7 A can be created in the metal-support interface of 
LTL supported platinum particles have been extensively inves- 
tigated by Vaarkamp et al.14 and Miller et al.13 A combination 
of TPD and EXAFS experiments shows that direct reduction at 
low temperature (1300 “C) creates hydrogen in the metal- 
support interface, giving rise to the detection of a long Pt-0 
distance. Dunng me consecutive reduction at high temperatures 
(1500 “C) the interfacial hydrogen is released from the metal- 
support resulting in a direct contact of the interfacial platinum 
atoms with the support. As a consequence, the Pt-0 distance 
in the metal-support is found to be much shorter: 2.2 A. At 
intermediate temperatures both types of distances can be 
detected,14 as found for the Wy-Al203 catalysts OR350 studied 
in this paper. A similar contribution has been detected by 
Purnell et al.53 in the study of the growth of platinum particles 
on MgO and by Chang et al.54 when studying the decomposition 

Figure 12. Simplified structural model of metal-support interface. 
Open circles are oxygen ions of the [ 11 11 surface layer of the ?-A1203 
support. The platinum metal particle is assumed to have a [ 1 1 11 epitaxy 
in the interface with the top oxygen of the support adapted to the pt- 
pt distances of the (interfacial) platinum atoms. The interfacial platinum 
atoms (hatched circle) have a first shell oxygen coordination (Pt-OLI) 
at 2.7 8, (solid arrow) and second shell oxygen coordination (pt-0~2) 
at 3.86 8, (dotted arrow). 

of mononuclear rhenium clusters onto the same s~ppor t ?~  Both 
observed that this Pt-0, distance did not change with variation 
in the treatment conditions, a result consistent with the literature 
reporting that the short metal-oxygen distance observed for 
many oxide-supported metals is generally in the range 2.0-2.2 
A?4 Moreover, this metal-oxygen distance in organometallic 
analogs is insensitive to the metal oxidation state.55 

Reduction at high temperatures causes both the disappearance 
of the long Pt-0 distance and the removal of the spillover 
h y d r ~ g e n l ~ . ~ ~  from the support. Moreover, the hydrogen chemi- 
sorption56 and catalytic properties57 of supported platinum 
catalysts are strongly influenced by the hydrogen pretreatment 
procedure. 

The detection of a Pt-0 contribution at 3.8 8, as analyzed 
in the EXAFS data of DECH180 is a consequence of the 
presence of a Pt-0 coordination at 2.7 A. The (fractional) 
coordination number of this “second shell” long Pt-0 distance 
is similar to that found for the “first shell” long Pt-0 distance. 
A structural model which incorporates the second shell Pt-0 
distance based upon a first shell Pt-0 distance at 2.7 8, is given 
in Figure 12. This structural model assumes a [ l  1 11 epitaxy in 
the interface, which is possible if the distance between the top 
oxygen atoms of the support in the [ 11 11 plane is adapted to 
the Pt-Pt distance of the interfacial platinum atoms. This 
structural model may describe the structure of the metal-support 
interface after treatment in hydrogen at 180 “C. It cannot be 
excluded that after high temperature reduction treatments a 
different epitaxy and structure exist in the metal-support 
interface. 

Conclusions 

When [Pt(NH3)4](OH)2 is used as a precursor to generate 
small platinum particles dispersed onto y-Al203, calcination 
before reduction is a prerequisite. In the dried, uncalcined 
samples the platinum entities undergoing reduction are the 
oxydiammine complexes [Pt(NH3)20]. Calcination avoids the 
formation of this neutral, and therefore mobile, complex. After 
treatment under flowing hydrogen at 180 “C platinum metal 
particles are formed having a size that allows reliable detection 
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with the EXAFS technique. The metal-support interface in 
the supported platinum particles is characterized by two Pt-0 
distances at 2.75 and 3.85 A. 
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