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Carbon as a Support for Catalysts

I1. Size Distribution of Platinum Particles on Carbons of
Different Heterogeneity before and after Sintering
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The particle size of platinum dispersed on two earbon supports of dilferent helerogeneity
has been mensured by electron mieroscopy. Differences in particle size distribution following
sample preparation ai 773 K on the two supports have been found. However, after sintering
ab 1020 K in argon for 48 hr o unigque speetrum of size i3 reached by the metal particles inde-
pendent of the heterogeneity of the carbon support.
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INTRODUCTION

In o previous study, it has bheen shown
that the specific surface area of platinum
supported on earbon depends on the surface
properties of the substrate (7). Thus by
inerensing the surface heterogencity of the
carhon, ez, by gasification, it was found
that the degree of dispersion of platinum
particles inereases considerably. Surface-
aren moeasurements of the platinum were
performed by hydrogen chemisorption using
the technique suggested by Benson and
Boudurt (2). Such a method yields only a
mean value for the size of {the platinum
particles; i gives no information on their
size distribution. Recently, attention has
heen drawn to direet measurements of
particle size using  eleetren  microseopy
{3-4). Although there is some uncertainty
in the measuremients of paricles having
dinmeters of less than 5 mm, these foech-
pigues may lead o new insights into the
properties of supported catalysts. In par-
ticular, interactions of small solid particles

with substrates or sintering behaviors of
the dispersed phase ean be examined, The
aim ol the present study was to investigate
the size distribution of platinum as a fune-
tion of the surface properties of a carbon
support, The sintering behinvior of the sup-
ported platinum was examined by following
the change in its size distribution.

EXPERIMENTAL METHODNS

One of the earbon supports used was o
graphitized Turnace Black Vulean 3 (V3G),
whose preparation was deseribed earlier {7}
The other support used was produced by
the activation of the above support. Activa-
tion was  performed in the following
manner: gasification in dry air of 773 K to
a bum-off of 2149, by weight (/) and
subsequent treatment with coneentrated
nitrie acid for 24 hr at veflux temperature.
The earbon was further washed and then
dried at 420 I under vacuum (activated
V3.
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Sumples of platinum supported on the
carbon substrates were prepared by the
impregaation  technigue  starting  with
chloroplatinic aeid dissolved in g mixture
of benzene and absolute cthanol. Reduetion
of the samples was earried out In Howing
hydrogen for 10 hr at 773 K in 2 manner
deseribed eariier (). Surface area measure-
ments of the platinum were determined by
hwydrogen chemisorption as previously re-
ported {1).

For sintering  studies, the supported
sumples were heated in fowing argon
(purity better than B0.9955%) at 920 and
1020 I8, The major impurities of the argon,
as indicated by the manufacturer were
No < 40 ppm, O < 5 ppm, and HaO < 5
ppn.

Supported samples were dispersed ulra-
sonically in toluene, and a few drops of the
auspension were spread over self-perforated
microgrids eonted with an evaporated ear-
hon film (5. Micrographs were taken with
o JEOL JEM 100 B microscope operating
at 100 ¥V and having o point-to-poing
resolution of 0.3 nm, Diveet magnifiention
was 100,000 X, and particles were measured
at a final magnifieation of 500,000,

As diseussed by Flynn ef ¢l (), sceveral
problems arise when measuring  partbivie
sizes below 5 nm. In order to avoid inter-
forence with the support film of the miero-
grid, only carbon bluck aggregates lying
over a hole were taken into gseeount, The
size of such aggregates was typically in the
range of 200 fo 500 nm. The total change in
defocus of a selected arca is thus estimated
below 300 nm. Flyun et el. (6) also showed
that the apparent size of platinum partieles
on aluming may vary up to 1 nn depending
an the defocus. In particular, sizes helow
2 nmoare affecled by the defoeuns change.
Thus, in our ecase, the lowest range of
deteetable particles was fixed between 0
and 2 nm, the following intervals being
fixed at 1 nm. In order to obtain statistieal
significance, 2000 metal parbicles were mea-
sured for cach sample. Below 4 nm, the

TABLE L

Speeific Sarfuce Arens of Carbon Substrates and
Suppurted Platinum {195 Loasding)

Substraie Surface aren (m?/g)
Carbon Platinum
Unaetivated V3G 36 41
Activated V3G 02 160

particle diameters are known with a maxi-
mum uncertainty of £0.5 nm.

RESULTS
U nsintered Saniples

Surface areas of both V3G samples, as
well as surface areas of platinum for 195
matal loading, are given in Table 1. It has
been shown previously thai extensive gasifi-
wtion (aetivation} of the earbon substrate,
up 1o 3095 burn-off, leads to specific arveas
for supported platinum as high as 5
m¥/g (1. Partial gasifieation of the carbon
substrate followed by web oxidation also
promotes a high ultimate dispersion of
platinum on the substrate,

Figures 1 and 2 are typical micrographs
of platinum particles on unactivated and
activated V3G supports. The platinum
partieles appear equiaxed. It is also noted
that at the high magnification used the
graphitic layers of the carbon can be seen
as o result of phase contrast,

The corresponding histograms are shown
in IFig. 3, where the pereentage of the total
number of partieles is plotted vs partiele
dinmeter. For the unuactivated V3G sup-
port, the size distribution of platinum is
broad, with a few particles having diameters
up to 15 nm. The size distribution of
platinum on the activated suppoert, on the
other hand, is narrow. In fact, more than
909 of the counted particles have a
diameter less than 2 nm. For each case, the
arithimetic mean diameter, dy = Znadi/Zn,
and the surfuce mean dinmeter, d, = Znd?/
Ind?, have been caleulated. Assuming the
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. 1. Mierograph of platinum parficles on nnactivaded eachon suppert following preparation

al 773 K {500,000},

particles to be spheriea], the mean dismeter,
d, ealeulsted from the specifie surface area
of the platinum as measured by hydrogen
chemisorption, can also be determined.
Values of the different diameters are com-

pared i Table 2, There is o reasonable
agreement bebween d, and d for platinum
pariicles, considering the maximum un-
cortainty in the measurement of particle
diameter.

Fre. 2 Mierograph of platinum particles on activated carbon suppert following preparation

T3 K {X 800,000).
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TABLIE 2

Menn Diameters of Supporled Platinam from Elos-
tron Microseopy and Chemisorption Measurements

Substrate Digmeters (nm)

tly d, i

Unaetivated V3G
Activated V3G

Sintered Samples

Recently Grangvist and Buhrman (7)
have showan that supported metal catalysts,
Hike other fincly dispersed systems, may
follow o log-normal size distribution. Figure
4 presents log probubility plots for platinum
particles on the unactivated V3G support,
both before und after heat treatment. Size
distributions for all samples ean he fitted
satisfaetority to a lognormal probability
funetion. Parameters of the log-normal
distribution (geometric mean diameter d,
and geometrie standard deviation o) were
caleulated using the relations for a sufli-
cionthy large number of particles:

Ined, = Zu;lnd/Sn,
Ino, = (S [Inld/d) F/2udk

Values of d, and o, compared o the meun
arithmetic diameter, are given in Table 3.
It is seen that in the ease of the unactivated
V3G support there is no significant change
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in the platinun particle size distribution
after heat treatment at 920 K for up {o
48 hir. A slight coarsening of the metal
particles is detocted following heat treat-
ment at 1020 K for 48 hr,

Fhe behavior of the particles deposited
on the activated V3G support upon heat
treatment is strikingly different from the
preceding behavior, as seen in Fig. 5 and
Table 3. As alveady mentioned, more than
9095 of the platinum particles on the un-
sintered sample are below 2 nm in size,
Thus, it is only possible to ascertain the tail
of the distribution. As mentioned above,
the uncertainty of the measurement is
about 0.5 nm, which limits considerably the
accuraey of the determination of the distri-
hution. However, it appears to be a form of
“monodispersed distribution,”’ most detect-
able particles having a diameter between
1 and 2 nm.

After heat treatment a2t 0920 K, the
percerdage of partieles below 2 am sharply
decreases, cven for short treatment times.
However, the platinum particles still cannot
be deseribed by a log-normal size distribu-
tion. Following heat treatment at 1020 W
for 48 hir, the distribution of particle sizes
2an be fitled to a log-normal funetion. It is
noteworthy to mention that at this stage,
only 22% of the detected partieles have .
dinmeter less than 2 um. Thus, on the
oxidized support the initial particle size

100 ¥ v T
la -
{a) (b)
50r T 7]
d (nm} d {nm)
— . s S
0 5 10 0 5 10

Fia. 3. Hislograms of platinum particle size distribution {ollowing preparation at 778 K. (a)

on unactivited support, () on getivated support.
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TABLE 3

Data for Platinum Partieles Supported on Un-
nelivated and Aclivated Carbon Substrates foliow-
ing Ment Treatment

Hent treatmens Unnetivatd Aetivated

Siuptord sappart
dawn tamm  og [ e P
As prepured 4.6 33 1.5 L e
8 hr st 920 1< 3.8 13 LG 20 —— e
24 he ad 020 I 4.0 3.4 1.5 &1 m—
48 hr st 920 I R < S W) 2.3 —_ -
8 hr ad H20 K £ 3418 23 -
48 hr i HI20 K 4.5 3.8 1.7 i) 28 LG

distribution is highly sensitive to heab
ircatment and tends, at higher tempera-
tures, toward a log-normal distribution,

DISCUSSION

Preparation of the Platinwm Dispersion on
Carbon.

[Tnactivated carbon support. The lact that
no change is observed for the platinum
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Tra. 4. Tog probability plots of platinum particles
on the unnetivated carbon support as a funetion of
lLieat treatment conditions. @, s prepared ; ©, 24 hr
at 020 1; O, 48 hr at $20 K; W, § hr sl 1020 K;
3, 48 hr al 1020 K.
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6. 5. Log probabilily plots of platinum particles
on the activated esrbon support as a [unetion of hest
treatment ¢ondilions. @, ag prepared; €, 8 hr st
02015; O, 28 hr at 92010, A, 48 hr ot 920K; B,
S hr at 1020 K; 0O, 48 hr at 1020 K,

particle gize distribution on the unaetivated
sarbon support in going from a preparation
temperature of 773 K to a subsequent heat
treatment temperature of 920 X indicates
that the size distribution of platinum
particles has been achieved at the lower
temperature, presumably during the con-
version of chloroplatinie aeid to reduced
platinum. The size distribution of the
chloroplatinic acid nggregates on the carbon
is unknown, but there are indications in the
literature that the aeld is generally well-
dispersed on the substrate and that its
coarsening occurs during heat treatment,
In particular, Flynn and Wanke {8) have
shown from clectron mieroscopy studies of
chloroplatinie aeid deposited on alumina
that agglomeration takes place during the
reduction step. As discussed recently (9,
there are two possible mechanisms for
partiele coarsening on a substrate:; Particles
move as a whole on the substrate and
coalesee alter binary collisions, or particles
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grow by interparticle transport of single
atoms or malecules (Ostwald Ripening).
Grangvist and Bubhrman (7) have eon-
cluded that log-normal distributions sug-
gest o coalescence  growth  mechanism,
Moreover, Prado and Lahaye ({0} have
shown that when earbon purticles grow in
the gas phase by coalescence, the particle
size tends toward o log-normal distribution.
Thus, on a homogenceous, low-energy graph-
itized cnrbon surface, the platinum species
move onh the substrate aud eonlesee during
the reduction step, yielding at 773 I a
log-normal particle size distribution.

Aetivated carbon support. In the previous
paper, we discussed the expected inerease in
heterogeneities on the carbon surfaee as 4
result of Hs oxidation (1), Electron micros-
eopy has shown that not only the mean
diameter of the phdinum particle size but
also the width of the particle size distribu-
tion ig affected when the carbon support
becomes more heterogenceus. The enhanced
dispersion of the platinum particles may
resuld from the deposition of ehloroplatinie
acid in a more dispersed form and/or from
a lower coarsening of the aggregates during
their reduction. A lower coarsening could
be a result of higher interaetion of the
particles with the earbon support and, thus,
reduced mobility, Whatever the predomi-
nant factor, the important point is that
after reduetion at 773 K the platinum
particle size distribution is rather mono-
disperse which would indieate that the
aggregates of platinum species are more
tightly held on the heterogencous substrate
than on the homogeneous substrate,

Sintering Behavior of the Platinmon Partivles
f

After heal treatment of both samples un-
der sufficiently rigorous conditions, the
platinum particles showed log-normal dis-
tributions, which suggests that the growth
of the puarticles pecurred mainly by particle
diffusion and coaleseence, Woug ef al. (11)
recently provided new information for the
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growth mechanism of platinum particles
supported on single erystal graphite. In
particalar, they showed by eleetron mi-
eroseopy that at 1100 I and at a residual
pressure of 1.1 X 107° Pu, sintering occurs
by migration of platinum atoms from small
particles to larger ones. In contrast, in the
prescnee of O. at a pressure of 1.3 X 104
Pa, they observed motion of platinum
particles on the substrate. Oxidation and
etehing of the graphite substrate was also
oimerved under these conditions. This sug-
gests two possible explanations for the en-
hanced  particle mobility: (1) additional
energy imparted to the particles as a result
of the exothermicity of the earbon—oxyegen
reaction and (i) reduced interaction of the
particles with active carbon sites because of
oxyeen chemisorption on these sites (12).
In this study, sintering was performed in
a stream of Ar containing less than 5 ppm
of 0. The partinl pressure of the O im-
purity could still lave been as high as
{5 Pa, which was greater than the O,
pressure in the study of Wong et al. whore
maotion of particles was ohserved.

Since during sintering the total volume of
the dispersed phase remains constant, it is
interesting to examine the change in the
volume  distribution  of  the particles,
Ruckenstein and Pulvermacher {(13) estab-
lished that under diffusion-controlled con-
ditions, the particle size distribution can be
represented by o unique speetrum after
sintering at high temperature. Faking the
formalism ol Swilt and Friedlander (14
whe first derived these equations, we have
plotted in a similar way the matio no/n, vs
7 = p /&, where:

ny = number of particles per unit surface
area ol support having o volume
furger than »;;

ne = total nuntber of partieles per unit
surface nrea of support;

p; = volunwe range considered ; and

@ = total vohwue of metal per unit

surfaee area of support.
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Fig, 6, Tests of scll-preservation of platinum
puarticles on unaetivated snd activaled carbon sup-
ports following heat treatment of samples prepared
al 773 K to higher temperstures. Unactivated sup-
purt: @, as prepared; 07, 48 hr at G20 I<; W, 48 hr
al M0 K. Activated support: A, as prepared;
A, 24 hroat 920 I W, 48 he st 1020 1

Figure 6 represents such diagrams for
both the activated and unaetivated carbon
subsirates. As expected from the size dis-
iribution of the particles given in Fig. 4,
the unigue speetriom is already obtained af
the preparation temperature (773 K) when
the homogeneous earbon suppord is used.
For the heterogencous support, however,
the equilibrivm spectrum is reached only at
higher temperatures. Thus, the size distri-
Dbution on the heterogeneous substrate is
nob sell-preservative in the carly stages of
sintering  bhut tends  toward the same
cquilibrivm spectrum as that for platinum
particles on the homogencous support.
I'rom o physieal point of view, this means
that above a given thermal energy thresh-
old, which depends on the properties of the

substrate, internction between the particles
and the surfuce is no longer the determining
factor, Rather, the dispersed phase arranges
itself in an equilibrivin state, regardiess of
the condition of the substrate,

CONCLUSIONS

The size distribution of platinum par-
ticles supporfed on earbon exhibils econ-
siderable  differences  depending oo the
extent of heterogeneity of the substrate.
On an unactivated, graphitized (hatl s,
homogeneous) carbon surfnce, patticle size
follows a log-normal distribution cven at
preparative temperatures s low as 773 14
In contrast, on an activated (that is,
heterogeneous) carbon surface, very smadl
particlos are observed following preparation
ab 773 I whieh do not follow a log-normal
distribution. Results suggest that at higher
temperatures sintering tends to produce an
aquilibrivm size distribution of platinum
particles, regardless of the extent of hetero-
geneity of the earbon support,
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