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The effects on the platinum particle diameter and the available
platinum surface area of a graphite-supported platinum catalyst
resulting from pretreatments and from performing a selective
oxidation reaction are investigated. In the gas phase considerable
catalyst sintering occurs only in the presence of oxygen at 773 K
due to extensive carbon burn-off, whereas in an aqueous phase
platinum particle growth is limited upon oxidative treatment. A
hydrogen treatment in aqueous phase at 363 K causes platinum
particle growth, aggregate formation, and covering of metal sites.
These phenomena become more important with increasing pH.
Platinum particle growth and aggregate formation are attributed
to platinum particle rather than platinum adatom mobility and
is caused by the destruction of the oxygen-containing surface
groups on the graphite support, which serve as anchorage sites
for the platinum particles. Site covering is caused by products
originating from the graphite support, which are formed as a
result of the reductive treatments. When performing the aqueous
phase oxidation of methyl α-D-glucopyranoside at 323 K and
a pH of 9, catalyst modifications are small under oxidative
conditions. Exposure of the catalyst for several hours to methyl
α-D-glucopyranoside under the same conditions but in the absence
of oxygen causes site covering. c© 1997 Academic Press

INTRODUCTION

Partial oxidations of alcohols or carbohydrates are in-
teresting processes for the production of valuable chemi-
cals. The oxidation of primary alcohols to aldehydes or car-
boxylic acids and of secondary alcohols to ketones can be
performed with molecular oxygen in aqueous media over
supported platinum and palladium catalysts (1–4). Espe-
cially for carbohydrate chemistry the mild reaction con-
ditions and high selectivity are very attractive. However,
catalyst deactivation is often reported and forms the major
bottleneck for the commercialization of these processes.
Four deactivation mechanisms can be distinguished:

1 To whom correspondence should be addressed. E-mail:
margriet@chem.tue.nl.

(i) Deactivation by over-oxidation or oxygen poison-
ing has received the most attention. It has been reported
for the oxidation of primary alcohols (5–10), secondary al-
cohols (8, 10–12), and carbohydrates (10, 13–19). It is gen-
erally accepted that over-oxidation is caused by the strong
adsorption of oxygen or oxygen-containing species at the
platinum surface (16–18, 20, 21). The catalyst activity is eas-
ily recovered by a mild in-situ reduction (11, 13–16, 18) or is
avoided by regulation of the oxygen supply (3, 4), applica-
tion of diffusion-stabilized catalysts (3, 4), or the addition
of promoter metals to the platinum catalyst (9, 10).

(ii) Covering of adsorption sites (“site covering”) by
major products or minor side products is frequently re-
ported as a cause of deactivation. In the field of carbohy-
drate oxidation product adsorption was found to deacti-
vate the catalyst for the oxidation of D-glucose (22) and
D-gluconic acid (23) in acidic media. In electrochemical ox-
idations of alcohols in acidic media, CO from aldehyde
intermediates was found to cover active sites (7, 24, 25),
but no CO poisoning was observed for D-glucose oxidation
(22). In alkaline media CO is oxidized under reaction con-
ditions (4) and is present in small amounts (26). In neutral
or alkaline media side products may be produced, often via
aldol dimerization or polymerization, which may cover irre-
versibly the active site (4–6, 11, 12). Also, during the initial
reductive pretreatment of the catalyst in aqueous media,
which is often performed in the presence of the alcohol or
carbohydrate to be oxidized, the platinum surface is cov-
ered by dehydrogenation products (4, 10, 18, 19). Subse-
quent oxidation removes poisoning species such as CO (4),
but other side products may still cover active sites (19).

(iii) Metal leaching, the loss of an active metal via the
dissolution of metal ions, often constitutes the main reason
why a process is not commercially feasible. Especially in
the presence of certain anions or complexing agents like
carbohydrates and their oxidation products, dissolution of
metals is enhanced (4, 16, 19). Dissolution and loss of active
metal is not frequently reported, because many oxidations
are carried out in batch reactors for relatively short reaction
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times. However, upon re-use of the catalyst (8) or after care-
ful characterization of used catalysts or analysis of the liquid
phase (10, 18, 19), a decrease of the catalyst metal content
was observed. During continuous oxidation of methyl α-D-
glucopyranoside to sodium methyl α-D-glucuronate a plat-
inum content of 2–4 ppm was measured in the solution (16).

(iv) Metal particle growth, just like metal leaching, is
observed only after prolonged oxidation. Schuurman et al.
(16) explain the irreversible deactivation observed for the
oxidation of methyl α-D-glucopyranoside as being the result
of recrystallization via dissolution and subsequent redepo-
sition of platinum ions. In this so-called Ostwald ripening
mechanism large particles grow at the expense of smaller
ones, resulting in an increase of the average metal particle
diameter (27). Other mechanisms have been proposed
such as two-dimensional Ostwald ripening, a mechanism in
which platinum atoms migrate on the support surface (28),
or an electro-recrystallization mechanism in which local
cells are formed between large and small platinum parti-
cles, causing platinum ion complex migration compensated
by electron transport over the support surface (29).

The aim of this paper is to describe the effects of differ-
ent environments and reaction conditions on a platinum-
on-graphite catalyst in terms of site covering and particle
growth. Particle growth is studied by transmission electron
microscopy (TEM) and X-ray diffraction (XRD). Site cov-
ering can be derived from CO chemisorption, when the
results are compared to TEM and XRD. Deactivation is
often only clearly observed after prolonged use of the cata-
lyst. Therefore gas phase and aqueous phase treatments
of the platinum-on-graphite catalyst are performed under
extreme conditions to accelerate site covering and parti-
cle growth. The mechanisms for site covering and particle
growth observed as a result of these treatments are com-
pared to the deactivation observed for the continuous oxi-
dation of methyl α-D-glucopyranoside to sodium 1-O-methyl
glucuronate.

EXPERIMENTAL

Fresh Catalyst

The fresh platinum on a high-surface-area graphite cata-
lyst (Pt/HSAG) was prepared according to the procedure
of Richard and Gallezot (30). Batches of 8 × 10−3 kg HSAG
(Johnson Matthey, CH10213) with a BET surface area of
2.89 × 105 m2 kg−1 were activated in air at a flow rate of
5 × 10−6 Nm3 s−1 at 773 K for 5 h, resulting in a carbon
burn-off of 21 wt%. The air-oxidized graphite was stirred
in a 13 wt% sodium hypochlorite solution (Janssen p.a.) at
a concentration of 80 kg m−3 for 24 h at room temperature.
The graphite was carefully washed with ultra pure Millipore
water (18 MÄ cm), which was used for all preparations,
aqueous phase treatments, and reactions. The graphite was

filtered on a 0.45-µm Millipore filter and dried at 323 K and
5 kPa. Competitive ion-exchange was used by drop-wise
adding a 16 wt% tetrammine platinum hydroxide solution,
Pt(NH3)4(OH)2 (Degussa), to 50 kg m−3 graphite in 1 M
ammonia (Merck p.a.) until a platinum concentration of
10 kg m−3 was reached. The alkaline solution was stirred
for 24 h at room temperature. The catalyst was carefully
washed, filtered on a 0.45-µm filter, dried at 323 K and
5 kPa, and reduced in batches of 8 × 10−3 kg in hydrogen at
a flow rate of 5 × 10−6 Nm3 s−1 at 573 K for 3 h. The platinum
content amounted to 3.4 wt% and the BET surface area was
1.02 × 105 m2 kg−1

cat.

Gas Phase Treatments

The fresh catalyst was treated by heating 2.5 × 10−4 kg in
hydrogen, nitrogen, or air at a flow rate of 5 × 10−6 Nm3 s−1

at 773 K for 2 h. Treatment in air was followed by reduction
in hydrogen at 573 K for 1 h. After treatment in hydrogen
and nitrogen the increase of the platinum content was neg-
ligible, whereas, after treatment in air the platinum content
had increased by a factor of four, due to platinum-catalyzed
carbon burn-off (31).

Aqueous Phase Treatments

A 4 × 10−4 m3 stirred glass tank reactor equipped with a
glass stirrer was filled with 2.5 to 10 kg m−3 fresh catalyst in
0.2 × 10−3 m3 Millipore water (pH ≈ 7), 100 mol m−3 HClO4

(pH = 1), or 100 mol m−3 NaOH (pH = 13). The slurry was
stirred in a nitrogen or hydrogen atmosphere at 363 K or
in an oxygen atmosphere at 323 K at a gas flow rate of
3 × 10−6 Nm3 s−1.

Oxidation of Methyl α-D-Glucopyranoside:
Equipment and Procedure

A continuous flow three-phase slurry reactor of 0.7 ×
10−3 m3 volume was used. The glass reactor was equipped
with a glass stirrer with internal gas circulation, a pH elec-
trode (Radiometer PHC2402), an oxygen electrode (Ingold
341003005), and a membrane filter of 0.45 µm (Millipore
GVWP09050) to retain the catalyst. The temperature was
measured with a Pt-100 probe and controlled by a water
bath (Beun de Ronde CS6 and R22). The reactor was op-
erated at atmospheric pressure at a constant gas flow rate
of 3 × 10−6 Nm3 s−1.

Before the start of the oxidation reaction 0.7 × 10−3 kg
fresh catalyst was prereduced in 0.35 × 10−3 m3 water at
363 K for 1.8 × 103 s in a hydrogen flow. Under a nitrogen
atmosphere the reactor was cooled to 323 K and the water
was removed. A solution of methyl α-D-glucopyranoside
(Fluka) and sodium methyl α-D-glucuronate was added,
which was previously prepared by a separate batch oxida-
tion reaction of methyl α-D-glucopyranoside under identi-
cal reaction conditions and stopped at the same conversion
level as the reaction to be performed. The reaction was
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started by replacing the nitrogen flow with an oxygen
flow. The methyl α-D-glucopyranoside and sodium hy-
droxide solutions were added to the reactor simultane-
ously at equal flow rates with a tubing pump (Master-
flex 7523-35) equipped with two equal pump heads. The
inlet liquid flow rate was adapted to the rate of pro-
duction of sodium 1-O-methyl glucuronate by a feedback
PID-control (Eurotherm 940D) based on the pH measure-
ment of the reaction mixture. In this way the concentra-
tion of methyl α-D-glucopyranoside and sodium methyl
α-D-glucuronate were kept constant despite catalyst de-
activation, provided that catalyst deactivation did not re-
sult in selectivity changes. Analysis of the reaction mixture,
performed off-line with a HPLC analysis described else-
where (16), confirmed that the concentrations of methyl
α-D-glucopyranoside and sodium methyl α-D-glucuronate
were constant throughout the reaction. The carbon balance
was kept within 1% at the applied conversion level. The in-
let liquid flow rate was measured by recording the weight
loss of the liquid supply vessels with two Sartorius I8100P
balances. The outlet liquid flow rate was controlled via
PID-control (Eurotherm 940D) of a tubing pump (Master-
flex). This controller takes as input the differential pressure
(Fischer & Porter 50DPF100-3) between the head space and
the bottom (tip of the immersion pipe) of the reactor. In
this way the total liquid volume of the reactor was kept
constant within 5 × 10−6 m3. The stirrer speed during reac-
tion was 25 s−1, ensuring good contact of the three phases.
It was verified that the kinetic measurements were free of
mass and heat transfer limitations.

Regeneration of the catalyst to overcome over-oxidation
was performed in situ. The oxygen flow was successively
replaced by nitrogen, hydrogen, and nitrogen for 1.8 × 103 s.
The pH, temperature, and concentrations were maintained
constant during regeneration.

Catalyst Characterization

Catalyst samples from liquid phase experiments were fil-
tered on a 0.45 µm membrane filter (Schleicher and Schull
RC55 or Millipore GVWP09050), carefully washed with
Millipore water and dried at 323 K and 5 kPa.

The platinum content of the catalysts was determined
in duplicate by dissolving the platinum in concentrated
HCl/HNO3 (3 : 1, Merck p.a.) followed by the removal of
the nitric acid by adding hydrochloric acid and evaporating
three times. A yellow platinum tin chloride complex was
formed by adding a hydrochloric acid containing tin chlo-
ride solution (Merck p.a.) and the extinction was measured
at 403 nm (32, 33). The standard deviation was found to be
smaller than 0.1 wt% for all measurements. The platinum
concentration in the liquid phase was determined from the
extinction of the platinum tin chloride complex, which was
measured at 403 nm with a diode-array detector with a de-
tection limit of 1 × 10−4 mol m−3.

The specific surface area was measured as the BET sur-
face area with a Micromeritics ASAP2000 instrument. An
exact amount of catalyst or graphite support was dried at
383 K for 1 h under vacuum in the sample tube prior to
measurement.

The fraction of platinum atoms exposed was determined
by CO pulse chemisorption using a modified gas chromato-
graph (Carlo Erba 4300) equipped with a thermal conduc-
tivity detector (TCD). Hydrogen and helium were purified
by an oxygen and moisture filter and the carbon monoxide
(99.997%) was used without further purification. Prior to
measurement all catalyst samples were dried at 323 K at
5 kPa overnight. An exact amount of catalyst was reduced
in a Pyrex glass plug flow reactor at 373 K for 2 × 103 s in
3 × 10−7 Nm3 s−1 hydrogen. CO was adsorbed in a helium
flow of 3 × 10−7 Nm3 s−1 at 273 K. The fraction exposed,
FECO, was calculated assuming an adsorption stoichiome-
try of COads : Pts = 1. Every catalyst sample was measured
in duplicate according to the procedure described above.
The standard deviation for the obtained FECO was smaller
than 0.01 for all measurements.

Transmission electron microscopy (TEM) micrographs
were obtained with a JEOL 1200 EX microscope. The sam-
ples were ultrasonically dispersed in tetrachloromethane
p.a. or ethanol p.a. and the suspension was brought onto
400 mesh copper grids coated with a carbon support film
(TAAB). An accelerating potential of 120 kV was used with
a microscope magnification between 50,000 and 500,000.
The resulting micrographs were analyzed with a scale mag-
nifying glass (Peak) with a magnification of 10 and an ac-
curacy of 0.1 mm to obtain the platinum particle diameter
distribution. Depending on the quality of the micrographs
and the magnification applied, between 169 and 569 plat-
inum particles were counted per catalyst sample.

The number, surface area, and weight averaged platinum
particle diameter were determined from the distribution
according to Lemaı̂tre et al. (34).

dTEM
n =

∑
i ni di∑

i ni
; dTEM

s =
∑

i ni d3
i∑

i ni d2
i

;

dTEM
w =

∑
i ni d4

i∑
i ni d3

i

[1]

The sample standard deviation for the number, surface
area, and weight averaged platinum particle diameter is
obtained from:

σn =
√∑

i ni (di − dn)2∑
i ni

; σs =
√∑

i ni d2
i (di − ds)2∑
i ni d2

i

;

σw =
√∑

i ni d3
i (di − dw)2∑
i ni d3

i

[2]
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and the 95% confidence interval for dTEM
j ( j = n, s, or w) is

dTEM
j ± 1.96 σ j√

n
[3]

X-ray diffraction (XRD) was performed unless the
amount of catalyst was insufficient to fill the sample
holder. XRD was determined using Cu Kα radiation (λ =
0.15418 nm) and a CGR focusing monochromator (curved
quartz single crystal). The curve position sensitive de-
tector (INEL CPS120) had an angular range of 5–120◦

(2θ) and a resolution of approximately 0.03◦ (2θ). Spec-
tra were recorded for 2.4 × 103 s in the reflection or
transmission mode. For the line analysis and deconvolu-
tion SIEMENS/SOCABIM (FIT) software was used, as
graphite lines partially overlapped the Pt(111) line. The av-
erage platinum particle diameter was calculated from the
Warren-modified Scherrer equation (35):

dXRD
w = 0.9 λ

1(2θ)cos θ
with 1(2θ) =

√
β2

1/2 − b2 [4]

with λ = 0.15418 nm, θ is the Bragg angle, β1/2 is the
linewidth at half maximum in radians, and b = 0.00182 radi-
ans (0.104◦), the instrumental line broadening being deter-
mined experimentally with bulk platinum with high grain
size.

Particles as small as 1.5 nm could be detected by line
broadening analysis. In the review by Gallezot (35) other
examples are mentioned, where particle diameters are es-
tablished by line broadening analysis which are smaller
than the generally accepted detection limit of about 4 nm.
Sashital et al. (36) reported examinations with X-ray diffrac-
tion of platinum particles on silica as small as 2.5 nm and
Bergeret et al. (37) established particle diameters as small
as 1.5 nm by line broadening analysis. The accuracy of the
measurement of such small particles is, of course, rather
limited.

In order to compare the results obtained with XRD,
TEM, and CO chemisorption, the exposed fraction de-
termined by CO chemisorption, FECO, was converted to
the surface-area-averaged particle diameter, dCO

s , assum-
ing hemispherical particles and 1.42 × 1019 platinum atoms
per square meter (38):

dCO
s = 1.3 × 10−9

FECO . [5]

Obviously the application of Eq. [5] is only allowed when
the platinum surface atoms are available for CO chemisorp-
tion, i.e., are not covered by adspecies on which CO does
not chemisorb.

RESULTS

Fresh Catalyst

A TEM micrograph and the platinum particle diameter
distribution of the fresh catalyst are presented in Figs. 1
and 2a, respectively. It is a well defined monodisperse cata-
lyst in agreement with the results of Richard and Gallezot
(30). The platinum particle diameter ranges from the de-
tection limit to 2.5 nm. The results of the characterization
of the fresh catalyst with TEM, CO chemisorption, and
XRD are given in Table 1. With XRD a weight-averaged
diameter, dw, and with chemisorption techniques a surface-
area-averaged diameter, ds, are obtained from the exposed
fraction of metal atoms (38). From the platinum parti-
cle diameter distribution obtained with TEM the number-
averaged, surface-area-averaged, and weight-averaged di-
ameters were calculated.

For the fresh catalyst the observed order is dTEM
n <

dXRD
w < dTEM

s < dTEM
w < dCO

s . This is in good agreement with
the generally observed order dTEM

n < dXRD
w < dchem

s . For ex-
ample, Scardi and Antonucci (39) reported this order for
platinum on carbon catalysts using cyclic voltammetry as
the chemisorption technique, obtaining the platinum sur-
face area from the Coulombic charge transferred during
hydrogen adsorption.

FIG. 1. Micrograph (TEM) of the fresh platinum on graphite catalyst.
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The smaller diameter obtained with XRD compared to
dTEM

w may be attributed to the inaccuracy of line broad-
ening analysis for small particles. The width of the XRD
lines is affected by internal disorder and strain of the plat-
inum particles (40), which is certainly found at the edges
of the particles. For small particles this will mean a large
decrease of the size of the reflecting crystalline structure.
Furthermore, particles envisaged with TEM as one particle
may actually consist of smaller crystalline structures. As a
consequence dXRD

w will be smaller than dTEM
w .

The diameter obtained with CO chemisorption, dCO
s , is

larger than dTEM
s for several possible reasons. First, the as-

sumption of hemispherical particles and the amount of plat-
inum atoms per surface area (1.42 × 1019 m−2 (38)) may
be incorrect. Often a different constant is used in Eq. (5):
d = 1.08 × 10−9/FE (41). Further, the assumed adsorption

FIG. 2. Platinum particle diameter distribution of the fresh catalyst
(a) and after reductive treatment in a hydrogen atmosphere in 0.1 M NaOH
(pH = 13) at 363 K for (b) 0.3 × 103, (c) 3.6 × 103, and (d) 2.5 × 105 s.

TABLE 1

The Number, Surface Area, and Weight-Averaged Platinum Par-
ticle Diameter Obtained by TEM (dTEM

n , dTEM
s , and dTEM

w ), the
Fraction Exposed, and Platinum Particle Diameter Measured by
CO Chemisorption (FECO and dCO

s ), and the Platinum Particle Di-
ameter Measured by X-Ray Diffraction (dXRD

w )

dTEM
n dTEM

s dTEM
w FECO dCO

s dXRD
w

Catalysta [nm] [nm] [nm]
[molPts

molPt

]
[nm] [nm]

Fresh 1.45 ± 0.04 1.70 ± 0.04 1.81 ± 0.04 0.56 2.3 1.5b

H2G 2.0 ± 0.1 2.9 ± 0.1 3.3 ± 0.1 0.60 2.2 —
N2G 1.7 ± 0.1 2.4 ± 0.1 2.9 ± 0.1 0.57 2.3 —
O2G 6.5 ± 0.4 14.0 ± 0.5 16.9 ± 0.5 0.09 14 25
H2B1–0.3 2.2 ± 0.1 2.8 ± 0.1 3.0 ± 0.1 0.37 3.5 —
H2B1–3.6 2.3 ± 0.2 3.5 ± 0.2 4.2 ± 0.2 0.26 5.0 —
H2B1–250 3.4 ± 0.3 5.2 ± 0.3 5.7 ± 0.2 0.09 14 3.4
H2B2–250 2.4 ± 0.2 3.9 ± 0.2 4.9 ± 0.3 0.18 7.2 3.1
H2B2–250R 2.2 ± 0.2 3.7 ± 0.2 4.6 ± 0.2 0.25 5.2 —
H2L 1.60 ± 0.05 1.90 ± 0.05 2.03 ± 0.04 0.41 3.2 1.6b

M1 1.39 ± 0.06 1.79 ± 0.06 1.95 ± 0.06 0.38 4.8 1.5b

M4 1.53 ± 0.05 1.88 ± 0.04 2.00 ± 0.04 0.42 3.1 1.7b

M7 1.64 ± 0.04 1.90 ± 0.04 2.02 ± 0.04 0.27 4.8 —

a The catalyst codes are explained in the text.
b Due to the determination by line broadening analysis the accuracy is

limited.

stoichiometry of COads/Pts = 1 is too large for small parti-
cles (41, 42).

Gas Phase Treatments

The growth of platinum particles upon heat treatment
in the presence of a gas phase was investigated by heating
the fresh catalyst at 773 K. Table 1 shows the results of this
treatment in a hydrogen, nitrogen, and oxygen atmosphere,
the catalyst samples being indicated by H2G, N2G, and O2G.
Heating in a hydrogen or nitrogen atmosphere results in a
small increase of the average platinum particle diameter
and a small decrease of the fraction exposed, FECO. Oxida-
tion of the fresh catalyst in air results in a large increase of
the average platinum particle diameter. This is caused by
the platinum-catalyzed oxidation of the graphite support
(31), resulting in a 75 wt% carbon burnoff. Because of this
very high burnoff the support is destroyed, together with
the anchorage sites of the platinum particles, and platinum
particles will migrate over the support surface, collide, and
coalesce. The effect of oxidation at 773 K on the diame-
ter of the platinum particles is shown in Fig. 3, in which
platinum particles with a diameter of up to 30 nm can be
observed.

Aqueous Phase Treatments

Figure 4 shows the exposed fraction of platinum atoms af-
ter aqueous phase treatment of the fresh catalyst at pH = 1,
7, and 13 in a hydrogen and nitrogen atmosphere at 363 K
and in an oxygen atmosphere at 323 K for 20 h. The FECO
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FIG. 3. Micrograph (TEM) of catalyst sample O2G after oxidation in
air at 773 K for 2 h.

decreases with increasing pH, the strongest effect being ob-
served for hydrogen.

In order to study the effect of the hydrogen treatment
at pH = 13 the fresh catalyst was treated for 250 × 103 s
at a catalyst concentration of 5 kg m−3. Figure 5 shows a
sharp decrease of the exposed fraction of platinum atoms,
FECO, as a function of time for this experiment. Three sam-
ples taken at 0.3, 3.6, and 250 × 103 s, indicated by H2B1-0.3,
H2B1-3.6, and H2B1-250, were also characterized with TEM
and XRD. The results are listed in Table 1. The decrease
of the FECO from 0.56 for the fresh catalyst to 0.09 after
250 × 103 s is accompanied by an increase of the average
platinum particle diameter. With TEM a gradual increase
from dTEM

s = 1.70 to 5.2 nm is observed. The platinum parti-
cle diameter distributions of this experiment are depicted in
Fig. 2 and it clearly demonstrates platinum particle growth.
With XRD an increase from 1.5 to 3.4 nm was determined.

Another effect of the treatment at pH = 13 in a hydro-
gen atmosphere is the appearance of platinum aggregates.
Figure 6 shows a TEM micrograph of the largest aggre-
gate observed for H2B1-250. The amount and size of these
aggregates increases with increasing reduction time. It is
not clear whether the aggregates consist of platinum exclu-
sively or whether carbonaceous material is incorporated in

FIG. 4. Fraction exposed measured with CO chemisorption, FECO,
as a function of the pH and atmosphere after a 20-h treatment at 363 K
(H2 and N2) or 323 K (O2).

the aggregates. EDX is not a helpful tool in this case be-
cause both the catalyst support and the film on the copper
grid are composed of carbon, which contributes to the total
carbon signal in the EDX spectrum.

Repeating the reduction experiment at a higher cata-
lyst concentration of 10 kg m−3, indicated by H2B2-250 in
Table 1, after 250 × 103 s the fraction exposed was 0.18. A
series of treatments with H2 at pH = 13 indicated that a
higher NaOH/catalyst ratio resulted in a larger decrease of
the fraction exposed. A NaOH consumption of 1 mol kg−1

cat
or 6 mol mol−1

Pt was found for a catalyst concentration of
10 kg m−3. The higher NaOH/catalyst ratio for H2B1-250
compared to H2B2-250 has led to a larger increase of the
platinum particle diameter as measured with TEM and
XRD and a smaller FECO, as is clear from Table 1. Also,

FIG. 5. Fraction exposed measured with CO chemisorption, FECO,
upon reductive treatment in a hydrogen atmosphere in 0.1 M NaOH
(pH = 13) at 363 K as a function of time.
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FIG. 6. Micrograph (TEM) of the largest platinum aggregate observed after reductive treatment of the fresh catalyst in a hydrogen atmosphere in
0.1 M NaOH (pH = 13) at 363 K for 2.5 × 105 s.

larger platinum aggregates were observed on the former
sample with TEM.

Next, H2B2-250 was treated in 100 mol m−3 HClO4 at
323 K by applying 4 oxidation reduction cycles indicated
in Table 1 as H2B2-250R. The FECO recovered to 0.25. An-
other indication that site coverage and particle growth oc-
cur simultaneously during treatment with H2 at pH = 13
is the fact that the increase of the dCO

s from 2.3 nm for the
fresh catalyst to 14 nm for H2B1-250 is much larger than the
increase of the dTEM

s from 1.70 to 5.2 nm and the dXRD
w from

1.5 to 3.4 nm. Note that it was difficult to measure the aver-
age platinum particle diameter with TEM, because of the
irregular shape of the platinum particles and the presence
of clusters of particles forming aggregates. This may explain
why dTEM

w is larger than dXRD
w for H2B1-250 and H2B2-250.

It was verified whether the catalyst was poisoned by im-
purities originating from the reactor, because after several
treatments under hydrogen at pH = 13 at 363 K corrosion of
the glass was observed. Combination of energy dispersive
x-ray analysis, EDX, with TEM or scanning transmission
electron microscopy, STEM, could not reveal the presence
of impurities, e.g. silicon, when characterizing platinum par-
ticles or aggregates of H2B1-250.

Oxidation of Methyl α-D-Glucopyranoside

The oxidation reaction of methyl α-D-glucopyranoside
to 1-O-methyl α-D-glucuronate is shown in Fig. 7. Figure 8
shows the initial specific consumption rate, R0

w, as a func-
tion of the number of oxidation runs and the number of
overnight N2 treatments. During each run the rate de-
creased due to overoxidation (16, 18). Regeneration of the
catalyst after 10 × 103 s reaction by replacing the oxygen
flow by nitrogen and hydrogen for 1.8 × 103 s and resum-

ing the oxygen feed results in the complete recovery of the
initial rate in the next oxidation run. Complete recovery
was not observed if the catalyst was kept under nitrogen
overnight in the reaction solution at 323 K for 50 × 103 s
prior to the regeneration. This is clear in Fig. 8 from the
decrease of the initial rate with an increase of the number
of overnight N2 treatments.

Extension of the oxidation time to 40 × 103 s during oxi-
dation run 2 after two overnight N2 treatments did not result
in a change of the initial rate after regeneration. Conse-
quently it is concluded that deactivation during oxidation
caused by platinum particle growth and site coverage can
be neglected and that the deactivation as a result of two
overnight N2 treatments is not recovered.

Deactivation due to platinum leaching could be ne-
glected. The platinum ion concentration in the reactor so-
lution was measured 11 times during the experiment both
at the beginning and the end of an oxidation run. No effect
of the run time on the platinum ion concentration was ob-
served. The average platinum ion concentration amounted
to 0.6 ± 0.1 × 10−3 mol m−3 (0.12 ppm). This concentration
corresponds to a total loss of 1% of the amount of plat-
inum present. During the oxidation of methyl α-D-gluco-
pyranoside Schuurman et al. (16) measured a higher plat-
inum concentration of 10–20 × 10−3 mol m−3 (2–4 ppm).

FIG. 7. The oxidation reaction of methyl α-D-glucopyranoside to
sodium 1-O-methyl glucuronate with molecular oxygen over a platinum
catalyst.
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The results of the characterization of three samples which
were used for the oxidation of methyl α-D-glucopyranoside
are listed in Table 1 and denoted by M1, M4, and M7.
The number indicates the number of intermediate regen-
erations with N2 and H2 for 1.8 × 103 s. Prior to each ex-
periment the catalyst was reduced at 363 K in water. The
catalyst characterization results after this prereduction are
listed in Table 1 as H2L.

From Table 1 it can be concluded that the increase of
the platinum particle diameter of the catalysts used for the
methyl α-D-glucopyranoside oxidation is small compared
to the fresh catalyst and that no further increase is ob-
served after the prereduction. The fraction exposed, which
decreased after prereduction from 0.56 to 0.41, remained
constant for M1 and M4 which were not treated overnight,
whereas for M7 it decreased further to 0.27. At equal plat-
inum particle diameter this decrease must be attributed to
site covering, which is caused by the overnight storage in
nitrogen atmosphere and corresponds to the decrease of
the initial rates in Fig. 8 after each overnight N2 treatment.

From the TEM micrographs of catalysts used for reaction
or the pre-reduced sample H2L another form of irreversible
deactivation was observed, which was already mentioned
for the experiments in which the catalyst was treated in a
hydrogen atmosphere at high temperature and high pH.
In Fig. 9 the TEM micrograph of catalyst sample M7 is
given. Small platinum aggregates like the ones observed
for the aqueous phase hydrogen-treated catalyst H2B1-250
appear.

FIG. 8. The initial rate of consumption of sodium hydroxide, R0
w, for

the oxidation of methyl α-D-glucopyranoside for eight successive oxidation
runs. Before each oxidation run a regeneration with nitrogen and hydrogen
was applied in situ for 1.8 × 103 s at 323 K. The overnight N2 treatments
were applied by stirring the catalyst for 50 × 103 s in the reactor solution
in a nitrogen atmosphere prior to the regeneration. Conditions: CMGP =
186 mol m−3, CNaMG = 6.5 mol m−3, pH = 9, T = 323 K, pO2 = 105 Pa, Ccat =
2 kg m−3.

FIG. 9. Micrograph (TEM) of catalyst sample M7 after the oxidation
reaction of methyl α-D-glucopyranoside.

DISCUSSION

The decrease of the CO chemisorption capacity upon
aqueous phase reduction at high pH as shown in Fig. 5 is
caused by two distinct phenomena. First, platinum particle
growth is clearly observed with TEM and XRD as indicated
in Table 1 by the H2B-samples. Furthermore, the appear-
ance of aggregates of platinum particles is shown in Fig. 6.
Second, site covering is concluded from the fact that the
calculated dCO

s increased relatively more than dTEM
s and

dTEM
w . Also, site covering is indicated by the increase of

the fraction exposed if, subsequent to the reduction exper-
iment, aqueous phase oxidation was applied as indicated in
Table 1 by H2B2-250R.

For the oxidation reaction of methyl α-D-gluco-
pyranoside, site covering, platinum leaching, and particle
growth have been shown to take place as a result of pro-
longed use of the catalyst (16, 18). In the present case the
extent of deactivation by platinum leaching and particle
growth is limited, whereas site covering causes a more ex-
tensive decrease of the reaction rate, indicated by the de-
crease of the FECO of sample M7 in Table 1.
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Upon gas phase treatment at 773 K, platinum particle
growth is limited in a hydrogen and nitrogen atmosphere,
as indicated by H2G and N2G in Table 1. In an oxygen atmo-
sphere, however, a large increase of the platinum particle
diameter was observed as is clear from the O2G data in
Table 1.

Clearly, the mechanism according to which platinum par-
ticle growth and site covering occur strongly depends on the
catalyst environment. The gas phase used during the gas
and aqueous phase experiments and the pH in the aqueous
phase experiments are two important variables determin-
ing the extent of particle growth and site covering.

Platinum Particle Growth

The decrease of the CO chemisorption capacity upon
aqueous phase reduction is most predominant at high pH in
a hydrogen atmosphere, as indicated in Fig. 4. The decrease
of the FECO in Fig. 5 is partly caused by platinum particle
growth as is clearly observed with TEM and XRD and indi-
cated in Table 1 for the H2B-samples by the increase of the
average platinum particle diameter upon time of treatment.
Also, from Fig. 2 it appears that the platinum particle diame-
ter distributions are skewed toward the larger diameter side
with increasing time of treatment. Furthermore, the appear-
ance of aggregates of platinum particles was shown in Fig. 6.

In general, particle growth may occur by surface mi-
gration of platinum particles or atoms or by transport of
platinum through the liquid phase. Transfer of platinum
through the liquid phase is less likely, because under
reducing conditions platinum ions that may dissolve
are absent. Surface migration of platinum particles and
platinum atoms are two distinct mechanisms, which are
not mutually exclusive (27, 43–45). The first mechanism
involves the random migration of particles resulting in
collisions with other mobile or fixed particles, followed
by their coalescence, which leads to particle growth. The
other mechanism involves interparticle migration of atoms
between fixed particles via the support surface. The first
surface migration mechanism is termed particle migration
and the second, which implies the migration of atoms,
corresponds to Ostwald ripening (27).

The observation that the reductive treatment at pH = 13
is coupled with the appearance of aggregates of platinum
particles favors the particle migration mechanism. In the
aggregates shown in Fig. 6, individual particles can be ob-
served, which are at the first stage of their coalescence. It
was proposed by Wynblatt and Gjostein (43) that platinum
particle migration may occur not by simultaneous transla-
tional motion of the whole crystallite, but by migration of
platinum adatoms on the platinum surface resulting in an
eventual transfer of platinum mass from one side of the par-
ticle to the other. This may lead to a change of the particle
geometry and the formation of aggregates.

Besides the evidence for the particle surface migration
mechanism obtained with TEM, other methods to distin-
guish between particle and adatom surface migration pro-
vide indications that the latter plays only a limited role.

First, for two-dimensional Ostwald ripening an initial in-
crease of the exposed fraction of platinum atoms may be
observed, because crystallites release atoms to the support
surface (28). In the first part of Fig. 5, however, a rapid
decrease of FECO is observed. Hence, this result gives no
indication of Ostwald ripening, although a small initial in-
crease of the fraction exposed may have been completely
compensated by site coverage.

Second, the particle diameter distribution will be differ-
ent for both particle growth mechanisms. For particle mi-
gration and subsequent coalescence a Gaussian distribu-
tion will become broader and skewed towards the larger
particle diameter side. On the other hand, Ostwald ripen-
ing will result in a bimodal distribution (46). From Fig. 2 no
bimodal distribution can be concluded, although the lim-
ited accuracy of the determination of the particle diameter
distributions and the impossibility to detect particles below
the detection limit of about 0.5 nm may cause problems in
this respect (47).

Third, assuming that particle growth and aggregate for-
mation are caused by particle surface migration, an attempt
was made to estimate an average platinum particle migra-
tion distance, x, after a given time, t, and the corresponding
particle diffusion coefficient, Dp. Comparison with litera-
ture data may then indicate whether the particle surface
migration mechanism is realistic or not.

The above quantities are related by

Dp = x2

4 t
. [6]

The average migration distance is estimated by calculat-
ing the distance from which particles must have migrated
toward each other in order to create an aggregate. First,
the number of particles which must have formed the ag-
gregate was estimated. For the largest aggregate observed
after 250 × 103 s of reduction at 363 K and pH = 13, which is
shown in Fig. 6, it was estimated that 1.5 × 104 hemispherical
particles with dn = 1.45 nm must have formed the aggregate.
Next, the number of those hemispherical platinum particles
per unit of support surface area was calculated from the
BET surface area of 1.02 × 105 m2 kg−1

cat and the platinum
content of 3.4 × 10−2 kgPt kg−1

cat. From the calculated value
of 1 platinum particle per 50 nm2 it follows that 1.5 × 104

platinum particles cover a surface area of 7.5 × 105 nm2 on
the fresh catalyst. If the aggregate is considered as the fixed
center of a circle in which all platinum particles have formed
the aggregate during the reduction experiment, the radius
of that circle is 5 × 102 nm. If the average particle migration
distance, x, is equal to the radius of this circle, calculation
of the particle diffusion coefficient, Dp, from Eq. [6] gives
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0.2 × 10−18 m2 s−1. This value is of the same order of mag-
nitude but smaller than that found in gas phase sintering
experiments at much higher temperatures. For example, for
2.5 nm platinum particles on alumina, which were annealed
at 873 K for 5 h, a Dp of 1.5 × 10−18 m2 s−1 was reported (43).
Thus it can be concluded that on the basis of the calculated
particle diffusion coefficient the particle surface migration
mechanism is realistic.

Clearly, the aqueous phase plays an important role in
the particle growth mechanism in a hydrogen atmosphere.
Particle migration can occur at a much lower temperature
in the liquid phase. Whereas in the gas phase in a hydro-
gen atmosphere at 773 K particle growth is limited as indi-
cated in Table 1 by H2G, the presence of an aqueous phase
containing sodium hydroxide accelerates particle migration
in a hydrogen atmosphere at 363 K. Moreover, a higher
NaOH/catalyst ratio results in a larger average particle di-
ameter as indicated by the data for sample H2B1-250 in
Table 1, which was treated at a higher NaOH/catalyst ratio
than H2B2-250. Chu and Ruckenstein (48) explained the
increased sintering of platinum particles on a carbon film
in gas phase at 773 K in the presence of water vapor to
be a result of a decrease of the particle support interac-
tion, speculating that the particles migrate by floating over
the support. In the reduction experiments in aqueous phase
the effect of water and hydroxide may be similar. The pres-
ence of the aqueous phase may accelerate the destruction of
the oxygen-containing surface groups, destroying the plat-
inum support interaction. Also, the support surface may be
modified by reaction or interaction of hydroxide ions with
the acidic support surface groups. Both effects will stimu-
late platinum particle surface migration and consequently
particle growth. Another role of OH− might lie in its ability
to permit transfer of platinum adatoms from the platinum
surface to the graphite support (28, 43). In this way the
transport of platinum particles on the support may be facil-
itated via a mechanism in which platinum particle migration
occurs by movement of platinum adatoms on the platinum
surface, resulting in a eventual transfer of platinum mass
from one side of the particle to the other. This mechanism
may also explain the formation of platinum aggregates.

During the oxidation of methylα-D-glucopyranoside, par-
ticle growth is small and occurs only during the prereduc-
tion, which was performed in water at 363 K in a hydro-
gen atmosphere. The platinum particle diameter measured
with TEM or XRD for M1, M4, and M7 in Table 1 shows
a small increase compared to the fresh catalyst and no fur-
ther increase is observed after the prereduction, indicated
by sample H2L. Also, small platinum aggregates are ob-
served for the samples M1, M4, and M7 used for the oxi-
dation reaction and the pre-reduced sample H2L as shown
in the TEM micrograph in Fig. 9 for sample M7. The near
absence of particle growth under oxidizing conditions can
be correlated with the results of Fig. 8, where after a nor-

mal regeneration procedure of 1.8 × 103 s the initial rate is
completely restored. Hence, as particle growth takes place
mainly under reducing conditions and platinum aggregates
are observed, the mechanism for particle growth consists
mainly of platinum particle migration, as was the case dur-
ing the hydrogen treatment at pH = 13 and 363 K.

Platinum particle growth via a platinum particle migra-
tion mechanism also takes place upon gas phase oxidation
at 773 K. A large increase of the platinum particle diam-
eter is observed after treatment in an oxygen atmosphere
at 773 K, whereas in a hydrogen or nitrogen atmosphere
only a small increase is observed, as indicated in Table 1.
Bett et al. (28) demonstrated that platinum supported on
activated carbon required temperatures in excess of 873 K
to bring about particle growth in a hydrogen and nitro-
gen atmosphere. Prado-Burguete et al. (49) showed that
the oxygen-containing surface groups on the carbon sup-
port hamper the platinum particle growth in a hydrogen
atmosphere at 773 K. In an oxygen atmosphere, however,
platinum-catalyzed carbon burnoff (31) destroys the sup-
port together with the anchorage sites, causing platinum
particle mobility and particle growth upon collision and co-
alescence of two particles.

From the gas and aqueous phase experiments it can be
concluded that platinum particle growth can be attributed
to the destruction of the strong interaction of the platinum
particle with the graphite support. The oxygen-containing
surface groups of the graphite support, which are responsi-
ble for this interaction, are able to inhibit platinum particle
growth under mild conditions, e.g. those during the aque-
ous phase selective oxidation reaction. During hydrogen
treatment in liquid phase, especially at high pH and high
temperature, and during oxygen treatment in gas phase at
773 K, these surface groups are destroyed. This causes plat-
inum particle mobility and via collision and coalescence
there is particle growth.

It is interesting to compare the CO chemisorption data
for small and large particles with the TEM data, without
considering the data which are affected by site coverage.
For the fresh catalyst the adsorption stoichiometry, calcu-
lated as dTEM

s /dCO
s , is 0.73. This value is in good agreement

with literature data of Freel (42), who reported 0.85 for
platinum on silica catalysts above a fraction exposed of
0.25, and Rodriguez-Reinoso et al. (41), who reported 0.62
for activated-carbon-supported platinum catalysts, also for
FE > 0.25. For larger particles the difference between dTEM

s
and dCO

s or dTEM
w and dXRD

w is smaller than for the fresh
catalyst, as indicated in Table 1 for H2G, N2G, and O2G. Af-
ter the gas phase hydrogen treatment dTEM

s is even larger
than dCO

s . Consequently, the CO adsorption stoichiome-
try reaches unity for larger particles. Rodriguez-Reinoso
et al. (41) reported the same effect and proposed two ex-
planations. First, electron transfer from the support toward
platinum, which is more pronounced for smaller particles,
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would facilitate bridge-bonded CO. Second, for small parti-
cles the fraction of platinum atoms at edges will be greater
(50), favoring bridge-bonded CO. An increase of the frac-
tion of bridge-bonded CO compared to the fraction of
linear-bonded CO implies that for small particles the CO
adsorption stoichiometry is smaller.

Site Covering

Site covering was observed to take place during the aque-
ous phase treatment at pH = 13 and 363 K. It is indicated
by the increase of the CO chemisorption capacity of sam-
ple H2B2-250 after four oxidation–reduction cycles. The
fraction exposed recovered to 0.25 as indicated by sample
H2B2-250R in Table 1. It has been reported by Vleeming
et al. (18) that the decrease of the fraction exposed upon hy-
drogen treatment at pH = 13 could also be partly recovered
by potential cycling of the catalyst in an electrochemical
setup and by heating in oxygen at 473 K. Another indica-
tion for site covering is that the dCO

s increased from 2.3 nm
to 14 nm, whereas the increase of the average platinum
particle diameter measured with TEM and XRD is much
smaller. In other words, the application of Eq. [5], convert-
ing the FECO to the dCO

s , is actually not allowed in this case,
because platinum surface atoms, which are covered, are not
available for CO chemisorption.

The selective oxidation reaction of methyl α-D-gluco-
pyranoside is only accompanied by site covering during
the prereduction and the overnight stay of the catalyst in
the reaction solution under nitrogen. As a result of the pre-
reduction the fraction exposed decreases from 0.56 for the
fresh catalyst to 0.41 for H2L as given in Table 1. Apply-
ing the regeneration procedure for a relatively short time,
a small or even no effect on the rate after regeneration is
observed, but maintaining the catalyst overnight under re-
ducing conditions clearly causes a decrease of the initial
rate, as indicated in Fig. 8, and a decrease of the fraction
exposed, as measured with CO chemisorption. The frac-
tion exposed decreases from 0.41 for the catalyst prior to
the first oxidation run to 0.27 for the catalyst after the last
oxidation run (Table 1, M7). This decrease constitutes the
main reason for the decrease of the initial rate in Fig. 8 with
increasing number of overnight N2 treatments.

Site covering during the overnight stay of the catalyst in
the reaction solution can be caused by the presence of or-
ganic side products from the methyl α-D-glucopyranoside
oxidation. Site covering as a result of the aqueous phase
reduction at pH = 13 or the prereduction in water at 363 K
must however be caused by products originating from the
graphite support. It is assumed that as a result of the de-
struction of the oxygen-containing surface groups under re-
ducing conditions, which caused platinum particle mobility
and particle growth, products are formed which may cause
covering of sites. The aqueous phase and the presence of
sodium hydroxide in particular play an important role in

this respect, because gas phase reduction only has a limited
effect on the CO adsorption capacity. Furthermore, during
aqueous phase reduction an increase of the NaOH/catalyst
ratio results in a larger decrease of the FECO.

CONCLUSIONS

The extent of modifications of graphite-supported
platinum catalysts due to particle growth and covering of
metal sites strongly depends on the catalyst environment.
Whereas in gas phase oxidation at 773 K platinum particle
growth is largely due to sintering caused by extensive
carbon burnoff of the graphite support, in the aqueous
phase particle growth is limited during treatment in an
oxygen atmosphere. In a nitrogen or hydrogen atmosphere
at 773 K the increase of the particle diameter is small.
However, aqueous phase reduction, especially at high pH
and temperature, is responsible for the reduction of the
oxygen-containing support surface groups, destroying the
platinum anchorage sites. This enables platinum particle
surface migration, which leads to the formation of platinum
aggregates, particle growth, and site covering with products
originating from the graphite support. The decrease of the
initial rate for the oxidation of methyl α-D-glucopyranoside
after reductive regeneration can be ascribed to covering
of sites by side products or products originating from the
graphite support under prolonged reducing conditions.

APPENDIX: NOTATION

Roman Symbols

b Instrumental line broadening radians
C Concentration mol m−3

Ccat Catalyst concentration kg m−3

D Diffusion coefficient m2 s−1

d Diameter m
FE Fraction exposed mol Pts(mol Pt)−1

n Number of particles
ni Number of particles with

diameter i
p Pressure Pa
R0

w Initial specific consumption mol kg−1
cat s−1

rate
T Temperature K
t Time s
x Average migration distance m

Greek Symbols

β1/2 linewidth at half maximum radians
θ Bragg angle of incidence degrees
λ wavelength nm
σ standard deviation
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Subscripts

ads Adsorbed
cat Catalyst
i of ith class
MGP Methyl α-D-glucopyranoside
NaMG Sodium 1-O-methyl α-D-glucuronate
n Number averaged
O2 Oxygen
p Particle
S Surface
s Surface area averaged
w Weight averaged

Superscripts

CO CO chemisorption
TEM Transmission electron microscopy
XRD X-ray diffraction
chem Chemisorption technique
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