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Abstract—In the synthesis of Pt/C catalysts via H,PtClg adsorption onto a carbon support, NH,Cl can be
formed catalytically during the reduction of the precursor with H, at 250°C. This compound favors the sintering
of metal particles. This effect is likely due to the weakening of metal-support bonding because of NH,Cl
adsorption on the Pt surface. The sources of nitrogen and chlorine atoms are basic surface sites of the support,
which contain nitrogen atoms in their structure and adsorb CI™ ions from the precursor solution. This effect is
typical of active carbons, whose surface contains chemically bound nitrogen as amino groups, and weakens as

the Pt/N atomic ratio in the supported catalyst precursors is increased.

DOI: 10.1134/S002315840806013X

INTRODUCTION

The conventional way of preparing Pt/C catalysts
with a low metal content (5 wt % and below) is by
H,PtCl, adsorption onto a carbon support (CS) fol-
lowed by the reduction of the supported precursors in
H, at 250-350°C. It has been established to date that
H,PtCly adsorption proceeds via several pathways,
namely, the reduction of Pt(IV) chloro complexes by
carbon to Pt(Il) and Pt’, the formation of T complexes
between Pt(II) chloride and surface >C=C< fragments
of the carbon framework, and anion exchange on sur-
face basic sites [1-3]. These processes are interrelated
and take place in a certain order as the amount of
adsorbed platinum per unit area of the surface increases
[3]. Redox processes dominate at low amounts of
H,PtCly adsorbed [1, 3-5]. Since, at this stage, the
amount of supported platinum is comparable with the
amount of oxygen-containing functional groups on the
CS surface, researchers’ attention has been focused on
the role of these groups in the formation of platinum
catalysts. Most publications have been devoted to the
cooperative effect of acid and neutral groups on the
degree of dispersion of platinum in 1% Pt/C catalysts
[6-13]. The data presented in these publications are
summarized in our earlier article [14]. As for basic
sites, we failed to find any study dealing with their role
in the genesis of the active component of these cata-
lysts.

Here, we report the effect of basic groups of the car-
bon surface on the degree of dispersion of supported

platinum catalysts. According to an earlier study [15],
the basic sites of carbon materials can sorb anions both
reversibly and irreversibly (as regards the action of
NaOH). The reversible binding of anions is typical of
graphitelike materials. A considerable part of the same
sites on amorphous carbons (active carbons and soot) is
capable of irreversible sorption. In view of this, we
selected two types of CSs for our study, namely, active
carbons (ACs) of different origins and graphitelike car-
bon materials of the Sibunit family [16].

EXPERIMENTAL

The commercial chemicals H,PtCly - 6H,O (pure
grade), HCI, NH,Cl, Na,CO; (all special-purity grade),
and AgNO; (analytical grade) were used in this study.

The CSs were the commercial Sibunit-family car-
bon materials Sib55P and Sib1562P (Institute of
Hydrocarbon Processing, Siberian Branch, Russian
Academy of Sciences, Omsk, Russia) and the active
carbons CG-48A (Japan), Sutcliffe AR-2 (coconut, Sut-
cliffe Speakman Carbons Ltd.), and Norit SGM (peat
charcoal, Norit). The ACs were deashed by boiling in
10% HCI followed by washing with water and drying.
The Sibunit carbons were used as received.

The texture characteristics of CSs (Table 1) were
determined by N, adsorption at —196°C using an ASAP
2400 instrument (Micromeritics).

Acidic and basic oxygen-containing groups on the
CS surface were quantified by back titration with 0.1 M
NaOH and HCI solutions as was suggested by Boehm
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Table 1. Physicochemical properties of the carbon materials used in the preparation of the Pt/C catalysts

Texture characteristics* Chemical properties®*
Carbon support SBET A\ Vs Vi b A Anc ANaoH ash content,
m?/g cm’/g ’ umol/m? wt %
CG-48A 1105 17.2 0.538 0.511 14.5 0.347 0.274 1.0
Sutcliffe AR-2 1456 592 0.776 0.392 15.3 0.234 0.089 0.6
Norit SGM 1119 485 0.613 0.289 16.2 0.402 0.330 0.4
Sib55P 455 442 0.726 0.008 66.0 0.220 0.088 0.2
Sib1562P 590 542 0.860 -0.035 76.6 0.305 0.051 0.3

*Sggt is the BET surface area derived from the initial portion of the N, adsorption isotherm in the pressure range of P/P( = 0.05-0.20;
Vs is the total volume of the pores with a diameter of <110 nm, which was determined from the amount of N, adsorbed at P/Py = 0.98;
V, and S, are the micropore volume and the specific surface area of the mesopores and macropores, respectively, as determined by a
comparative method [26]; D is the mesopore diameter calculated using the BET model as D = 4Vy/Sggr.

**Ayc and An,op are, respectively, the HCI and NaOH adsorption capacities of the carbons in terms of the BET surface area.

[17]. The residual ash content of the carbons was deter-
mined gravimetrically after burning their samples at
800°C.

Sib1562P was chlorinated with Cl, at 100°C for 4 h.
According to XPS data, the chlorine atom content of
chlorinated Sib1562P was 1.4 umol/m? (3 wt %).

Pt/C catalysts containing 0.1-5 wt % Pt were syn-
thesized using CS powders (<0.09 mm size fraction for
the ACs and 0.09—0.2 mm for the Sibunits) in a nitrogen
atmosphere or in air. A CS was suspended in water at
20°C in a static reactor fitted with a magnetic stirrer. If
necessary, the air was replaced with nitrogen. The
required amount of H,PtCly was added to the suspen-
sion in drops over 1 min under vigorous stirring. Upon
contact between the H,PtCl solution and carbon, the
entire platinum was sorbed within 1-6 h; nevertheless,
the suspension was left standing for 1-4 days. After the
completion of the adsorption procedure, the suspension
was carefully evaporated by pumping at 60°C, and the
resulting carbon with adsorbed precursors was dried at
100°C to a residual pressure of 20 Torr. The adsorbed
platinum compounds were reduced in flowing H,
(30 ml/min) in a flow reactor at 150°C for 1 h and at
250°C for 1 h. The temperature rise rate between these
points was 5 K/min.

The overall chemical composition of the platinum
compounds adsorbed on a CS was determined as the
difference between the Pt (Cl) contents of the H,PtCl,
solution before and after adsorption (before evapora-
tion). The determination of the total chlorine content of
the solution was described elsewhere [18]. Magnesium
was added to the solution in order to bring all Cl~ions
into one state by breaking the platinum chloro com-
plexes and precipitating Pt as black. The precipitate
was separated by centrifugation. An aliquot of the
resulting solution was titrated with a 0.1 N AgNO;
solution by the Mohr method. In the case of the com-
plete sorption of platinum from the H,PtCly solution,
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the residual CI- content was determined by adjusting
the pH of the equilibrium solution to pH 7-7.5 with
Na,CO; or HNO:;.

The chemical state of the CS surface and the elec-
tronic state of adsorbed platinum were studied by XPS
(VG ESCALAB HP spectrometer, AlK,, radiation).

The compounds resulting from the reduction of Pt/C
catalysts were identified by Fourier transform IR spec-
troscopy (BOMEM MB-102 spectrometer, 4-cm™! res-
olution).

The size of the particles of adsorbed compounds and
the size of Pt particles in Pt/C catalysts were deter-
mined by high-resolution transmission electron micros-
copy (HRTEM, JEM-2010 instrument, accelerating
voltage of 200 kV, lattice resolution of 1.4 nm) and by
X-ray diffraction (XRD, HZG-4 diffractometer, Cuk,
radiation).

The degree of dispersion of platinum in Pt/C cata-
lysts was determined from CO chemisorption at 20°C
using a pulse technique under the assumption that one
surface Pt atom binds one CO molecule [19]. The
degree of dispersion of Pt (CO/Pt) was converted into
the apparent surface-average diameter (d,, nm) of Pt
particles using the formula d; = 1.08/(CO/Pt) [6], where
CO/Pt is the degree of dispersion equal to the ratio of
the number of adsorbed CO molecules to the total num-
ber of supported Pt atoms. The information derived
from chemisorption data was verified by HRTEM
examination of carbon samples containing supported
platinum compounds.

RESULTS AND DISCUSSION

Platinum Content and Degree of Dispersion
of Platinum in the Pt/C Catalysts

Figure 1 illustrates the effect of the supported plati-
num content on the degree of dispersion of platinum in
the Pt/C catalyst for the two CS types. For the Sibunit
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Fig. 1. Degree of dispersion of platinum in Pt/C catalysts as
a function of the amount of the metal on the support surface:
(I) Sibunit and (2) active carbons. The atmospheres in
which H,PtClg was adsorbed onto the supports are specified
in the legend.

family, the degree of dispersion of platinum is high
(CO/Pt =0.78 £ 0.10) and is almost independent of the
surface concentration of the metal. For the active car-
bons, the degree of dispersion of platinum is extremely
low at low platinum concentrations, but, as the plati-
num concentration is increased, it increases up to val-
ues characteristic of Pt/Sibunit. In addition, there is a
narrow range of Pt contents of active carbons (0.03—
0.06 wmol/m?) in which the CO/Pt values are widely
scattered (from 0.13 to 0.80).

The above chemisorption data are in good agree-
ment with HRTEM data (Fig. 2). Therefore, the
observed low degree of dispersion of platinum in Pt/AC
at [Pt,y] < 0.15 wmol/m? is due to the presence of
coarse platinum particles in the samples and is not
attributable to a decrease in CO chemisorption because
of adsorbed impurities (S and others) blocking the plat-
inum surface. The existence of large platinum particles
on the AC surface can be explained by the formation of
coarse precursor particles at the adsorption stage
H,PtCl and by the intensive sintering of Pt particles at
the final stage of catalyst preparation, specifically, dur-
ing the reduction of Pt particles in H,. The latter can be
favored by the specific features of the AC surface or by
the presence of chemical impurities not typical of
Sibunit supports.

State of Adsorbed Catalyst Precursors

XRD and HRTEM studies of the carbons containing
adsorbed active-component precursors revealed that,
throughout the platinum content range examined, these

KHOLODOVICH et al.

Number of particles

60
s0L d,=3.65 nm
d, =4.09 nm
d,=4.53 nm
40t - v
d(CO/Pt) =432 nm
30| B
20 -
10 -
! ! ! ! Hﬂn—ﬁ,_lmﬁ |
5 6 7 8

Particle size, nm

Fig. 2. Size distribution of Pt particles in the 0.73% Pt/Norit
SGM catalyst ([Pt,q] = 0.0335 umol/m?). d,,, d, and d., are
the number-, surface-, and mass-average particle sizes.

precursors are finely divided: they are undetectable by
the above methods both on the Sibunit supports and on
the active carbons. According to XPS data, at [Pt,4] <
0.15 wmol/m?, most of these adsorbed precursors are
platinum compounds characterized by BE(Pt 4f;,) =
72.3-72.6 eV. For example, the mole fraction of these
compounds in the Sutcliffe AR-2 sample containing
0.0391 umol/m? (1.1 wt %) adsorbed platinum is close
to 0.9. In the Sib1562P sample with [Pt ] =
0.129 umol/m? (1.46 wt %), the mole fraction of these
compounds is ~0.8 (the rest are platinum compounds
with BE(Pt 4f;,,) = 73.9-74.9 eV). The dominant pre-
cursor may be PtO or the [PtCl,]>~ complex [20]. The
compound PtO can result from the oxidation of Pt’
clusters by air [19], and these clusters can result from
the reduction of platinum ions by the CS surface upon
H,PtCl; adsorption. Elution analysis demonstrated that
the [PtCl,]> ions bonded to the CS surface via ion
exchange are desorbed under the action of 4 M NaCl
[21]. It is most likely that the nonelutable residue is
PtO. Elution data suggest that, for both types of CSs,
the mole fraction of PtO in the total amount of adsorbed
platinum compounds is ~0.5 for [Pt,q] = 0.15 wmol/m?
and ~0.8 for [Pt,] = 0.05 umol/m?. Thus, when the
total concentration of adsorbed platinum precursors is
below 0.15 pmol/m?, their nature and proportions in the
two types of supports are rather similar. Therefore, the
low degree of dispersion of platinum in the Pt/AC sam-
ples at metal contents below 0.15 umol/m? is due to
some other factor accelerating the sintering of Pt clus-
ters during the reduction of the catalyst in H,. The
strength of this factor declines as the amount of the
adsorbed metal precursor increases. This factor does
not show itself in the Sibunit-family supports.
KINETICS AND CATALYSIS  Vol. 49

No. 6 2008



EFFECT OF THE BASIC SURFACE SITES OF CARBONS ON THE DEGREE 889
Table 2. Amounts of heteroatoms on the surface of the initial carbon materials according to XPS data
Carbon support N/C o/C Si/C Cl/cC S/C Na/C Ca/C
Sutcliffe AR-2 0.0033 0.067 0.0017 0.0014 0.00044 - 0.00030
Norit SGM 0.0050 0.060 0.0010 0.0018 0.00033 - -
Sib1562P - 0.039 - - - 0.0044 -

This phenomenon likely arises from the fact that the
amount of Pt in the catalysts is comparable with the
amounts of various impurities in the ACs. These impu-
rities may be both “genetic” (inherited by the carbon
from its organic precursor) and acquired during the
synthesis of the catalyst. In the Sibunit-family supports,
which are produced by the pyrolysis of gaseous hydro-
carbons [16], the impurity level is low. Active carbons,
whose precursors are of vegetable origin, usually con-
tain metal compound impurities (primarily compounds
of alkali and alkaline-earth metals) removable by acid
washing, as well as chemically bonded heteroatoms (N,
0, S, etc.). XPS data characterizing the amounts of var-
ious elements in the CSs examined are presented in
Table 2. As distinct from Sib1562P, the active carbons
Sutcliffe AR-2 and Norit SGM contain considerable
amounts of nitrogen (0.189 and 0.372 pug-at/m?, respec-
tively). The corresponding binding energy BE(N l1s) is
400.7-400.8 eV, which is characteristic of nitrogen
atoms in protonated amino groups [20]. The concentra-
tion of chemisorbed oxygen is at least one order of
magnitude higher and is nearly the same for all of
the ACs.

The presence of nitrogen and oxygen in the structure
of the carbon matrix is believed to be due to the exist-
ence of anion-exchangeable basic groups on the carbon
surface [17]. The carbons examined also contain signif-
icant amounts of these groups (Table 1). Figure 3 plots
the (Cl/Pt),4 atomic ratio in adsorbed compounds as a
function of the total platinum content per unit area of
the AC surface. In the [Pt,,] < 0.1 umol/m? region, in
which H,PtCl, adsorption by carbon takes place mainly
via the reduction of platinum complexes to Pt’, the
released Cl™ ions are coadsorbed with platinum. The
ACs sorb larger amounts of CI~ than Sib1562P. This is
possibly due to the fact that these carbons differ in
terms of the hydrolytic stability of the surface com-
pounds between Cl~ and basic sites (see Introduction)
and that the Sib1562P surface contains sodium com-
pounds (Table 2) favoring hydrolysis.

Thus, the adsorbed catalyst precursors in the two
types of carbons are in similar physicochemical states,
but their chemical environments on the AC and Sibunit
surfaces are different.
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Role of Nitrogen and Chlorine Atoms Chemically
Bonded to the Carbon Surface in the Sintering
of Platinum Particles

Analyses of gases evolved during the reduction of
adsorbed platinum compounds with hydrogen demon-
strated that, in the case of the activated carbons, HCI is
released along with a volatile compound forming a
white deposit in the cold zone at the reactor outlet. A
qualitative AgNO; test of this compound for the Cl~ion
was positive. Using IR spectroscopy, this compound
was identified as NH,CI (Fig. 4). Only a little, if any,
NH,Cl formed as the initial AC containing HCI
(adsorbed in the same way as H,PtCly) was calcined in
H,. Therefore, the presence of platinum compounds is
a necessary condition for NH,CI formation. In view of
this, it can be assumed that nitrogen in the structure of
the carbon matrix and the chloride ions adsorbed on the
carbon surface react with platinum in a hydrogen atmo-
sphere and can exert an effect on the mobility of plati-
num clusters.

(C1/P)q5
6 Air Nitrogen
o = CG-48A
2 v v Norit SGM
5+ o Sutcliffe AR-2
o o ® Sib1562P

I
0 0.2 0.4 0.6
[Pt,4], umol/m?>

Fig. 3. Atomic ratio (Cl/Pt),q, in the adsorbed compounds
as a function of the surface concentration of platinum
([Pt,gs]) on (/) Sibunit and (2) activated carbons. The atmo-
spheres in which H,PtClg was adsorbed onto the supports
are specified in the legend.
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Fig. 4. IR spectrum of the products desorbed by active car-
bons during the reduction of the platinum compounds
adsorbed from H,PtClg solutions. The bands due to NH,4CI
are labeled with their wavenumbers.

In order to elucidate the actual role of chloride ions
in the sintering of platinum particles, we tested the fol-
lowing approaches: in the synthesis of catalysts, the
(Cl/Pt),q ratio in the adsorbed compounds was either
increased by using chlorinated Sibunit as the CS or
decreased by hydrolyzing the surface compounds with
Na,CO;. The chloride ions were removed from the AC
surface both immediately after H,PtCl; adsorption and
after drying the samples by heating them in an aqueous
Na,COj; solution. Next, the samples were washed with
water, dried, and reduced with H, according to a stan-
dard procedure. After the Pt/C samples containing
NH,CI were calcined in H,, the changes in their degree
of dispersion were determined. Ammonium chloride
was introduced by impregnation both into unreduced
and into prereduced catalyst samples. The relevant
experimental data are listed in Tables 3 and 4.

It is clear from the data presented in Table 3 that a
lower degree of dispersion of the Pt particles on chlori-
nated Sib1562P is observed only at extremely low plat-
inum concentration (<0.02 wmol/m?), when the
(Cl/Pt), 4, molar ratio is ~100 (samples 4 and 5). Raising
the Pt content to 0.042 umol/m? causes the disappear-
ance of this effect, although the (Cl/Pt),4, ratio remains
rather large (sample 7). Data analysis for samples 5, 6,
and 9-15 demonstrates that the decomposition of the
surface compounds between carbon and chlorine by
heating in an alkaline medium raises the degree of dis-
persion of supported platinum up to its maximum value
and that this treatment is effective at any Pt/C catalyst
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preparation stage preceding reduction in H,. The treat-
ment of the final catalyst with sodium carbonate exerts
no effect on the degree of dispersion of platinum (Sam-
ples 16 and 17).

The data presented in Fig. 4 indicate that heating the
high-dispersion Pt/C catalysts with supported NH,Cl in
H, causes a marked decrease in the degree of dispersion
of platinum (samples 1 and 2). Note that a similar heat
treatment of these catalysts without NH,C1 has no sig-
nificant effect on the degree of dispersion of platinum.
A substantial decrease in the degree of dispersion of
platinum is observed after the support containing
adsorbed precursors is loaded with NH,ClI and is then
reduced in H, (sample 3). The decrease in the degree of
dispersion of Pt results from the sintering of its particles
rather from the poisoning of its surface by chloride ions
or NH,Cl. HRTEM studies of the initial Pt/C catalysts
and the same catalysts calcined with NH,Cl demon-
strated coarsening of the metal particles. Furthermore,
the treatment of the final samples with a hot Na,CO;
solution in order to remove the residual chlorine or
ammonium causes no significant change in the degree
of dispersion of platinum in terms of CO chemisorp-
tion.

Thus, NH,CI resulting from the reduction of the
platinum catalysts on active carbons is likely adsorbed
by platinum clusters, thereby weakening their interac-
tion with the carbon support surface and accelerating
their sintering. A similar effect was observed for
Pt/Al,O; catalysts [22]. It was demonstrated by
HRTEM that the Pt/Al,O; catalysts are stable in an H,
atmosphere even at 500°C; however, on being impreg-
nated with an NH,CI solution, they undergo rapid sin-
tering at 320°C. Further evidence of the adverse effect
of NH,CI on the degree of dispersion of platinum was
provided by studies in which the degree of dispersion of
platinum in Pt/C catalysts prepared by impregnation of
carbon with a Pt(NH;),Cl, solution was found to be low
(CO/Pt < 0.1) for samples reduced with H, without the
predecomposition of the adsorbed platinum com-
pounds in a flowing inert gas at 350°C [10, 23, 24].
However, the authors of those studies believe that the
growth of the Pt particles is due to a hypothetical
hydride having a high surface mobility:

Pt(NH,),Cl, + 2H, = Pt(NH,),H, + 2NH,CI.

Evidence against this mechanism of sintering is the fact
that, using the chlorine-free complex [Pt(NH;),](OH),
as the initial platinum compound, it is possible to obtain
Pt/C catalysts with a degree of dispersion of 0.8-1.0
[25], although the formation of Pt(NH;),H, might seem
thermodynamically more favorable because of the
binding of protons into H,O. In addition, we discovered
that NH,Cl accelerates the sintering of metal nanopar-
ticles in Pd/C and Ni/C catalysts as well. Based on these
facts, we think that the role of NH,Cl in the sintering of
supported metal catalysts is to cause an adsorption-
induced weakening of metal-support adhesion.
KINETICS AND CATALYSIS  Vol. 49
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Table 3. Effects of the chlorination of the Sib1562P surface and of the removal of chemisorbed chlorine from the carbon
surface by treatment with Na,COj; at different stages of catalyst preparation on the degree of dispersion of platinum in the

Pt/C catalysts
Pt content i
SarI:;Ple Carbon support o o/ inaN afggt;r;%)luti on* CO/Pt
1 Sib1562P 0.15 0.013 - 0.80
2 0.19 0.017 - 0.80
3 3.60 0.325 - 0.79
4 Sib1562P/Cl, 0.15 0.013 - <0.20
5 | (14 (umol Clym?) 0.18 0.016 - 0.23
6 0.016 After drying 0.62
7 0.48 0.042 - 0.98
8 3.36 0.302 - 0.90
9 Norit SGM 0.67 0.031 - 0.46
10 0.78 0.036 After drying 0.99
11 CG-48A 0.90 0.042 - 0.43
12 0.88 0.041 After drying 0.79
13 Sutcliffe AR-2 0.88 0.031 - 0.20
14 1.10 0.039 After the adsorption of H,PtClg 1.00
15 After drying 1.00
16 1.51 0.054 - 0.27
17 After reduction with H, 0.30

# 85°C, 0.5 h, NayCO3/H,PtClg = 4 : 1 mol/mol.

Table 4. Effect of NH,C1* on the degree of dispersion of platinum in Pt/C catalysts**

Degree of dispersion (CO/Pt)
Sample no. Carbon support [Pt qsl, Wt %
initial samples samples heated with NH,CI
1 Norit SGM 0.65 0.78 0.45
2 Sib1562P 52 0.80 0.60
3 Sib1562P 3.6 0.79%** 0.10

*N/Pt = 2 at/at; NH4Cl was introduced by incipient-wetness impregnation.
**Samples 1 and 2 were treated with NH,4Cl after reduction in H, at 250°C for 1 h; sample 3 was treated with NH4CI immediately after

precursor adsorption and drying and was then reduced.

***Degree of dispersion of platinum in the catalyst obtained from these precursors without preimpregnation with an NH,4CI solution.

CONCLUSIONS

The low degree of dispersion and poor reproducibil-
ity of the Pt/AC catalysts prepared by H,PtCl, adsorp-
tion at a platinum content of <0.06 wmol/m? is due to
the catalytic formation of NH,CI during the reduction
of supported platinum compounds with H,. The sources
of nitrogen and chlorine atoms are basic surface sites of
the carbons, which can contain nitrogen atoms in their
structure and adsorb CI™ ions from precursor solutions.
The resulting NH,Cl accelerates the sintering of the
platinum metal clusters and particles. A likely mecha-
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nism of this sintering is NH,CI adsorption on the sur-
face of the metal particles, which weakens the metal—
support bonding. This causes an increase in the mobil-
ity of the particles. The sintering rate is high when the
amount of the resulting NH,ClI is comparable with the
amount of supported platinum; that is, as the Pt/N ratio
increases, the effect of NH,CI weakens. This is likely
due to the decreasing NH,ClI coverage of the metal par-
ticle surface. The poor reproducibility of the degree of
dispersion of platinum in these catalysts likely arises
from the fact that NH,Cl is removed through sublima-
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tion and entrainment with flowing hydrogen and these
processes depend on various factors determining mass
transfer, including the catalyst bed height in the reactor,
the catalyst grain size, the pore structure of the support,
the linear velocity of the gas in the bed, and the temper-
ature gradient.

An efficient way of suppressing the adverse effect of
the nitrogen-containing impurities in AC is to remove
the chloride ions coadsorbed with the catalyst precur-
sors by hydrolysis of their surface compounds.
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