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Abstract—The composition and structure of the surface phases of catalysts based on Pt, Ni, and Cr (platinum,
bi- and trimetallic) supported on a Sibunit carrier are studied via TEM and EDS. The structure of the cata-
lysts before and after reductive hydrogenation are compared. It is found that the metal in the Pt/C system is
in a highly dispersed state, mainly in an oxidized form. In bimetallic and ternary catalysts, the surface con-
tains metallic and oxide components; on the surface of Pt—Ni catalyst, the metal phase is more pronounced
than with Ni—Cr and Pt—Ni—Cr. Nickel-based catalysts contain large metal particles (up to 30 nm). After
reductive hydrogenation, an increase in dispersion and a reduction in the crystallinity of metal particles is

observed in all of the studied systems.
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INTRODUCTION

Developing effective new catalysts for the hydroge-
nation of unsaturated organic compounds is of great
practical and scientific interest. Heterogeneous cata-
Iytic reactions of hydrogenation-dehydrogenation,
hydrogenolysis of C—C and C—O bonds, and natural
gas reforming are usually conducted on catalysts based
on noble and transition metals (e.g., Rh, Ru, Pt, Pd,
and Ni) [1-3]. The electronic features of supported
Pt-containing catalytic systems were considered in
[4—13] in the context of their influence on catalytic
activity. The dehydrogenation of cycloalkanes pro-
ceeds most effectively on Pt catalysts, but the need to
reduce the content of the noble metal drives the search
for alternative catalytic systems [5, 6] that combine Pt
with transitional d-metals in particular [7, 8]. The
interaction between the electron shells of Pt and tran-
sition metals reduces the electron density on the 5d-
orbitals of Pt, improving the adsorption of reacting
molecules on the catalyst surface [9]. In [10], a syner-
gistic effect with respect to Pt/C during cyclohexane
dehydrogenation was achieved on a PtNi/C-catalyst.
In [11], the promoting effect Cr(III) has on Ni in
binary NiCr systems was demonstrated in the reaction
of methane reforming. The authors of [12] associated
the effect of Cr(III) with the formation of crystallites
that had the spinel structure of NiCr,0, in NiCr sys-
tems. The increase in activity was presumably due to a
greater surface area and the partial fusion of Ni and Cr,
contributing to greater participation of Pt in the reac-
tion than with binary catalysts [13]. The presence of

complex multiphase alloys with Ni crystallites was
noted in a three-component Pt—Ni—Cr catalytic sys-
tem, but the X-ray diffraction patterns had none of the
superstructure peaks at small angles that are charac-
teristic of the formation of ordered intermetallic com-
pounds. Weak reflections characteristic of chromium
oxide were found.

Detailed study of the surface structure of catalysts
is thus important for detecting active phases. In this
work, transmission electron microscopy (TEM) and
energy dispersive X-ray spectroscopy (EDS) were
used to study the composition and structure of the sur-
face phases of Pt—Ni—Cr deposited on a carbon sup-
port for catalysts with a reduced content of the noble
metal and differing in the concentration of metals and
the order of their deposition. The samples were exam-
ined when freshly prepared and after reductive activa-
tion with hydrogen.

EXPERIMENTAL
Catalyst Preparation

Metal catalysts were supported on a carbon support
consisting of oxidized Sibunit (C/Sib,,, Omsk) with
an average granule diameter of 1.5—1.8 mm, a specific
surface of 243 cm?/g, an average pore size of 4.2 nm,
and a volume of 0.45 cm?3/g [13]. Monometallic cata-
lysts Pt/C with Pt contents of 0.1 and 3 wt % were pre-
pared by incipient wetness impregnation with a calcu-
lated amount of an aqueous solution of chloroplatinic
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Fig. 1. Metal particles in a 0.1Pt/C sample and its EDS data: (a) particle with a linear size of 10 nm; (b) particles with linear sizes

of 1-2 and 5 nm.

acid H,PtCl, - 6H,0. Bimetallic systems with plati-
num were prepared by impregnating monometallic
Ni/C and Cr/C systems obtained by impregnating the
support with calculated amounts of an aqueous solu-
tion of Ni(NO;), - 6H,0 or Cr(NO;); - 9H,0, respec-
tively. Three-component catalysts were obtained by
applying an aqueous solution of H,PtCl; - 6H,0 onto
thermally treated nickel—-chromium catalysts.
Nickel—chromium catalysts on Sibunit support were
prepared in two ways: (1) 3Ni/1.5Cr/C and
1.5Cr/3Ni/C catalysts were obtained by impregnating
Cr/C and Ni/C samples, respectively; (2) (3Ni—
1.5Cr)/C systems were prepared by co-impregnating
the support with a mixtures of calculated amounts of
aqueous solutions of nickel and chromium nitrates.
Details on preparing catalysts and reductive hydroge-
nation experiments were described in [13]. The surface
structure of original systems 0.1Pt/C, 3Pt/C,
0.1Pt/3Ni/C, (3Ni—1.5Cr)/C, and 0.1Pt/1.5Cr/3Ni/C
was studied after preparation; that of systems
0.1Pt/3Ni/C, 0.1Pt/1.5Cr/C, and 0.1Pt/(3Ni—
1.5Cr)/C and 0.1Pt/1.5Cr/3Ni/C, after reductive
activation of the initial samples in hydrogen.

Studying the Structure
of the Surface Phases of Catalysts

The composition and surface structure of the cata-
lysts were studied via transmission electron micros-
copy (TEM) on a JEOL-2100F (Japan) electron
microscope in bright and dark field modes at an accel-
erating voltage of 200 kV. Elemental analysis of indi-
vidual fragments was also performed via energy disper-
sive X-ray spectroscopy (EDS). Diffraction patterns
were obtained for crystallites, the phase composition
of which was determined by comparing EDS data and
interplanar distances found from the diffraction pat-
terns to reference values for pure metals and their
alloys, oxides, and carbides, taken from an open data-
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base [14]. Some of the interplanar distances on whose
basis the surface phases were identified, are given in
Table 1. Particle size was estimated visually from TEM
micrographs.

RESULTS AND DISCUSSION
Structure of Unreduced Catalysts

TEM of 0.1Pt/C catalyst samples allowed us to dis-
tinguish metal particles ranging in size from 1—2 to
10 nm (Figs. 1, 2). Due to the high dispersion of the
deposited platinum and its low concentrations, we
were unable to obtain diffraction patterns from the
samples. The elemental composition of the regions
containing metal particles testified to the presence of
oxygen.

The EDS data show that carbon, oxygen, chlorine,
and platinum atoms were present in samples of mono-
metallic 3Pt/C catalyst. The presence of chlorine
shows the incomplete removal of the initial salts
during the calcination of the catalyst. The micro-
graphs of the 3Pt/C samples show signs of the forma-
tion of a crystalline phase on the support (Fig. 3), for
which we were able to obtain a diffraction pattern and
estimate the characteristic interplanar distance:
0.393 nm. This value is close to the 0.392 nm for the

(100) plane of metallic platinum (space group Fm3m,
Z=4)and 0.395 nm for the (011) plane of mixed plat-

inum oxide Pt;0, (space group Pm3n, Z=2). Com-
paring these data, we may conclude there were oxi-
dized platinum atoms on the surfaces of the carriers.

In the 0.1Pt/3Ni/C system, the characteristic size
of metal particles was on the order of 10—20 nm. It was
shown via EDS that nickel atoms predominantly
agglomerated into particles, while platinum atoms
were uniformly distributed over the sample. The parti-
cles were metal cores, covered partially or completely
with oxide shells (Fig. 3). The EDS data and the inter-
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Table 1. Interplanar distances on whose basis surface phases were identified

Catalyst, wt % Surface phase | Space group d, nm d;, nm 1 N [14]
3Pt/C,wt % Pt Fm3m 0.393 0.392 100 4334349
Pt;0, Fm3n 0.393 0.395 011 1008965
0.1Pt/3Ni, wt % Nig 9, Ptg g Fm3m 0.216 0.216 111 1523344
NiPt Fm3m 0.219 0.219 111 1538610
0.206 0.206
NiO C2/m 0.241 0.240 —111 1522025
R3m 0.209 0.209 012 1526380
Ni Fm3m 0.204 0.204 11 4320489
PtO, Pnnm 0.260 0.258 110 1530633
Pt;0, Fm3n 0.250 0.250 011 1008965
0.1Pt/1.5Cr,wt % | Cr Fm3m 0.365 0.368 100 1535885
Cr;C, Pnma 0.211 0.211 113 7222489
0.212 105
Pt; 4,04 Fm3n 0.404 0.397 on 2002332
3Ni—1.5Cr, wt % Cr Fm3m 0.208 0.208 111 1535885
CrNi, Fm3 0.205 0.205 111 1525114
Cry 4Nig ¢ Fm3m 0.207 0.207 111 1523948
Cr;C, Pnma 0.210 0.211 113 7222489
0.212 105
0.224 0.224 203
Cr,04 R3c 0.264 0.266 —114 9016327
0.216 0.217 —123
NiCrOy4 Cmcm 0.204 0.204 202 1008105
0.206 0.206 040
NiCr,04 14,/amd 0.213 0.213 042 1536758
0.204 0.204 204
Fd3m 0.208 0.208 004 2009226
NiO R3m 0.209 0.209 012 1526380
Cr;0 Pm3n 0.186 0.186 112 1528029
0.1Pt/1.5Cr/3Ni, Cr Fm3m 0.214 0.213 111 9008467
wt % CrNij Fm3m 0.178 0.178 200 1525114
CrNi Fm3m 0.207 0.207 111 1525375
Cry.4Nig ¢ Fm3m 0.179 0.179 200 1523948
0.206 0.207 111
Cry;3Cq Fm3m 0.150 0.149 117 2107332
Cr;C, Pnma 0.189 0.188 044 7222489
0.224 0.224 203
Pt;0, Fm3n 0.228 0.228 112 1008965
0.278 0.279 002
PtO, Pnnm 0.224 0.224 200 1530633
NiO R3m 0.209 0.209 012 1526380
NiCrOy4 Cmcm 0.204 0.204 202 1008105
0.214 0.214 221
NiCr,04 14,/amd 0.212 0.213 042 1536758
NiCr,04 Fd3m 0.251 0.252 113 2009226

d, characteristic interplanar distances in the sample; d|, reference values of interplanar distances; 4k/, plane indices; N, card number in
database.
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()

Fig. 2. Micrographs of the 3Pt/C surface: (a) dark field image; (b) formation of a crystalline phase; (c) selected area diffraction
pattern.

(d)

Fig. 3. Catalyst 0.1Pt/3Ni/C: (a—c) micrographs of metal particles, partially or completely covered with oxide shells; (d) distri-
bution of nickel atoms on the carrier’s surface.
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Fig. 4. Catalyst (3Ni—1.5Cr)/C: (a) surface phases in a dark field; (b) metallic phase; (c) carbide phase; (d) metallic/carbide

phase in an oxide shell.

Fig. 5. 0.1Pt/1.5Cr/3Ni/C catalyst: (a) large catalyst particle of heterogeneous structure and composition; (b) metal particle. See

text for notation.

planar distances determined from the diffraction pat-
terns show the presence of metallic nickel and solid
solutions Pt ,Ni,_, The particle envelopes were
formed by oxides NiO, Pt;0,, PtO,. An unoxidized
metallic phase thus appeared on the support’s surface
in the 0.1Pt/3Ni/C system, in contrast to the mono-
metallic platinum catalyst.

Metal particles up to 50 nm in size form in the
(3Ni—1.5Cr)/C system (Fig. 4). According to EDS
data, the particles contained Ni and Cr atoms and
their solid solutions Cr,Ni,_, in different proportions.
The metal particles were covered with oxide shells,
and the oxides could be identified from their interpla-
nar distances: NiO, Cr,05, NiCr,0O, with spinel struc-
ture and NiCrO, with a rutile structure. The formation
of surface chromium carbides was also observed.
Compared to the 0.1Pt/3Ni/C catalyst, the amount of
metallic (unoxidized) nickel in the surface phase fell,
and oxide phases predominated.

Large catalyst particles of heterogeneous structure
and composition (up to 30 nm; Fig. 5a) formed in the
0.1Pt/1.5Cr/3Ni/C ternary system. The phase com-
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position of the catalyst was close to binary systems
(3Ni—1.5Cr)/C and 0.1Pt/3Ni/C: the catalyst parti-
cles were in the form of both metals (particularly in the
form of substitutional solid solutions Cr,Ni,_,,
Pt,Ni,_,) and oxides (Pt;0,, PtO,, NiO, Cr,0;,
NiCr,0,, Cr;0). Chromium carbides (Cr,;Cq4, Cr;C,)
were also observed. Figure 5b shows an image of the
microstructure of a metal particle with linear dimen-
sions of the order of 15—20 nm. Diffraction patterns
were obtained for individual sections of the particle,
and the characteristic interplanar distances were
determined. Sections / and 2 are metallic phases of
Cr,Ni,_,; section 3 on the surface of the metal particle
contains an oxide phase.

Structure of Reduced Catalysts

Figure 6 shows micrographs of the 0.1Pt/3Ni/C
catalyst before and after reduction with hydrogen.
Though the size distribution of metal particles is the
same, the sample after reductive hydrogenation has
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Fig. 7. Micrograph of the 0.1Pt/1.5Cr/C system and the diffraction pattern of the surface.

greater dispersion. Elemental analysis showed that
both metals were contained in the particles.

After reduction, 0.1Pt/1.5Cr/C catalyst contained
finely dispersed metal particles up to 5 nm in size. The
diffraction pattern indicates the sample was amor-
phous (Fig. 7). The surface structure of the
0.1Pt/1.5Cr/C catalyst resembles that of the platinum
catalyst (Fig. 2).

According to the EDS data, the metal particles in
the 0.1Pt/(3Ni—1.5Cr)/C ternary system mainly con-
sisted of nickel atoms. Some samples were a solid solu-
tion of Cr,Pt,_, In the 0.1Pt/1.5Cr/3Ni/C ternary
system, which differs from the above order of deposit-
ing Cr and Ni atoms (chromium and then platinum
were deposited on top of the monometallic nickel cat-
alyst), metal particles were generally larger and also
contained mainly nickel atoms (Fig. 8). The phase
composition of the 0.1Pt/1.5Cr/3Ni/C catalysts
before and after reduction was the same, but the parti-
cles of the reduced catalyst were more uniform in size
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and shape. The diffraction pattern indicates that the
samples were amorphous. It should be noted that after
reduction, the 0.1Pt/(3Ni—1.5Cr)/C catalyst obtained
via the joint deposition of nickel and chromium salts
on a support is represented more in the surface phase
by chromium, metal oxides, and chromium carbides,
while the surface of the metal phase of the
0.1Pt/1.5Cr/3Ni/C catalyst contained unoxidized
forms of nickel and platinum after reduction.

CONCLUSIONS

TEM was used to study the composition and struc-
ture of the surface phases of mono-, bi-, and trimetal-
lic catalysts based on Pt, Ni, and Cr with reduced con-
tents of the noble metal. The catalysts were deposited
onto Sibunit supports and differed in the concentra-
tions of metals and the order of their deposition
(before and after reduction with hydrogen). The metal
in the Pt/C system was in a highly dispersed state,
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Fig. 8. Microstructure of catalysts 0.1Pt/1.5Cr/3Ni/C (a, b) and 0.1Pt/(3Ni—1.5Cr)/C (c, d).

mainly in an oxidized form. The surfaces of the bi- and
trimetallic catalysts contained metallic and oxide
components. Nickel-based catalysts were character-
ized by the formation of large metal particles (up to
30 nm). The surfaces of the Pt—Ni systems were char-
acterized by an increase in the content of metallic plat-
inum and oxidized forms of nickel. The surface of the
Pt—Cr system was distinguished by high dispersion
and an increase in the amount of oxidized platinum.
In systems containing Ni and Cr, chromium was in
reduced state, and carbides were formed along with
mixed oxides of nickel and chromium. The metal
phase on the surface of the Pt—Ni catalyst was more
pronounced than on Ni—Cr and Pt—Ni—Cr. The
components of ternary systems affect one another: in
the presence of nickel, the proportion of metallic plat-
inum increased; in the presence of chromium, metal-
lic platinum transformed into an active oxidized state.
The structure of the catalysts before and after hydro-
genation were compared. Increased dispersion and
reduced crystallinity of metal particles were observed
each system after reductive hydrogenation.
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