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Abstract—Thermal reduction of graphite oxide and its derivatives under argon atmosphere has been studied by
means of thermogravimetric analysis. Carbon materials prepared via thermal reduction of graphite oxide
derivatives in argon at 900°C during 3 h have been used for deposition of platinum from H,PtClg solutions. Pt
particles supported on the support catalyze liquid-phase hydrogenation of nitrobenzene and dec-1-ene under
atmospheric pressure of H,. Thermal reduction of the supports based on graphite oxide results in the formation
of the structural defects significantly enhancing the catalytic activity.
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Carbon materials with graphene-like structure that
contain a system of conjugated bonds capable of the
substrate coordination and electron transfer [1] are
interesting supports for fixation of catalysts and
electrocatalysts. Conjugated sp*-hybrid graphene struc-
ture does not contain any functional groups. Therefore,
strong bonds are not formed during deposition of a
catalytically active metal on the support surface; this
results in the lability of the supported metal, the
particles aggregation, and decrease of catalytic
activity. We have earlier demonstrated the possibility
of platinum fixation on carbon nanotubes and
nanofibers containing a small fraction on functional
groups, to prepare active and stable hydrogenation
catalysts [2, 3]. Graphene exhibits high theoretical
specific surface area, high electroconductivity, and
high mobility of charge carriers and room temperature;
therefore, it can be a promising support [4] for the
catalyst of reactions involving electron transfer. Gra-
phite oxide containing numerous oxygen-containing
groups prone to the formation of strong covalent bonds
with metal ions is a common precursor for the
graphene-like materials [5]. After deposition of the
metal ions, the composition is reduced; however, the

sp>-hybrid structure of graphite layers cannon be
reduced by chemical or thermal methods [6].

We have earlier prepared platinum-containing com-
positions via simultaneous reduction of graphite oxide
and H,PtClg [7] and deposition of platinum from
H,PtClg on chemically [8] and thermally [9] reduced
graphite oxide. Such compositions have been tested as
catalysts in model reactions of liquid-phase hydrogena-
tion of nitrobenzene and dec-l-ene. The platinum-
containing composition based on thermally reduced
graphite oxide [9] are more active than those with
chemically reduced graphite oxide [8] or prepared via
simultaneous reduction [7].

Thermally reduced graphite oxide has been
prepared in two stages, one of them (fast thermolysis
of graphite oxide) is accompanied by explosion and is
thus inconvenient. In this study, we investigated the
possibility of using chemical reduction of graphite
oxide instead of its fast thermolysis. In particular, we
studied thermal reduction of graphite oxide as well as
the products of its fast thermolysis and chemical
reduction under argon atmosphere. Platinum-contain-
ing compositions were prepared based on the products
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Fig. 1. Thermograms, integral curves, and DSC curves for graphite oxide at the heating rate 3 deg/min (/, 5, 9) and for the products
of fast thermolysis of graphite oxide (2, 6, 10) and graphite oxide reduced by N,H,4-H,O (3, 7, 11) and NaBH,4 (4, 8, 12) at the

heating rate 10 deg/min.

of the thermal reduction under argon at 900°C during
3 h, and their catalytic properties in model hydrogena-
tion reactions were determined.

Thermal transformations of graphite oxide have
been described in detail in the literature. However, the
data is contradictory because graphite oxide is not an
individual compound with a strictly defined structure.
Fast heating of graphite oxide under argon to 1050°C
has afforded a goffered carbon materials with the C/O
molar ratio of about 10 [12]. Heating of graphite oxide
to ~200°C leads to sharp mass decrease (the fast
heating leads to explosion) [13, 14]. Thermal decom-
position of graphite oxide accompanied by explosion
has been observed at a lower temperature (127°C) as
well [15]. It has been shown that carboxyl groups at
the edges of the graphene layers of graphite oxide are
readily decomposed at heating, whereas the carbonyl
groups can be hardly removed [16]. The epoxy groups
of graphite oxide react with adjacent hydroxyl groups
at temperature >400°C and are transformed into the
phenolic moieties, the latter dominating over the
carbonyl ones even at temperature >1000°C. Thermal
reduction of graphite oxide leads first to elimination of
carboxyl, epoxy, and hydroxyl groups, whereas stable
phenolic and carbonyl groups as well as fragments of
cyclic ethers are retained up to high temperature
(>800°C) [17].

It has been earlier observed [7, 9] that graphite
oxide decomposes with explosion to evolve carbon
oxides (CO and CO,) and water during fast (~10 deg/
min) heating to ~200°C. To determine the reduction
temperature 7, and the activation energy F,, we studied
thermal reduction of graphite oxide at heating rates 1,
2, 3, and 4 deg/min (when the explosion did not occur)
by means of thermogravimetric analysis. The specimen
mass loss of ~60-65% was observed upon graphite
oxide heating to 1000°C (Fig. 1, curve 7). In line with
the data in [13, 14], the sharp mass loss (30-35%) was
observed at ~190-215°C, accompanied by the
exothermic effect (as seen in the DSC curve, Fig. 1,
curves / and 9). Further mass loss occurred with
constant rate (Fig. 1, curves / and 5). Temperature of
thermal reduction of graphite oxide 7; in the DSC
curve (Fig. 1, curve 9) coincided with the extremum in
the integral TG curve (Fig. 1, curve 5). Likely, the
formation of the product of fast thermolysis of graphite
oxide accompanied the sharp mass loss with distinct
exothermic effect at ~200°C.

It has been shown that a combination of chemical
and thermal reduction allows more complete elimina-
tion of oxygen from graphite oxide [18]. For example,
the reduction of graphite oxide with hydrazine
eliminates the epoxy, hydroxyl, and carboxylic groups,
whereas the carbonyl groups are only partially reduced
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Fig. 2. Determination of activation energy of thermal
reduction of graphite oxide (/), heat-expanded graphite
oxide (2), and graphite oxide reduced by N,H, H,O (3),
and NaBH, (4) using the Kissinger equation.

by nitrogen addition. Carboxyl and epoxy groups of
graphite oxide are thermally unstable, whereas the
elimination of carbonyl groups and cyclic ether moieties
requires high-temperature treatment. This means that
the oxygen-containing groups retained after the
reduction by N,H, (carbonyl and cyclic ether ones) can
be eliminated via high-temperature reduction [18].

In contrast to graphite oxide (Fig. 1, curves I, 5, 9),
thermal reduction of the products of its fast ther-
molysis (heat-expanded graphite oxide) or of chemical
(with N,H4-H,O or NaBH,) reduction occurred with
constant rate (Fig. 1, curves 2—4, 6-8), close to that for
graphite oxide after the extremum in curve 9, and was
accompanied by broadened exothermic effect at higher
temperature (Fig. 2, curves 10-12). Temperature of
reduction 7, for heat-expanded graphite oxide and
graphite oxide reduced by N,H,-H,O or NaBH, was
determined from the maximum in the DSC curves at
the heating rates 10, 20, 30, and 40 deg/min. Due to
the broadening of the DSC curves for those samples,
the determined 7; values were not very accurate and
only reflected the general trend.

Effective activation energy of the thermal reduction
E, is related to the 7, value (K) and the heating rate v
(deg/min) via the Kissinger equation (1) [19] that
could be rewritten in the form (2).

Ev

- APy 1)

KUSHCH et al.

InA4+1In iv = (EJRY1/T), ©)

where A4 is a pre-exponent factor and R is universal gas
constant. Using the 7} values determined at different
heating rates v, it is possible to determine the
activation energy E, from the In Ti/v — (1/T}) plot
(Fig. 2) as the slope of the curve times R.

The data processing showed that graphite oxide is
reduced at relatively low temperature (190-215°C)
with the activation energy ~14 kJ/g, close to the values
reported in [13, 19]. Of the graphite oxide derivatives,
the sample treated with hydrazine hydrate was reduced
most readily, with the activation energy ~46 kl/g.
Graphite oxide reduced by NaBH, and heat-expanded
graphite oxide showed higher activation energies, of
~54 and ~60 kJ/g, respectively. Since temperature of
reduction 7, of the chemically reduced and heat-
expanded graphite oxide did not exceed 800°C
(according to the TGA data, Fig. 1), their thermal
reduction was performed at 900°C.

Oxygen content in the samples prepared via thermal
reduction of the products of chemical reduction of
graphite oxide with N,H; -H,O (1) and NaBH, (2) was
significantly lower than that in the sample prepared via
thermal treatment of heat-expanded graphite oxide (3)
(see the table), i.e., combined chemical and thermal
reduction of graphite oxide led to more complete
elimination of oxygen than fast thermolysis followed
by thermal reduction.

IR spectra of samples 1-3 (Fig. 3, curves I, 3, 5)
were smoother in comparison with the starting graphite
oxide [8, 9]. The absorption bands of the alkoxy
groups (C—O stretching at 1065 cm ') were substituted
with the bands of phenolic (1100 ¢cm™) and C-OH
(1165 and 1215 cm') groups, and the bands of
epoxides and cyclic ethers at 863, 965, and 1407 cm™
became stronger. The absorption bands of the C—N
groups (1460 cm™') were most noticeable in the
spectrum of sample 1 prepared from graphite oxide
reduced by hydrazine hydrate. Absorption band of the
Ph-CO fragments (1620 cm™') were absent in the
products of thermal reduction, whereas those of the
carboxylic C=0 groups (1726 cm') were retained.
Following the data in [20, 21], the band at 1566 cm ™'
assigned to the deformation vibrations of the CH-CH
fragments evidenced the restoration of the sp*-hybrid
structure of graphite, but the presence of absorption
bands of symmetric and asymmetric stretching of
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Elemental analysis data and catalytic activity of the studied samples

1469

Specific activity in
Content, wt % C/O hydrogenation,
Sample Formula molar In/lG | (mol Hy)(mol Pt) ' min"*
C H N (0] Pt nitrobenzene| dec-1-ene

Graphite oxide 49.31 | 242 | 0.03 | 45.02 — | CgHy46305.48 1.46 | 1.52 - -
1 92.55 | 0.11 | 2.11 | 0.90 — | CsHop.11N0.1600.06 133.33 | 1.39 - -
Pt/1 89.72 | 0.70 | 2.36 | 2.82 | 5.80 |Pt/CgH(74Ng.180¢ 19 | 42.105 | 1.53 50.7 60.1
2 90.38 | 0.12 0 4.055 — | CgHg.130027 26.63 | 1.62 - -
Pt/2 89.45 | 0.12 | 0.29 | 3.25 | 5.77 |Pt/CsHy13Ng020022 | 36.36 | 1.76 119.3 157.8
3 86.45 | 0.70 0 8.64 — | CgHp7700.60 13.33| 1.67 - -
Pt/3 80.70 | 0.70 | 0.73 | 8.12 | 5.72 |Pt/CgHo53No060060 | 13.33 | 1.79 150.8 318.2
Heat-expanded 91.9 1.0 0.54 2.8 — C8H1.04N0'0400.1g 4444 | 2.44 — —
graphite oxide
reduced at 1000°C
“4)
Pt/4 84.58 | 0.57 | 0.53 | 442 | 6.55 |Pt/CgHp4No04O031 | 25.81 | 2.02 322 153.6
Graphite oxide 79.59 0.97 332 9.58 — C8H1,16N0'2900_72 1.065| 1.59 — —
reduced by
N2H4'H20 (5)
Pt/5 78.68 | 0.594 | 2.77 | 9.07 | 5.875 |Pt/CsH72No240060 | 11.56 | 1.46 31.9 25.5
Graphite oxide 76.63 | 0.74 | 0.03 | 13.87 — | CgHp920087 7.36| 1.73 - -
reduced by NaBH,4
(6)
Pt/6 74.74 | 0.96 | 0.21 | 15.24 | 6.525 | Pt/CsH;20N.0201.22 6.53 |1.455 349 14.85
Heat-expanded 76.17 | 1.33 | 045 | 19.39 — | CsH 660153 523 1.76 - -
graphite oxide (7)
Pt/7 69.97 | 1.66 | 0.30 |19.135| 6.69 |Pt/CsH26N00301.75 4571 1.74 62.5 56.4
Heat-expanded 94.28 0.59 0.40 1.52 C8H0,60N0.03OO,065 123.08 | 1.50
graphite oxide
reduced at 1050°C
(8)
Pt/8 86.48 | 0.79 | 0.77 | 429 | 6.53 |Pt/CgHogNoosO03 | 26.67 | 1.27 205 113.6
Pt/AP-B* 70.88 | 1.00 - - 7.645 63.4 34.8

* AP-B is activated recuperation carbon.

methyl and methylene groups (at 2853 and 2923 cm )
as well as those of the CH-CH fragments and oxygen-
containing groups in the IR spectra contradicted the sp*
hybrid structure of graphite.

The observed IR spectra of the products of thermal
reduction coincided with the conclusions of thermal

stability of phenols, cyclic ethers, and carbonyl groups
[16-18].

Raman spectra of the samples 1-3 (Fig. 4),
similarly to the spectra of the starting heat-expanded
graphite oxide and graphite oxide reduced by N,Hy
H,0O and NaBH,, contained strong D- and G-maximums

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 87 No. 7 2017



1470

] :
: l5‘616530 1460 1370

KUSHCH et al.

1215

1250 .

1500

1000

v, cm’!

Fig. 3. IR spectra of the 1 (1), Pt/1 (2), 2 (3), Pt/2 (4), 3 (5), and Pt/3 (6) samples.

at 1344 and 1587 cm', respectively. The ratio of
integral intensities [Ip/lg reflecting the fraction of
defects was slightly increased for the products of
thermal reduction at 900°C (see the table). The second-
order maximums at 2443, 2686, and 2918 cm ™' were
broadened, evidencing the different number of the
layers and deviation from the sp”-hybridization.
Thermal reduction of heat-expanded graphite oxide at
higher temperature (1000°C) resulted in the increased
Ip/lg ratio [9] (see the table), i.e. to the enhanced
defectiveness. Hence, the defectiveness of the graphite
oxide derivatives determined from the Ip/l; ratio was
governed by the fraction of the defects in the starting

1344
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Fig. 4. Raman spectra of heat-expanded graphite oxide (/)

and heat-expanded graphite oxide reduced by NaBH, (2),

and N2H4'H20 (3)

500 1000 1500

graphite oxide and was increased upon its reduction
(see the table). Our data on the effect of the procedure
of graphite oxide reduction on the products defec-
tiveness [7-9] agreed with the data of [6].

In the cases of platinum deposition on the starting
graphite oxide via simultaneous reduction [7] and
deposition of platinum on chemically reduced graphite
oxide [8], the support is rich in oxygen-containing
groups providing covalent binding of platinum with
the carbon surface. For the supports with low oxygen
content, covalent binding with a metal ion is hardly
possible. It has been demonstrated theoretically and in
the experiment that the energy of metal binding with
oxidized graphene surface is much higher than for the
non-oxidized surface [22]; in the absence of oxygen-
containing groups, the metal ions are not supported on
the carbon material surface [23]. Moreover, thermally
or chemically reduced graphite oxide is prone to
irreversible agglomeration [24] disfavoring metal ion
coordination. At low content of oxygen groups at the
support surface (as in [9], that was the case of samples
1-3), the functional groups required for platinum
adsorption at the support could be introduced via
noncovalent modification. In this work, we achieved
that by adsorption of platinum and the following
reduction performed in the presence of pyridine
adsorbed at the graphite surface [25] and on graphene
[26] via the m-complexes formation. Besides neutraliza-
tion of H,PtCls and transformation of the latter in the
cationic complex Pt(Py),Cls, pyridine afforded the
basic medium with the formation of pyridinium forms
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that, like ionic liquids [27, 28] often used for metals
deposition [29, 30], can be adsorbed on carbon
materials. Those factors positively affected platinum
deposition. For example, in contrast to the anionic
complex of Pt(IV), reduction of the cationic complex
with NaBH,; yields small (<1.7 nm) Pt clusters
uniformly distributed over the support surface [31].

The amount of platinum supported on the samples
1-3 using the procedure claborated elsewhere [7-9]
corresponded to the theoretical one (see the table); the
particles size estimated by TEM did not exceed 2 nm
(Fig. 5). Different contrast of the Pt particles (Fig. 5)
confirmed the layered structure of the defective
support retained upon platinum deposition.

Deposition of Pt on the samples 1-3 was reflected
in the IR spectra: the absorption bands of hydroxyl
groups were strengthened and shifted to 1260 cm ',
that effect was the most prominent for the Pt/3 sample
(Fig. 3, curves 2, 4, 6). The observed broadening of the
band of the hydroxyl groups evidenced the interaction
of Pt clusters with phenolic hydroxyl groups present at
the carbon material surface. The band of deformation
vibrations of the CH-CH fragments (1566 cm ') in the
spectrum of the Pt/3 sample was noticeably broadened
(likely, due to the shift of the skeletal vibrations of the
aromatic ring to 1530 and 1580 cm' induced by its
conjugation with the lone electrons of Pt clusters)
(Fig. 3, curves 3, 6). Such broadening was observed in
the case of platinum deposition on graphite oxide
thermally reduced at 1000 or 1050°C [9]. The spectra
of the samples after platinum deposition assisted by
pyridine contained the absorption bands of the C-N
groups (1460 cm ') and the O—H groups of intercalated
water (1370 cm ') (Fig. 3, curves 2, 4, 6).

Position of the first-order maximums (1344 and
1587 cm') in the Raman spectra of the samples 1-3
was not affected by deposition of platinum on their
surface. The maximum at 2443 cm™' assigned, in our
opinion, with the presence of the sp*-hybridized amor-
phous carbon was distinct in the spectrum of the Pt/1
system (Fig. 6). As in the case of thermal reduction
(Fig. 4), the 2D maximum at 2710 cm™' typical of
graphite and graphene [32] was absent in the spectra of
the Pt/1, Pt/3, and Pt/2 samples, evidencing the higher
defectiveness of the samples and insignificant amount
of graphene domains in their structure.

The perepared Pt-containing compositions catalyzed
liquid-phase  hydrogenation of nitrobenzene to
aniline (Fig. 7). The Pt/2 and Pt/3 samples supported

208 T2 1.6 20
“ Particle size, nm

55

histogram of the Pt particles size distribution.

on thermally reduced samples of graphite oxide
pretreated with NaBH, and heat-expanded graphite
oxide (Fig. 7, curves 5, 6) were more active than the Pt
compositions based on the same graphite oxide
samples not subject to thermal reduction (Fig. 7,
curves 2, 4). The Pt/1 sample was more active than the
Pt/5 one, the latter being based on graphite oxide
reduced by hydrazine hydrate (Fig. 7, curve 3), but was
noticeably less active than the samples based on
graphite oxide reduced by NaBH, (Pt/6) and heat-
expanded graphite oxide (Pt/7). As has been shown in
this and earlier studies [7, 8], activity of platinum
catalysts supported on graphite oxide-based supports
containing nitrogen after the reduction by N H4-H,O in
hydrogenation of nitrobenzene is much less than for
the supports prepared via reduction by NaBH, or fast
thermolysis. The similar trend has been observed for
platinum catalysts on nanotubes or graphite oxide
reduced by N,H4 H,O [33]. The incorporation of
nitrogen in the graphene-like structure (3.5% in this
work) observed upon reduction of graphene oxide with
hydrazine hydrate leads to the increased positive
charge of the carbon surface of the support [34]. As
marked in [35, 36], this should facilitate the (electro)-
oxidation processes demanding the positively charged
material of the electrode or the catalyst and the basic
reaction medium [37]. The basic reaction medium
inhibits the hydrogenation due to the lack of protons
[38]. The Pt/4 sample supported on the heat-expanded
graphite oxide (Fig. 7, curve 7) and thermally reduced
at 1000°C [8] was more active (see the table) than the
Pt/3 sample supported on heat—expanded graphite
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Fig. 6. Raman spectra of the Pt/1 (/), Pt/3 (2), and Pt/2 (3)
samples.

oxide thermally reduced at 900°C. The deposited
platinum was retained on the carbon surface during
liquid-phase hydrogenation, and the prepared catalysts
were highly stable even in the hydrogenation process
with accumulation of the product (aniline) [8, 9].

The prepared compositions catalyzed liquid-phase
hydrogenation of dec-1-ene into decane in propan-2-ol
as well. The Pt/1, Pt/2, and Pt/3 catalysts supported on
the supports thermally reduced at 900°C (Fig. 8,
curves 4, 5, 7) were significantly more active than the
catalysts based on heat-expanded graphite oxide (Pt/7)
and graphite oxide reduced by NaBH, (Pt/6) and
hydrazine hydrate (Pt/5) (Fig. 8, curves /-3), the Pt/2
sample being close in the activity to Pt composition
based on heat-expanded graphite thermally reduced at
1000°C, and the Pt/3 sample being more active than
the latter.

The catalyst prepared via conventional deposition
of platinum on the recuperation activated carbon AP-B
(Pt/AP-B) was close in the activity to the Pt composi-
tion based on heat-expanded graphite oxide and
evidently was less active than the Pt/3 sample (see the
table).

Several examples of hydrogenation catalyst based
on thermally reduced graphite oxide have been
reported. Ruthenium, rhodium, and iridium supported
on graphite oxide thermally reduced at 500-560°C via

KUSHCH et al.

H,, mmol
30F
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Fig. 7. Fragments of hydrogen uptake curves during
hydrogenation of nitrobenzene in the presence of Pt
compositions based on graphite oxide reduced by
N,Hs-H,O (1) and NaBH, (2), heat-expanded graphite
oxide (4), the Pt/1 (3), Pt/2 (5), Pt/3 (6), and Pt/4 (7)
samples. The catalysts contained 0.867 mg (4.44x107° mol)
of platinum.

decomposition of neutral carbonyls in the medium of
ionic liquids or propylene carbonate catalyze hydro-
genation of benzene and cyclohexene in bulk at tem-
perature up to 100°C and H, pressure up to 10 bar,
whereas the carbonyl complexes are not active [39-
41]. Activity of these catalysts in hydrogenation of
cyclohexene is moderate, accounting for the experi-
ment conditions.

Hence, the TGA investigation revealed that graphite
oxide was decomposed on heating under inert. At
temperature ~200°C, sharp exothermic reaction accom-
panied by the mass loss due to evolution of water and
carbon oxides was observed, further heating resulting
in the linear mass loss. Thermal reduction of graphite
oxide showed the activation energy of ~14 kJ/g. The
products of chemical reduction or fast thermolysis of
graphite oxide were not reduced so readily, and the
corresponding activation energy was higher.

Thermal reduction of oxide graphite and its deriva-
tives resulted in noticeable decrease in the oxygen
content, but phenolic, carbonyl, and cyclic ether
groups were retained. Defectiveness of the graphite
oxide derivatives was determined by that of the
starting material and was increased upon reduction.

Thermal reduction of the graphite oxide-based
supports under argon at 900°C enhanced the activity of
platinum particles supported on their surface in model
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reactions of liquid-phase hydrogenation od nitro-
benzene and dec-1-ene. The platinum catalyst de-
posited on heat-expanded graphite oxide (even before
the thermal reduction) was more active than the
catalysts based on chemically reduced samples (see the
table). Hence, fast thermolysis of graphite oxide could
not be replaced with its chemical reduction without the
activity loss. The increase in temperature of thermal
reduction of the product of fast thermolysis to 1000°C
[9] significantly improved the activity of the deposited
platinum particles. Nitrogen-containing graphite oxide
reduced by hydrazine hydrate was not suitable as
support of platinum catalyst hydrogenation, irrespec-
tively of the treatment.

Activity of the catalysts supported on graphite
oxide was independent on the oxygen content in the
latter but changed with the Ip/lg ratio. The defec-
tiveness reflected by the /p/l; ratio was increased upon
thermal reduction, especially at 1000°C (see the table).
The presence of defects in the material increases its
surface area, facilitates the metal deposition, and
favored the adsorption of hydrogen as well as substrate
(like nitrobenzene or dec-1-ene) on the hydrogenation
catalyst. Tuning the defectiveness of carbon supports is
a critical issue in the preparation of hydrogenation catalysts.

EXPERIMENTAL

Graphite oxide was prepared following the proce-
dure in [10] adopted from a known method [11].
Reduction of graphite oxide with sodium borohydride
and hydrazine hydrate was performed as described in
[8]. Heat-expanded graphite oxide was prepared via
fast thermolysis [9].

Thermal reduction of graphite oxide pretreated with
N,H4-H,O and NaBH; as well as heat-expanded
graphite oxide was performed in Ar flow at 900°C
during 3 h [9], yielding samples 1-3, respectively.

Platinum-containing compositions were prepared as
described elsewhere [8, 9].

The the table lists the elemental analysis data, gross
formulas (normalized to 8 carbon atoms for the ease of
comparison with the reference data), and the C/O
molar ratios.

Catalytic hydrogenation was performed in a constant-
temperature vessel at vigorous shaking (600 min ),
atmospheric pressure of hydrogen, and temperature
45°C. A weighed catalyst specimen (0.010-0.050 g)
and 20 mL of propan-2-ol were put in the vessel and
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Fig. 8. Fragments of hydrogen uptake curves during
hydrogenation of dec-l1-ene in the presence of Pt
compositions based on graphite oxide reduced by NaBH,
(1) and N,H4-H,O (2), heat-expanded graphite oxide (3),
the Pt/1 (4), Pt/2 (5), Pt/4 (6), and Pt/3 (7) samples. The
catalysts contained 0.867 mg (4.44x10° mol) of platinum.

shaken under hydrogen during 0.5 h, 1 mL (1.199 g,
9.743x10 mol) of nitrobenzene or 5 mL (3.704 g,
26.41x107° mol) of dec-1-ene was then added, and the
consumption of hydrogen was monitored by the
volume measurement. The tabulated specific catalytic
activity was calculated from the starting parts of the
curves of hydrogen consumption (at the conversion
below 5%).

Elemental analysis was performed using a Vario
Micro cube CHNSO-analyzer (Elementar Analysen-
systeme GmbH, Germany). For the platinum-contain-
ing compositions, the contents of C and H were deter-
mined via the modified Pregl method, and CI content
was quantified via the Schoeniger method. The
platinum content was determined from high-tempera-
ture residue mass via the Pregl method and additio-
nally confirmed by means of energy-dispersive X-ray
analysis. Thermogravimetry studies were performed
using an STA-409 PC Luxx thermal analyzer com-
bined with a QMS-403C mass spectrometer (NETZSCH,
Germany). The specimens for TEM studies were
prepared by dispersion of the powder in ethanol and
applying onto a copper grid. The observation was
performed using a JEM-2100 instrument (Center for
Collective Usage, Scientific Center, Russian Academy
of Sciences). The histogram of the particles size was
plotted from TEM images by measuring the size of
200 particles. IR spectra were recorded over the 400—
4000 cm ' using a Spectrum 100 spectrophotometer
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(Perkin-Elmer, USA). Raman spectra were recorded
using an RM1000 spectrometer (RENISHAW, Great
Britain) equipped with a Leica microscope (20x
magnification) at the excitation wavelength 532 nm
(solid-state laser with diode pumping). The Raman
spectra were fitted with the Lorentz peaks, and the
integral intensities of the D- and G-maximums (/p//g)
were calculated as described elsewhere [8].
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