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The carbonaceous material was isolated from the Co-C/SiO, hydrogenation catalyst, formed by pyrolysis of the co"
complex with 1,2-diaminobenzene deposited on aerosil, by treatment with HCIl and HF solutions. The material was
studied by TEM and Raman spectroscopy. The specific surface area was determined on the results of the nitrogen
adsorption measurements. It was shown that the obtained carbonaceous material consisted of amorphous carbon
and nanotubes, which may be present in the original Co-C/SiO, catalyst or may form as a result of folding of thin
carbonaceous sheets remaining after dissolution of Co and SiO,. It was found that such carbonaceous material was
an efficient catalyst for the hydrogenation of quinoline at a low residual Co content (about 0.5 %), which is a sign of
the possible participation of the carbonaceous component of catalysts, obtained by pyrolysis of cobalt coordination
compounds with organic ligands, in hydrogenation processes.

Keywords: hydrogenation catalyst, pyrolysis, carbonaceous material, nanotubes, TEM, Raman spectroscopy,
adsorption.

Introduction. Hydrogenation plays an important role in organic chemistry and has been widely
used for preparation of API (active pharmaceutical ingredients), active compounds for agricul-
tural chemistry, food products (primarily oil hydrogenation), as well as for bulk production of
solvents, components of fuel [1]. Currently, the catalysts based on platinum group metals (PGM)
hold the leading positions in hydrogenation processes for fine organic chemistry [2]. Such systems
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are characterized by high activity, but the raise of prices for PGM is a serious obstacle to their
extended use. The catalysts based on nickel, such as Ranay nickel, can be an alternative, however
their application is restricted by relatively low activity and selectivity of such systems, as well as
high sensitivity to oxygen [3]. Many nickel-based catalysts are pyrophoric and require special
precautions during operation, and hydrogenation with nickel, especially on an industrial scale, is
associated with a serious risk of accidents. Thus, the development of new efficient and safe hydro-
genation catalysts that do not contain PGM is important task of modern physical chemistry.

It has recently been shown that cobalt-based systems have hlgh potential of use in hydrogena-
tion. This family of the catalysts was formed by pyrolysis of Co" complexes with organic ligands,
deposited on silica or alumina (hereinafter referred to as Co-C/SiO, or Co-C/Al O, systems) [4,
5]. Thermal treatment of the coordination compounds led to formation of the metallic nanopar-
ticles and the carbonaceous material, which were localized on the surface of the inert carrier. The
catalysts prepared by this route have high application potential due to their high performance, ac-
tivity in hydrogenation of a wide range of organic compounds, stability on air, low cost and safety.

Up to date, there is no clear understanding of the role of the carbonaceous component in Co-
based hydrogenation catalysts. It was assumed that there was some synergy between Co nanopar-
ticles and carbon in hydrogenation [6]. On the other hand, no correlation was found between the
content of carbon or its characteristics (such as parameters of Raman spectra) and the yield of hy-
drogenation product (1,2,3,4-tetrahydroquinoline in the process of quinoline hydrogenation) [7].
The latter observation gave rise to a supposition, that the role of carbonaceous layer may be limited
to protection of Co metallic nanoparticles from oxidation on air [7]. Notably, the metal-free carbo-
naceous materials showed significant catalytic activity in hydrogenation processes [8, 9], and such
activity could contribute to the overall catalytic performance of the Co-C/carrier system. In addi-
tion, irradiation of Co-C/SiO, catalyst by quick electrons (2.3 MeV) led to modification of the car-
bonaceous component, and a slight but systematic increase of the yields of hydrogenation products
was observed when the irradiated Co-containing material was used as catalyst [10]. This discovery
may serve an argument that the active sites of hydrogenation catalyst included, in some role, the
carbonaceous material. Studies of the structure of the carbonaceous component in Co-C/carrier
hydrogenation catalysts are important for understanding the reasons of their high performance.

The aim of this study was to 1solate the carbonaceous component from the hydrogenation
catalyst obtained by pyrolysis of Co" complex with 1,2-diaminobenzene (DAB), deposited on
Aerosil, as well as to determine the size of the pieces of the carbonaceous material, their spectral
properties and to estimate its catalytic performance.

We expected that such carbonaceous pieces would have the shape of 2D layers, and planned to
analyze their thickness by observation Moiré pattern by transmission electron microscopy, taking
in mind that Moiré pattern is a reliable proof of formation of thin layers with periodic structure
[11]. Surprisingly, we found that the carbonaceous material had the shape of the nanotubes. We
suppose that such nanotubes formed upon rolling up the thin layers of carbon, which formed on
the surface of the larger Aerosil particles.

Results and discussion. The Co-containing hydrogenation catalyst was prepared by thermal
decomposition of a complex formed in situ by deposition of cobalt(II) acetate Co(CH,CO,), and
DAB in 1: 5 ratio on the surface of Aerosil (fumed SiO,), followed by pyrolysis in argon at 800 °C
(Fig. 1), as previously reported [10]. An excess of DAB compared to stoichiometric ratio (1 : 3)
was used, since some quantity of DAB could be lost due to evaporation during heating. The black
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powder obtained after pyrolysis (sample Co-C/SiO,) contained 9.8 % (by weight) of metallic Co
and ca. 15 % of carbon.

The composites prepared by this and similar methods, have demonstrated good catalytic
characteristics in the hydrogenation of a number of organic compounds. In particular, the hydro-
genation of quinoline in presence of such Co-containing catalysts at P(H,) = 50 bar, T = 100 °C,
3 mol. % Co loading in methanol during 24 h led to formation of 1,2,3,4-tetrahydroquinoline
with 75 % yield. Increase in the catalyst loading to 4 mol. % under the same conditions led to
the growth of 1,2,3,4-tetrahydroquinoline yield to 90 % [7]. However, the hydrogenation of sub-
stituted quinolines at 50 bar of H, at 100 °C did not provide satisfactory yields of the products,
but almost quantitative hydrogenation of quinoline and a series of substituted quinolines was
achieved upon pressure increase to 100 bar, at 3 mol. % content of Co [7]. Thus, studies of the
catalytic performance of the materialsreported in this paper were carried out at P(H,) = 100 bar,
T =100 °C in methanol, with a reaction time of 24 hours. Under these conditions, quinoline was
hydrogenated to 1,2,3,4-tetrahydroquinoline in presence of Co-C/SiO, (0.018 g per 0.129 g of
quinoline, i. e. 0.03 mmol of Co per 1 mmol of quinoline, 5 mL of methanol) with 98 % yield. The
catalytic performance of this catalyst was consistent with previously reported typical representa-
tives of this family of Co-containing species [6, 7].

In order to remove Co the Co-C/SiO, catalyst was treated by aqueous HCI (see Fig. 1, details are
provided in Experimental section). The resulting material (hereinafter referred to as C/SiO,) con-
tained carbonaceous material on Aerosil, the remaining Co content was evaluated by EDX analysis
and it was found to be 0.1 % by weight. Finally, SiO, was dissolved by treatment with aqueous HE
and black powder formed, which mass was ca. 15 % of the mass of the initial Co-C/SiO, composite.
The weight of the carbonaceous material corresponds well to C content in the Co-containing starting
material. The remaining Co content in this material was about 0.5 % by weight.

The structure of the carbonaceous material was examined by transmission electron microsco-
py. Surprisingly, instead of the sheets of carbon, the sample predominantly consisted of nanotubes,
and only a few flat pieces of amorphous carbon could be distinguished (Fig. 2). The diameter of
the nanotubes was about 10—15 nm, and their length was in the range of 20—100 nm, but there
were several nanotubes with alength about 300 nm and more. In addition, several very large tubes
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Fig. 2. Two representative TEM images of the carbonaceous material, obtained by dissolving
Co and SiO, components from Co-C/SiO, catalysts

with diameter ca. 100 nm were found. Such nanotubes could be present in the initial Co-C/SiO,
composite, or they could have formed after separation of the carbonaceous material from the
Aerosil support. In the latter case, the formation of nanotubes can be explained by rolling of the
thin carbonaceous sheets; such sheets were hold on the surface of significantly larger Aerosil par-
ticles (which have size of hundreds nm), but probably rolled up as soon as their support dissolved.
Anyhow, the formation of nanotubes is a strong argument in favor the supposition that the car-
bonaceous material was formed during pyrolysis as thin layers in contrast to massive particles.
Considering that the nanotube with a diameter 10 nm can be formed by rolling of the flat carbona-
ceous layer of minimal width equal to ca. 30—35 nm, the size of the carbonaceous layers existing
in the starting material (Co-C/SiO, catalyst) was about 30x30 nm and more.

It should be noted that although only several large (100 nm in diameter) nanotubes were
found on the TEM images, their weight fraction may be about ten percent, since their size exceeds
the size of “small tubes” by an order of magnitude or even more.

It is important to note that the quantity of small carbonaceous particles, with linear size less
than 20 nm, was very low on TEM images. Thus, most of the carbon material formed relatively
large sheets, which could be fold into nanotubes, as opposed to formation of discrete small pieces
of graphitized carbon.

The Raman spectrum of the carbonaceous material contains two bands with positions of
maxima as 1345 and 1587 cm ™', which can be assigned to the D and G bands, respectively (Fig.
3). This spectrum is typical for multiwall carbon nanotubes [12] or graphene with a high content
of defects [13, 14]. The G-band arises from the stretching of carbon-carbon bonds, while the D-
band is associated with the defects. The I;/I parameter can be considered as the measure of the
structural disorder and defects in carbonaceous materials [13, 14]. The defect-free graphene is
characterized by zero I,/I, [13, 14].

The Ij,/1, ratio for the Raman spectrum of the carbonaceous material, considered herein, is
equal to 0.96. This value falls in the range previously reported for the Co-C/SiO, hydrogenation
catalysts [7, 10]. However, this ratio has increased compared to the parent Co-C/SiO, system
(Ip/1; was 0.6 [10]), such an increase may be caused by the formation of defects due to acidic
treatment and probable hydrolytic cleavage of epoxy-groups, formed upon pyrolysis, as well as
hydration of some of C=C double bonds.

ISSN 1025-6415. Jonos. Hay, axao. nayx Yxp. 2026. Ne 1 35



M.1. Arabadzhy, L.E. Kotenko, P.S. Yaremov, D.O. Mazur, S.V. Kolotilov

Intensity, relative units

500 17600 1,5'00 2,600 2,5'00 3000 Fig 3. Raman spectrum of the carbonaceous material,
Raman shift, cm-! isolated from the Co-C/SiO, hydrogenation catalyst

1,200 - —=— Adsorption
—o— Desorption
eo 1,000 -
5 sl
B
g 600 F
o
= 400+
Fig. 4. Isotherms of nitrogen adsorption (filled boxes)
200 + -
and desorption (empty boxes) on the carbonaceous
. . . . material, isolated from the Co-C/SiO, hydrogenation
0 0.2 0.4 0.6 0.8  P/P; catalyst

The isotherm of nitrogen sorption on the carbonaceous material (Fig. 4) was also typical for
the carbon nanotubes [12]. The material contained a significant volume of micropores (¢-Plot mi-
cropore volume is 0.12 cm’/g, Dubinin—Radushkevich micropore volume is 0.25 cm?/g), while
BJH most frequent pore diameter (dV/dD), calculated from the desorption branch, was 1.7 nm.
Total pore volume (calculated by adsorption branch) at P/P¢ = 0.99 was 1.65 cm®/g, Sy was
720 m*/g. Notably, S, for the carbonaceous materlal con31dered herein exceed the Values, re-
ported for single wall carbon nanotubes (597 m /g) and for reduced graphene oxide (512 m /g)
[15]. These high adsorption characteristics of the carbonaceous material are consistent with for-
mation of dispersed species, mostly consisting of nanotubes and thin carbonaceous sheets.

The catalytic performances of the C/SiO, material and the carbonaceous silica-free material
in hydrogenation of quinoline were tested under the same conditions, as those used for testing
the catalytic properties of the initial Co-C/SiO, composite (i.e. T'= 100 °C, P(H,) = 100 bar, 24 h,
solvent — methanol). It was found that in presence of both these materials, 1,2,3,4-tetrahydro-
quinoline (THQ) is formed. In the case of C/SiO,, the THQ yield was 80 % at catalyst loading
0.06 g per 1 mmol of quinoline (0.06 g of the catalyst contained 6 - 10~ g of Co; in the reaction
mixture Co content was 0.1 mol. % per mole of quinoline). In the case of silica-free carbonaceous
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material, the quantitative yield of THQ was achieved at catalyst loading at the level of 0.06 g per
1 mmol of quinoline (Co content in 0.06 g of the carbonaceous catalyst was 3 - 107 g; in the reac-
tion mixture Co content was 0.5 mol. % per 1 mole of quinoline). If catalyst loading was reduced
to 40 mg per 1 mole of quinoline (corresponding to 0.3 mol. % of Co per 1 mole of quinoline),
the yield of THQ was 90 %. Thus, treatment of the Co-C/SiO, catalyst with HCl and HF resulted
in increase of its catalytic performance in hydrogenation of quinoline, measured as the yield of
THQ per 1 mole of Co loaded in the reaction mixture. These findings can be explained by sig-
nificant contribution of the carbonaceous material to the overall catalytic performance of the
Co-C/SiO, composite. The increase in catalytic performance can be explained by the growth
of accessible surface of the carbonaceous component, including easier access of the reagents to
monoatomic Co sites, which can form in the layers of doped carbon [16].

It can be concluded that not only metallic Co nanoparticles but also carbonaceous material
and/or Co monoatomic sites embedded in carbonaceous material participate in the catalytic hy-
drogenation of quinoline.

Experimental part. Aerosil A300 was purchased from UkrReaChim Ltd. (Kyiv, Ukraine).
All other materials were provided by Enamine Ltd. (Kyiv, Ukraine) and UkrOrgSintez Ltd. (Kyiv,
Ukraine). The solvents were purified according to the standard procedures. Co-C/SiO, catalyst
was prepared as described in [10].

For elimination of Co from Co-C/SiO,, 3 g of Co-C/SiO, was placed in 100 mL of concen-
trated HCI and the mixture was stirred in a round-bottom flask equipped with a reflux condens-
er at the temperature of 35 °C for two days to dissolve the cobalt. The resulting solid was filtered,
washed with concentrated HCI (2 x 30 mL), followed by distilled water (3 x 50 mL) and ethanol
(2 x 50 mL). The solid was subsequently dried using a rotary evaporator, affording 2.7 g of the
C/8i0O, material. Residual cobalt content was 0.1 % by weight (according to EDX analysis).

In order to eliminate Aerosil and isolate carbonaceous material from C/SiO,, the material
obtained in the previous step (2.7 g) was treated with an aqueous HE. The material was placed in
a plastic beaker and 40 mL of aqueous HF (40 wt %) was added to dissolve SiO,. The suspension
was sonicated for 15 minutes in an ultrasonic bath, then centrifuged at 6000 rpm for 3 minutes
and decanted. This procedure was repeated three times. The hydrofluoric acid was then replaced
with a 50/50 (v/v) H,O/EtOH mixture (40 mL), and the same sequence of operations was repeated
three times more. The resulting solid was filtered through a Schott glass filter, washed with ethanol
(2 x 30 mL), dried on a rotary evaporator, yielding 0.45 g of the carbonaceous material. Residual
cobalt content was about 0.51 % by weight (by EDX analysis).

The TEM measurements were performed using a PEM-125K transmission electron micro-
scope (Selmi Ltd., Ukraine) operating at a 100 kV acceleration voltage. The sample was prepared
for TEM as reported in [10]. In particular, the suspension of the sample in methanol was prepared
by ultrasonic treatment for 1 minute. A drop of suspension was applied to a Cu grid (300 mesh),
covered by a film of amorphous carbon, and dried on air. Raman spectrum of the material was
measured using a Renishaw inVia Raman microscope (Renishaw, UK), equipped with A =514 nm
laser; the solid was slightly compressed for measurement. N, sorption studies were performed
using Micro300C-Analysis Station2 (AltaMira Instruments, USA) at 77 K. Prior to the measure-
ments the sample was dehydrated and degassed at 300 °C in 10™* Torr vacuum for 4 h. The Co
content in the samples was determined by energy-dispersive X-ray spectroscopy (EDX) using
Apollo XL SDD EDAX instrument (EDAX Inc, USA).
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The experiments on hydrogenation of quinoline were performed, as described previously [7 ]

Conclusions. It was shown that the carbonaceous material formed during pyrolysis of Co"
complex with 1,2-diaminobenzene deposited on Aerosil, consisted of the flat pieces of carbon and
carbon nanotubes. Such carbonaceous material can be described as amorphous carbon or gra-
phene with high a defect content. The nanotubes could form upon pyrolysis of Co'" complex in
the first stage of catalyst preparation or as a result of rolling of the carbon sheets after dissolving of
Co and the silica carrier. No dense graphite-like particles were detected by TEM. High adsorption
characteristics of the carbonaceous material were also consistent with the presence of only fine car-
bonaceous species. It was shown that the carbonaceous component had significant catalytic perfor-
mance in hydrogenation of quinoline, despite the low content of residual Co (ca. 0.5 %), implying
that the carbonaceous material made considerable contribution to the catalytic properties of the
Co-based catalyst. The catalytic activity of the carbonaceous material may be associated with the
intrinsic properties of the carbonaceous material or may be caused by the presence of single-atom
Co sites, incorporated in such material. These results are important for understandlng the structure
of active Co-based hydrogenation catalysts, formed by pyrolysis of Co" complex on Aerosil.

The study was supported by the National Academy of sciences of Ukraine.
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KATAJIITUYHE I'TIPYBAHH: XIHOJITHY
B ITPMICYTHOCTI BYTJIELLEBOTO MATEPIAJIY, OHEPYKAHOTIO I[TIPOJII3OM
KOMIIJIEKCY KOBAJIBTY 3 1,2-AIAMIHOBEH30OJIOM

3 karanisaropa rifpysanns Co-C/SiO,, yTBOpeHOro mipomnisoM HaHECEHOTO Ha aePOCH/I KOMIUIEKCY Co'" 31,2-gia-
MiHO6eH307moM, nutsaxoM o6po6nenns pozunnamu HCl ta HF Buginteno BYTJIELIeBUII MaTepia, AKUI JOCTiIKEHO
Mmerofamy TEM Ta paMaHiBCbKOI ClIeKTpocKomii. 3a pesyabraTaMy SOCTIIKeHH afcopOuii a30Ty BU3HAYEHO M-
ToMy IIoLLy HoBepxHi. [TokasaHo, 10 OfepyKaHMit ByI/IeLieBIII MaTepial CKIAAEThCs 3 aMOP(HOTO BYIJIEI[IO Ta
HaHOTPYOOK, AKi MOXyTb 6y Ty IpUCyTHiMHU y BUXifHOMY Karanisatopi Co-C/SiO, abo yTBopioBarics B pesysnb-
TaTi CKPyYIyBaHHs TOHKUX BYTJIE[IEBUX JIMCTIB, IO 3a/IMIIAIOTHCA T posunHenHs Co ta SiO,. Bcranosnewo,
1[0 TaKMI ByIJIeLieBIil MaTepian € eeKTUBHIM KaTa/Ii3aTOPOM TiffpyBaHH: XiHOJIHY 32 HU3BKOTO BMICTY 3a/IMII-
koBoro Co (6muspko 0,5 %), 1110 € 03HAKOI0 MOX/IMBOI YYacTi ByI/Iel[eBoi CKIaoBOl KaTali3aTopiB, Ofep>KaHMX
mipori3oM KOOPAMHALIIIHNX CHOMYK KOOA/IbTY 3 OPraHiuHMMM JTiraHJaMH, B IIPOLlecax riipyBaHHA.

Kntouosi cnosa: kamanisamop 2idpysans, niponis, 8yzneuesuti mamepian, HaHompy6xu, TEM, pamaniscoka cnex-
mMpockonis, adcopouis.
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