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The mechanical mixtures of titanium oxide (TiO3) with carbon nanostructures for 3D printing of CJP technology,
which are used as consumables for the manufacturing of electrically conductive composite 3D products, are created in this
work. Various carbon nanostructures (single- and multi-walled carbon nanotubes and carbon nanofibers) were used in the
creation of composite 3D products (TiO>—CNS) by CJP 3D printing technology. Optimal conditions for processing of
mechanical mixtures (TiO/MWCNT) on a planetary ball mixer for composite 3D products (CJP) were studied and
proposed. The dose of the deformation influence on the mechanical mixture under optimal conditions of mechanochemical
processing (76 J/g), which allows not to deteriorate the electrical conductivity of the material, is determined.

The dependence of the electrical conductivity of composite 3D products (CNS/TiO,, where the CNS content is 3 wt. %)
on the type of carbon nanostructures (SWCNT, MWCNT and CNF) contained in ceramics (TiO,), is constructed. The
exponential dependence of the specific electrical conductivity (G) of composite 3D products (TiO-MWCNT) on the mass
content of multi-walled carbon nanotubes, is also recorded in the work.

In the framework of the study of the electrical conductivity of composite 3D products (CJP), a fuel cell cathode based
on a PYTiO-MWCNT composite was created. It was found that the catalyst Pt/TiO,~MWCNT, which contains 5 wt. % of
carbon nanotubes, has the best catalytic activity in oxygen recovery. At the same time, the average particle size of platinum
(Pt) is 5—10 nm, while the content of Pt in the EDX samples is approximately ~10 wt. %. Also, studies were carried out
from the mixing of Pt/TiO>MWCNT composites with MWCNT content 15 and 50 wt. %. Samples were analyzed by
transmission and scanning electron microscopy.

Keywords: carbon nanostructures (CNS), nanocomposite (TiO>—CNS), titanium oxide (TiO>), electrical conductivity,
catalytic activity, carbon nanotubes (CNT), Pt/TiO>—CNT, 3D printing, CJP, fuel cell, additive technology, hydrogen
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INTRODUCTION

The main problems of hydrogen energy are the
process of transporting and storing hydrogen [1-6], as
well as reducing the cost of equipment for obtaining
electricity when using hydrogen. Today, the use of
nanotechnology also allows breakthroughs in the field
of hydrogen energy. For example, carbon
nanomaterials can accumulate hydrogen [7-13] and
preserve it no less efficiently than advanced materials
for hydrogen storage [14-33].

The key to the success of carbon nanomaterials
lies in a large number of various methods of their
synthesis, which allow creating a wide range of
their modification [34-40]. This increases the
possibility of creating new composites based on
carbon nanostructures (fullerenes [26], fullerene-
like nanostructures [27-30], carbon nanofibers
(CNF), single-walled carbon nanotubes (SWCNTSs)
and multi-walled carbon nanotubes (MWCNTSs)
[31-32], nanocomposites [33—34], graphenes and
their packets) [54-55].
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Composites based on the ceramics and carbon
materials have broad perspectives for modern
industry [35-41]. The electrical conductivity of
such composites can be useful for creating of
various electrochemical devices [39].

The creation of electrically conductive
composites by the method of 3D printing will
allow to design the cheap fuel cells for fuel
elements of any configuration, which will make
it possible to refusal the expensive “Nafion”
membranes, which are used in fuel cells today.
The fuel cell is the most expensive element of
the hydrogen cycle for obtaining hydrogen
electricity, therefore reducing its cost is the main
step for the introduction of hydrogen energy into
the life of all countries and society.

Thus, imparting the conductive properties to
the composite through the introduction of small
additions of carbon nanomaterials is attractive
compared to other composite systems. And the
using of such composites in CJP 3D printing
technology will allow not only to automate the
system of creating complex 3D products and
reduce their cost due to the economical use of
consumables, but will also allow to give a
sufficient impetus for their mass production and
application.

In the production of electrically conductive
composite 3D products of the CJP technology
with a dielectric matrix and a conductive filler,
the internal conductivity, shape and size of the
particles of the introduced filler, as well as its
amount, are of particular importance.

The carbon black, carbon nanofibers (CNF),
multiwall and single-walled nanotubes (CNT)
and graphene structures are used as fillers for
3D products [38-52]. All of these ceramic
matrix fillers can be used in CJP 3D printing
technology with some pre-processing. But when
creating electrically conductive ceramics using
CJp 3D printing technology, carbon
nanostructures (CNS) require the special
processing, since damaged (defective) CNS
change their electrical conductivity.

To create highly effective composite
3D materials, it is necessary to introduce
additives that will either improve the properties
of the basic material (matrix), or give to it new
properties without changing or improving the
original properties of the base material
(supporting matrix). Therefore, to achieve the
best effect, it is necessary to introduce a
minimum quantity of additives that gives the
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new properties to composite materials. In the
work of other researchers, the content of carbon
materials in composites ranged from one to
several tens of percent. In this regard, one of the
problems is to determine the minimum content
of carbon nanostructures in the composite
material, which will ensure the maximum effect
of the predicted properties in the 3D product.

MATERIALS AND EQUIPMENT

To create composite 3D products, the carbon
nanofibers with a diameter of 100-200 nm
(brands C1234NMG) [1], multi-walled carbon
nanotubes (MWCNT) with a diameter of
10-50 nm (brands CI1214NMGS) [1], thin
carbon nanotubes with a diameter of 5-10 nm
(brands C1226NMG) [1] were synthesized by
the pyrolytic method, and TiO» powder (brand
“Degussa P25”, which includes the phase of
anatase and rutile in the ratio of 3:1) [2] was also
used. CJP (Color Jet Printing) or 3DP (3D
Printing) technology is an additive technology of
injection manufacturing of three-dimensional
objects by the method of discrete layer-by-layer
printing, where the consumables have a loose
powder form (ceramics, plaster, plastic, CNS,
etc.). Each layer of printing is impregnated with
an adhesive. The mechanical mixture for
3D printing of CJP technology was prepared by
mixing of carbon nanostructures with metal
oxide (TiO;) in a planetary ball mill. Such
parameters as rotation speed, milling time, type
and mass content of CNTs were changed.

The samples were examined using
transmission electron microscopy (TEM) on
EMW-100B and JEOL JEM-100 CX
instruments. A field emission scanning electron
microscope (SEM) Zeiss LEO SUPRA 25,
equipped with an EDX nozzle for X-ray
microanalysis of the elemental composition of
the sample surface, was used to study the surface
of mechanical mixtures (CNS/TiO;). A
QUADRASORB SI analyzer was used to
measure the specific surface area. The electrical
conductivity of 3D products was determined on a
P-30S potentiostat (Elins Co) using four- and
two-zone cells with electrodes with a diameter of
0.5 and 0.3 cm. To create samples in the form of
3D products, a 3D printer of CJP technology of
the ProJet 860 Pro brand with an industrial-scale
printing chamber (508x381%x229 mm) was used,
which will allow for quick adaptation of the
developed technology on a production scale.
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To study the electrocatalytic activity during
oxygen reduction of the obtained composite
3D products, the platinum (Pt) clusters were
deposited on their surface. Tests were performed
with a cathode for simulating fuel cells. Cyclic
voltammograms were recorded at different
speeds with a potential sweep, which blowing air
through gas channels. After registration, the
stationary currents were recorded on cyclic
voltammograms in potentiostatic mode. A P-30S
potentiostat and a Z-500PX impedance meter
(Elins Co) were used for this purpose.

RESULTS AND DISCUSSION

To study the dependence of the electrical
conductivity of 3D products on the content of
carbon nanomaterials, mixtures with a MWCNT
content of 1 to 5 wt. % were prepared. After
processing on a planetary ball mill, the samples
of oxide powders and nanotubes had a same
form, but in the study by transmission electron
microscopy (TEM) the carbon nanotubes were
not observed alone in samples of mixtures
containing 1 and 2wt.% MWCNT. At a
MWCNT content of 3 wt. % both bundles of
nanotubes and individual tubes were observed.
In mixtures with a MWCNT content of 5 wt. %
there was a large number of nanotube bundles
distributed between the titanium oxide particles
(Fig. 1). As a result of planetary ball mill

processing, the homogeneous mechanical
mixtures (TiO,/ MWCNT) were obtained,
which are ideal for application in CJP

3D printing technology. Optimal conditions were
determined and selected - the processing time,
degree of loading, type and content of carbon
nanomaterial.

The study of specific electrical conductivity
(G) of composite 3D products from mechanical
mixtures based on titanium oxide (TiO,) with
different content of carbon nanotubes showed
that the dependence has an exponential form.
With a MWCNT content of 1-2 wt. %, the
specific  electrical ~ conductivity  remains
practically unchanged and is approximately
5x10°° Siemens/centimeter (S/cm). An increase
in the content of nanotubes to 5 wt. % leads to a
sharp increase in the value of G (2.2x1072 S/cm).
It is also possible to observe a jump in specific
electrical conductivity up to 2.2x107 S/cm at
3 wt. % CNT (Fig. 2).
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Composite based on ceramics filled with
5 wt.% MWCNT (TEM)

Fig. 1.

-
2
e

/.

—
b
-

[
4
™

"
el
Fad

Electrical conductivity (S/fem)
=
1 mla‘

-
<
-

T T T T T
0 1 2 2,5 3 4 5
Content of MWCNT, (wt.% ).

-
&2

.
N

Dependence of the electrical conductivity of
composite (MWCNT / TiO,) 3D products on
the mass content of carbon nanotubes

To select the optimal speed (wheeling
number) and milling time in a ball mill, a
mechanical mixture was used, where the carbon
nanostructures content was 3 wt. %. Experiments
showed that the highest electrical conductivity of
3D products made of floured mechanical
mixtures (CNS/Ti0O) was achieved at a rotation
speed of 100 rpm. within 30 min. (Figs. 3, 4). A
further increase in the processing time or the mill
rotation speed leads to the creation of defective
carbon nanostructures and the rearrangement of
the CNS, therefore, all this reduces the electrical
conductivity of 3D products.

At the studying of the electrical conductivity
of the created 3D products made from
mechanical mixtures that differed in the type of
used carbon nanostructures (SWCNT, MWCNT
and CNF), it was found that the composite
3D products with multi-walled carbon nanotubes
have the best electrical conductivity (Fig. 5). At
the same time, the value of G of composite
3D products  with  single-walled  carbon
nanotubes is two orders of magnitude lower, and
the composite with carbon nanofibers has the
worst electrical conductivity. We think that this
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is due to the deformation effect of ball mill
processing on the mechanical mixture that
contains carbon nanostructures.
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Fig. 3. Dependence of the conductivity of
composite 3D products (TiO-—MWCNT,

where content of MWCNT is 3 wt. %) on the
speed (wheeling number) on the ball mill

Electrical conductivity (S/cm)

10* T T T T

0 . .45
Time (min.)

Fig. 4. Dependence of the conductivity of
composite 3D products (TiO-—MWCNT,
where MWCNT content is 3 wt. %) on the

time of milling (processing) on a ball mill

That is why, for a detailed description of the
conditions for the formation of composite
3D products with using a ball mill, the
magnitude of the deformation effect on the
mechanical ~ mixture  during  mechanical
processing was determined. To determine the
magnitude of the deformation effect, it is
necessary to calculate the energy which is
transferred to the sample during milling in a ball
mill. This method uses a universal value, that
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allows you to ignore the type of mill and to a
certain extent facilitates the production and
optimization of the processes of forming
mechanical mixtures (metal oxide/CNS) in the
conditions of various grinding and mixing
machines.
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Fig. 5. Dependence of the electrical conductivity of
composite 3D products (CNS-TiO,, where
the content of CNS is 3 wt. %) on the type of

carbon nanostructures contained in ceramics

According to the results of the calculations
of the deformation effect dose and the electrical
conductivity data of the mechanical mixtures, the
graphs of the dependence of the electrical
conductivity of  composite 3D products
(MWCNT-TiO) on the deformation effect dose
on the composite samples were plotted (Fig. 6).
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Fig. 6. Dependence of the electrical conductivity of
composite 3D products (MWCNT-TiO,,
where the content of MWCNT is 3 wt. %) on
the deformation effect dose of the ball mill

on the mechanical mixture
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As can be seen from Fig. 6, composite
3D products obtained by mechanical processing
of mechanical mixtures at the deformation effect
dose of 76 J/g have the highest specific electrical
conductivity  (4.5x10° S/cm). A further
increasing of the load and time of mechanical
mixtures (MWCNT/TiO,) processing with a ball
mill leads to a decrease in electrical
conductivity, which, obviously, occurs due to the
grinding of the oxide and the destruction of
carbon nanostructures. This assumption is
confirmed by the value of the specific surface of
the composites, which has a value from 55 m%g
for composites obtained at the deformation effect
dose (mechanical action) of 38 J/g, to a specific
surface of 80 m*/g for composites obtained at the
deformation effect dose of 9.6 kl/g.

The main thing is the fact that when
processing of mechanical mixture (titanium
oxide/CNT) in a ball mill at the speed of
100 rpm for 30 minutes, the dose of deformation
effect (76J/g) is reached. Such value is
insufficient for impairment of electrical
conductivity of the formed composite. In
addition, such mechanical treatment contributes
to the formation of a sufficiently homogeneous
mechanical mixture for use in 3D printing
technology CJP and for creating of electrically
conductive composite 3D products with a
specific surface area of 55 to 80 m?/g.

To evaluate the effectiveness of using the
CNT-TiO; composite for 3D printing as a
catalyst bearer in electrochemical devices, the
samples of 3D products Pt/TiO,—CNT with
different percentages of carbon nanotubes were
prepared and their electrocatalytic activity was
investigated using an electrode modeling cathode
of a fuel cell. Platinum was applied by plasma
spraying. According to the data of scanning
electron microscopy (SEM), Pt particles are
distributed on the surface of the composite
3D product (TiO,-CNT) quite uniformly, where
their average size is 5—10 nm (Fig. 7). According
to EDX data, the content of Pt in 3D products is
approximately ~10 wt. %.

The volt-ampere characteristics of the
Pt/ TiO,-MWCNT composite systems with
different mass content of carbon nanotubes (3, 5,
15, and 50 wt.%) are shown in Fig. 8.

Composite 3D products with 5 wt. %
MWCNT content are the most effective for
creating an electrically conductive composite.
Composite 3D products with MWCNT content
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of 3 wt. % have a smaller number of extended
carbon structures that provide electron transfer,
and in 3D products with MWCNT content of 15
and 50 wt. %, they show low efficiency of the Pt
catalyst, which may be related with difficulties
in contact with the reaction environment due to
the large amount of carbonaceous material.

Fig. 7. Composite

3D products
with catalyst clusters (Pt) applied to the its

(MWCNT-TiO,)

surface
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Fig. 8. Volt-ampere characteristics of the Pt/ TiO»-
MWCNT system with different mass content
of carbon nanotubes

CONCLUSIONS

Within the framework of work:

e A possibility of creating a mechanical
mixture of TiO»/CNS for 3D printing of CJP
technology, which is used as a consumable raw
material for the manufacturing of electrically
conductive composite 3D products, has been
found;
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e A possibility of application of various
carbon nanostructures (single- (SWCNT) and
multi-walled carbon nanotubes (MWCNT) and
carbon nanofibers (CNF)) in the creation of
composite 3D products (TiO—CNS) by CJP
3D printing technology has been found;

e The mechanism for creating of electrically
conductive mechanical mixtures for 3D printing
of CJP technology has been elucidated;

e The optimal conditions for processing of
mechanical mixtures (TiOo/MWCNT) on a
planetary ball mixer for composite 3D products
(CJP) were justified, where the speed of rotation
will be 100 rpm for 30 min;

e The dose of deformation effect on the
mechanical mixture under optimal conditions of
mechanochemical processing (76 J/g), which
allows not to impair the electrical conductivity of
the material, was found;

e The fact of creating a homogeneous
mechanical mixture (TiOo/CNS) with a specific
surface from 55 to 80 m?/g for its application in

3D printing technology (CJP) has been
discovered;
eIt was found that when creating

electrically conductive ceramics using CJP
3D printing technology, carbon nanostructures

(CNSs) require special processing, since
damaged (defective) CNSs change their
electrical conductivity;

e The dependence of the electrical

conductivity of composite 3D products (CNS-TiO,,
where the content of CNS is 3 wt. %) on the type
of carbon nanostructures (SWCNT, MWCNT
and CNF) contained in ceramics (TiO;) was
found;

e [t was found that composite 3D products
(CJP) with multi-walled carbon nanotubes have
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the best electrical conductivity in contrast to
other CNS;

e The exponential dependence of specific
electrical conductivity (G) of composite
3D products (TiO.—MWCNT) on the mass
content of multi-walled carbon nanotubes was
found. It was also recorded that with a content of
5 wt. % MWCNT the 3D product has the most
effective electrical conductivity (2.2x107 S/cm).
And when adding 1-2 wt. % MWCNT to the
composite 3D product, the electrical
conductivity of titanium oxide almost does not
change (~5x10°° S/cm);

e [t was found that the Pt/TiO,- MWCNT
catalyst, which contains 5 wt. % of carbon
nanotubes, has the best catalytic activity in
oxygen reducing in the cathode electrode
simulating fuel cell. At the same time, the
average size of Pt particles is 5-10 nm, and the
content of Pt in the samples, according to EDX
data, is approximately ~10 wt. %;

e It was found, and in the Pt/TiO,-MWCNT
composite with the MWCNT content of 15 and
50 wt. %, the low efficiency of the Pt catalyst is
shown, which may be associated with difficulties
in contact with the reaction environment due to
the large amount of carbon material;

o A fuel cell cathode based on a Pt/TiO»-

MWCNT  composite was created using
3D printing of CJP technology.
But we Dbelieve that if composite

3D products obtained by synthesizing of carbon
nanostructures directly on the surface of particles
of oxide powders of the composite will have
close contact between the composite
components, and therefore will have better
electrical conductivity.
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EnexkrponpoBigni komnosutu Ha ocHOBi TiO:2 Ta ByrieneBuX HAHOCTPYKTYP, BUTOTOBJICHI
npu BukopucranHi 3D apyky Ttexnoaorii CJP
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B pobomi cmeopeno mexaniuni cymiuti oxcudy mumany (TiO;) 3 gyeneyeeumu Hanocmpykmypamu oas 3D opyky
mexnonozii CJP, ski euxopucmosylomv 5K GUMPAMHY CUPOBUHY Ol BUSOMOBGILEHHSI  eleKMPONPOGIOHUX
xkomnosumuux 3D eupobie. Buxopucmarno pisHi gyeneyegi HaHocmpykmypu (00HO- [ 6azcamocminui 8yeieyesi
HaHOmMpyoOKu ma eyeneyesi HAHOBONOKHA) ¥ cmeopeHHi komnosumuux 3D eupobie (TiOr-BHC) mexnonozciero 3D
opyky CJP.

Jlocniodceno i 3anponoHOBAHO ONMUMANLHI  yMOo8U 00pobku mexaniynux cymiwei (TiO/BBHT) Ha
NIAHEMAPHOMY KYIb08OMY 3miutyeayi O komnosumuux 3D eupobie (CJP). Busnauena 0osa Oegopmayitinoco
BNIUBY HA MEXAHIYUHY CYMIW NpU ONMUMATLHUX YMOBAX MEXAHOXIMIuHOT obpobxu (76 [Jc/2), wo dozeonsic He
no2ipuumu eneKmponposionicmes mamepiany.

Iobyoosana 3anedxcnicmv  enexmponposionocmi komnosumuux 3D eupobie (BHC/TiO; 0e emicm BHC
3 mac. %) 6i0 muny eyeneyesux nanocmpykmyp (OBHT, BBHT ma BHB), wo micmamucs 6 kepamiyi (TiO;). Takooic
6 pobomi 3aiKco6ana eKCNOHEHYIANbHA 3aneNHCHicmb numomoi enexkmponposionocmi (G) komnozumuux 3D eupobis
(TiO-BFBHT) 6i0 macosozo eémicmy 6a2amoCmiHHux gyeieyeéux HaHompyooK.

B pamkax odocnioscenns enexmponpogionocmi xomnozumuux 3D eupobis (CJP) cmeopeno xamod nanusHoi
Komipku Ha ocHogi komnosumy Pt/TiO—BBHT. Bcmanoeneno, wo xamanizamop Pt/TiO,—~BbBHT, sxuii micmume
S mac. % gyeneyesux HaHOMpPYOOK, MAE HAUKPAWY KamManimuuHy akmueHicme y iOHoenenHi Kuchio. Ilpu yvomy
cepeodHitl posmip yacmunox naamunu (Pt) ckradae 5—10 Hm, a emicm Pt 6 3paskax 3a oanumu EDX cmarnosumse
npubauzno ~I10mac. %. Takodc npoeedeni docniddcennsn iz cmeopenusi komnosumy Pt/TiOr-bBBHT i3 emicmom
BBHT 15 ma 50 mac. %. Ilpogedeno ananis 3paskie npoceiuyrouolo i CKauyo4oio eneKmpoHHoI0 MiKpOCKONICEIO.

Knrouosi cnosa: syzneyesi nanocmpykmypu (BHC), unanoxomnosum (TiOr-BHC), oxcuo mumany (TiO),
e1eKmMpPOnPOGIOHICTNG, KAMANIMUYHA akmusHicmo, gyaneyesi nanompyoxku (BHT), Pt/TiO,—BHT, 3D opyk, adumuena
mexnonozis, CJP, nanuena xomipka, 600He68a eHepeemuKa
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