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Composites based on both nanodispersed calcium hydroxyapatite and ul-
trafine graphite are synthesized for the first time. The morphological fea-
tures and electronic structure of the complexes are investigated. As revealed,
the modification of a composite based on nanodispersed apatite, ultrafine
graphite, cellulose fibres by means of the epoxy oligomer with a hardener has
a significant effect on the complex properties of the material obtained, in
particular, leads to the appearance of electrical conductivity of the sample.
Two types of samples are obtained: I) composite of Ca,y(PO,)¢(OH),+ graph-
ite + cellulose fibres; II) composite of Ca,y,(PO,)s(OH),+ graphite + cellulose
fibres + epoxy oligomer. Electron scanning microscopy and x-ray photoelec-
tron spectroscopy are used to study the structural features and electronic
structure of the samples. Composite I is a connection, in which there are con-
ductive and non-conductive components. Modification of the composite by
means of the epoxy oligomer with a hardener leads to the appearance of elec-
trical conductivity in the material. As shown, the addition of an epoxy oligo-
mer makes minor change in the morphological parameters of the sample at
the nanolevel. For composite II, an increase in the relative share of C=0
bonds in the total balance of carbon bonds is observed. The resulting compo-
sites have a high thermal stability inherent in hydroxyapatite and may be
promising for use in a wide range of applications.

Bmoepiire cuHTE30BaHO0 KOMOO3UTH HAa OCHOBI HAHOAMCIEPCHOTO TipoKcoama-
TUTY KaJbllil0 ¥ yJabTpagucunepcHoro rpadiry. Hocaimxeno mopdosoriuni
0COOJIMBOCTI I eJIEKTPOHHY OyIO0BY KOMILJIEKCiB. BeTamoBieHo, 1110 MoguGiKy-
BaHHA KOMIIO3UTY HA OCHOBiI HAHOAUCIIEPCHOTO allaTUTY, YJIbTPALUCIEPCHOTO
rpagiTy, IIeJI0JO3HUX BOJOKOH €IMOKCUIHUIM OJIITOMEPOM i3 3aTBepAKyBadyeM
Ma€ iCTOTHHY BIIJIMB HAa KOMILJIEKC BJIACTHBOCTEH OIEPIKaHOr0 MaTepisiry, 30-
KpeMa TPUBOIUTH A0 BUHUKHEHHS €JIeKTPOIPOBimHOCTH 3paska. OmepikaHO
3pas3ku aBox Buzis: I) kommosut Ca,y(PO,)s(OH), + rpadirt + 11e/1t0/103H1 BOJIOKHA;
IT) xommosur Ca,,(PO,)s(OH),+rpadiT-+11e/1t0/103Hi BOJIOKHA + €TTIOKCUAHUM O0JIiro-
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mep. MeTomaMu eJleKTPOHHOI CKaHyBaJbHOI MiKpocKomii Ta peHTI'eHiBChbKOI
¢ oTOeIeKTPOHHOI CIeKTPOCKOMiil JOCTiAKeHO CTPYKTYPHI 0COBIMBOCTI i1 ese-
KTpOoHHY OynoBy 3paskiB. Kommosut I aBisde co6oio 3’egHaHHA, B IKOMY IIPHU-
cyTHi IpoBiznHi Ta HenpoBinHi ckaanoBi. MogudikyBaHHA KOMIIO3UTY €IIOKCU-
IHUM OJIITOMEpOM i3 3aTBep/sKyBaueM IPUBOIUTH 0 IIOSABU €J1eKTPOIIPOBiIHO-
ctu y marepiany. IlokasaHno, 110 AoJaBaHHS €IOKCHUIHOTO OJIirOMeEpy MaJo
3MiHIOe Mopdosoriuni mapamerpu 3paska Ha HaHopiBHi. [iua xKommosuty II
crocrepiraetrbea 30igbITeHHA BimHOCHOI yacTKu 3B’sA3KiB C=0 B 3araJbHOMY
b6ananci 3B’askiB Kapb6ony. Omep:KaHi KOMIO3UTH MAalOTh BHUCOKY TEPMiuHY
CTifiKiCTh, BJIACTUBY TiJPOKCOATIATUTY, i MOXKYThH OYTH MEPCHEKTUBHUMU AJI5
BUKOPUCTAHHSA B IIMPOKOMY CIIEKTPi 3aCTOCYBaHb.

Bunepsbie cCMHTE3UPOBAHBI KOMIIO3BUTHI HA OCHOBE HAHOAVCIIEPCHOTO TUAPOKCO-
amaTuTa KaJblud U yJIbTpagucuepcHoro rpadura. McciegoBaHbl MOPHOIOTH-
YyecKue 0COOeHHOCTH U 9JIeKTPOHHOE CTPOeH e KOMILJIEKCOB. ¥ CTAHOBJIEHO, UTO
MoAMMpUIIMPOBaHNEe KOMIIO3UTA HA OCHOBE HAHOAWCIEPCHOTO alaTUTAa, YJb-
TPagUCIEPCHOr0 rpaduTa, 1Me/II0J03HbIX BOJOKOH SIMOKCUIHBIM OJIUTOMEPOM
C OTBEPAUTEJIEM OKA3hIBAET CYIIeCTBEHHOE BINAHNE HA KOMILJIEKC CBOMCTB IIO-
JIyYeHHOTO Marepuaja, B YaCTHOCTHU IPUBOAUT K BO3HUKHOBEHUIO 3JIEKTPO-
npoBoauMoOCTH obpasma. IlomydeHbl o00pasibl OBYX BHIOB: I)KOMIIO3UT
Ca,((PO,);(OH), + rpadur + 1esmtono3ubie BosokHa; II) kommosur Ca,(PO,)s(OH), +
rpauT + IeJIJII0JIO3HbIe BOJIOKHA + 9IOKCUAHBIN oauromep. Meromamu asJieK-
TPOHHOU CKaHUDPYIONell MUKPOCKOINY U PEHTTeHOBCKOU (DOTO3JIEKTPOHHON
CHEeKTPOCKOIIMK HCCJIEeIOBAHLI CTPYKTYPHBIE OCOOEHHOCTH U 3JIEKTPOHHOE
crtpoeHne o0pasios. Kommosurt I mpeacraBisger coboil coefnHeHe, B KOTOPOM
IIPHUCYTCTBYIOT IPOBOAAIIME ¥ HEIPOBOAIIME cOCTaBAoNne. Monguduranusa
KOMIIO3UTA SMOKCHUIHBIM OJIMTOMEPOM C OTBEPAHUTEJIEM IIPUBOIUT K IIOSBIIE-
HUIO BJIEKTPOIIPOBOAUMOCTU y Marepuaja. IlokazaHo, 4YTo JoOaBJieHUE SIIOK-
CHUIHOTO OJIMrOMepa MaJio MeHseT MOp(OoJIOrMYecKre IapaMeTpbl o0pasiia Ha
Ha"HoypoBHe. [lna xommosurta II HaGiiomaeTcA yBequdYeHHE OTHOCUTEJIHLHOM
nmoau cBaseit C=0 B o061iem OasaHce cBsa3seli yriaeponaa. IloayueHHbIe KOMIO3U-
Thl UMEIOT BBICOKYIO TEPMUUYECKYIO YCTONUMBOCTD, IPUCYIIYIO THIPOKCOAIa-
TUTY, X MOTYT OBITh IIEPCIIEKTUBHBIMY AJIA UCIIOJb30BAHUSA B IITMPOKOM CIIEK-
Tpe IPpUMeHeHUHA.

Key words: composite, nanodispersed hydroxyapatite, ultrafine graphite,
epoxy oligomer, current-conducting ceramics.
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1. INTRODUCTION

The development of technologies for producing new composite mate-
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rials based on calcium hydroxyapatite (HAP), a chemical analogue
of the bone mineral, is primarily aimed at improving the properties
of existing bioimplants based on HAP. When restoring bone, one of
the important conditions is the electrical conductivity of the im-
plant, which is necessary for the passage of electrical nerve impuls-
es; that is why recently the main attention of researchers engaged
in the synthesis and properties of composites based on HAP has
been paid to the problem of high electrical conductivity. In addi-
tion, to obtain a composite, you can use either a polymer with high
electrical conductivity, which is biotolerant, or various carbon ma-
terials. In addition to biomedical applications, HAP recently used in
sensory and other microelectronic devices. Composites based on
HAP and carbon materials have high thermal stability. Stoichio-
metric HAP is stable up to 1350 degrees Celsius. In the work of F.
Chen et al. [1], based on hydroxyapatite nanowires, a design of elec-
trically conductive paper was proposed. Since electronic devices are
susceptible to the environment, for example, humidity, gas pollu-
tion or high temperature, the improvement of their applied proper-
ties, in particular electrical conductivity, remains a key condition
for research in this direction. A number of publications are devoted
to this problem, in particular, Refs. [1-6].

It is known, including from our works, that the native bone has a
significant piezoelectric effect, which implies the use of composites
based on calcium hydroxyapatite and ultrafine graphite as bone
substitutes. In works [7—9], it was shown that external electrical
stimulation of the damaged bone promoted progressive healing. In
addition, the use of carbon nanomaterials, in particular, carbon
nanotubes, significantly improves the mechanical properties of im-
plants.

In this work, we synthesized composites based on nanodispersed
calcium hydroxyapatite, ultrafine graphite, cellulose fibres, and
conductive epoxy oligomer. Such composites are highly thermally
stable and can be used for various medical and technical purposes.

2. METHODS OF FABRICATION OF SAMPLES

To obtain conductive samples of composites, the following basic re-
agents were used: 4-water crystal hydrate of calcium nitrate
(Ca(NO;),4H,0), 12-water crystal hydrate of acid salt of sodium
phosphate (Na,HPO, 12H,0), ammonia hydrate (NH,OH), cellulose
fibres, ultrafine graphite, epoxy oligomer, hardener for epoxy oli-
gomer.

The method of obtaining samples was as follows.

Ca(NO;),-4H,0 40 g and Na,HPO,-12H,0 40 g separately dissolved
in distilled water under heating. After dissolving, the solution
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Na,HPO,12H,0 was added to the solution Ca(NO,),-4H,0, wherein
ammonia hydrate was added in parallel to maintain the acidity of no
less than 10. After adding ammonia hydrate, the solution was left
to warm for 1.5 hours with constant stirring, then, 10 g of ul-
trafine graphite and 4 g of cellulose fibres were added to the solu-
tion, following which the solution was left for another 24 hours
without stirring and heating. As a result of the operations carried
out during the specified time, precipitate was formed, namely, hy-
droxyapatite, the particles of which were located in the interfibre
space of cellulose along with graphite particles. After the end of the
24-hour period, the resulting mass was filtered and dried.

From the dried mass of HAP + graphite + cellulose fibres in the
fluoroplastic form, a sample of a given shape and size was formed.
The sample was impregnated with a solution of epoxy resin and
hardener and heated for 1 hour.

Two types of samples were obtained: I) composite Ca;o(PO,)¢(OH), +
+ graphite + cellulose fibres; II) composite Ca,o(PO,)s(OH),+ graphite +
+ cellulose fibres + epoxy oligomer.

To study these composite materials, we used the methods of
scanning electron microscopy (SEM), x-ray photoelectron spectros-
copy (XPS), energy dispersive x-ray spectroscopy (EDS).

X-ray photoelectron spectra of the composites under study were
obtained on a ‘JSPM-4610° photoelectron spectrometer of the
‘JEOL’ company using non-monochromatic MgK, (1253.6 eV) x-ray
source. During the experiment, the vacuum in the analytical cham-
ber was 107" Pa, the accuracy of determining the electron binding
energy was 0.1 eV. Due to the study of the conductive properties of
the composites, upon receipt of the photoelectron spectra of the el-
ements, gold was not deposited on the sample surface.
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Fig. 1. SEM images of samples Ca,,(PO,);(OH), + graphite + cellulose fibres
(a) and Ca,((PO,)s(OH), + graphite + cellulose fibres + epoxy oligomer (b).
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3. RESULTS AND DISCUSSION

At low magnification in SEM images (Fig. 1), there is a significant
difference in the morphology of the samples. The composite
Ca,((PO,)s(OH), + graphite + cellulose fibres (Fig. 1, a) represents
separate massive sphere-like fragments, while the presence of an
epoxy oligomer in the structure of the second composite (Fig. 1, b)
contributed to the formation of fibres that bind the particles.

With increasing resolution, one can observe the transformation
of the morphological features of the samples (Fig. 2). As can be
seen at 20 um scale (Fig. 2, a, b) in sample I, objects of a regular
shape with a size of 1 to 10 um are observed, while the sample II
shows an almost uniform morphological pattern over the entire sur-
face under study. In some cases, on the samples of I** type were
clearly observed plates of various shapes with the above dimensions.
The first sample is characterized by the presence of pores with sizes
up to 1.5 um. It is obvious that the presence of epoxy oligomer in
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Fig. 2. SEM images of samples of Ca,,(PO,);(OH),+ graphite + cellulose fibres
(a, ¢, e) and Ca,;(PO,)s(OH),+ graphite + cellulose fibres + epoxy oligomer (b, d, f).



458

L. I. KARBIVSKA, S. S. SMOLYAK, V. L. KARBIVSKYY et al.

the second sample leads to a continuous pattern without pores and
clearly observed microobjects.

Turning to a larger increase (Fig. 2, ¢, d) in sample I, two-
dimensional objects with a size of up to 3 um are observed in detail.
Oblong fibre-like inclusions with the same characteristic dimensions
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also can be seen. At the same magnification, the second sample
shows significant differences characterized by the monotony of the
observed surface. However, at the same time, characteristic inclu-
sions with a size of 1.0-2.0 um are observed in a considerable part
of the surface. For the first sample, observation of pores with even
smaller sizes is noteworthy.

At the nanolevel, both samples are characterized by the presence
of fibres with a diameter of = 20 nm and a length of up to 300 nm.
Consequently, the addition of an epoxy oligomer changes a little the
morphological parameters of the second sample at the nanolevel.

Using the XPS method, it is found a significant difference in the
electronic structure of the synthesized composites. A comparative
analysis of the XPS spectra (see Figs. 3 and 4, which show the Cls
spectra of both composites) showed that the samples contain —C—-C—
bonds as well as bonds characteristic for complex carbon compounds
of the —C—0O—- and C=0 types.

The carbon spectra for a composite containing an epoxy oligomer
have a more complex fine structure, since the epoxy oligomer con-
tains a significant amount of different carbon bonds. The position
of the components of the decomposition of the Cls electron spectra
for both composites is given in Table.

The decomposition of the spectra into components was carried out
with preservation of characteristic full width at half-maximum in-
tensity for the corresponding carbon bonds. As can be seen from the
experimental data, the number of O—C—-0O bonds (peaks around 287.6
eV) for both samples remains almost the same. There is a greater
variety of C—O bonds for the first sample, which indicates a greater

TABLE. Binding energy (eV) and full width at half-maximum intensity
(eV) of the core levels of atoms of the compounds at issue.

Compound | O1s | P2p | Ca2p,, | Cls
284.1 (1.7) —C=C-
285.4 (2.0) -C-0-

Composite

531.7 134.0 348.1 287.6 (2.0) -C-0-
. éfi;“ﬁi?l“ﬁ?ﬁ?fole) (3.9) (4.0) (3.0) 289.8 (2.0) -C=0
291.2 (2.0) -C=0
293.6 (2.3) satellite
284.1 (2.0) —C=C-
Composite 286.3 (2.0) —C-0—
(Ca,o(PO,)s(OH) + 532.2 347.3 287.7 (2.0) —-0-C-0-
+ graphite + cellulose + (3.0) o (2.0) 289.0 (2.0) -C=0
+ epoxy oligomer) 290.1 (2.0) —C=0
290.9 (2.0) -C=0
Ca (PO, ),(OH), 531.2 133.3 347.3 .

(2.0) (2.4) (2.0)




460 L. I. KARBIVSKA, S. S. SMOLYAK, V. L. KARBIVSKYY et al.

variety of the local environment of carbon atoms.
At the same time, the number of non-bridged carbon bonds of the

—C—-O-— type is significantly reduced in the second sample. This fact
correlates with the change in the Ols line width in the second sam-
ple, that is 0.9 eV less than in the first one. This indicates a
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Fig. 5. XPS-spectra of the sample Ca;o(PO,)s(OH), + graphite + cellulose fibres:
(a) Ca2p, (b) P2p, (c) Ols.
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greater structural ordering of carbon atoms.

In the second sample, an increase in the relative share of C=0
and C-O bonds in the total carbon bond balance is observed. Based
on the ratio of the experimental intensities of the peaks of = 290.0
eV, it can be argued that the increase parameter is in the range
from 1.3 to 1.4. The peak at about 293.6 eV in the first sample
characterizes the satellite structure of the carbon spectrum. Its ab-
sence in the second sample indicates a significant change in the
crystal field near carbon atoms. An increase in the number of de-
composition components in the second sample also indicates an in-
crease in the number of inequivalent carbon positions in the com-
pound with the epoxy oligomer.

An analysis of the XPS data of both composites showed (Figs. 5,
6, Table) that the presence of an oligomer in the composite struc-
ture leads to a redistribution of the charge of atoms. As seen from
Table, modification of the composite with an epoxy oligomer leads
to a decrease in the negative charge on oxygen and an increase in it
on calcium atoms, which indicates a decrease in the ionic component
of the chemical bond in the overall balance of the chemical bond.

It is noteworthy that for composite I, the x-ray photoelectron
lines of the Ca, P, O elements have ‘clones’ and are shifted toward
higher energies that indicates that the sample is charging during
the process. Moreover, the intensity of doublet lines for the first
sample is substantially higher. At the same time, XPS spectra of a
composite with an epoxy oligomer do not have twinning of lines
(see, for example, Fig. 6). This indicates that sample I contains both
conductive fragments associated with graphite and fragments exhib-
iting the dielectric properties of hydroxyapatite. The SEM image of
sample I obtained using energy dispersive x-ray spectroscopy con-
firms that carbon is unevenly distributed across the composite (Fig.
7). In the second sample, the presence of an epoxy oligomer pro-
vides the percolation effect of conductive areas and, consequently,
the sample exhibits conductive properties.

The full width at half-maximum intensity of the spectrum of
Ca2p for the studied compounds varies by almost 2 times. For stoi-
chiometric calcium apatite, Ca;o(PO,)s(OH),, according to Table, it is
2 eV. At the same time, for the composite I, the full width at half-
maximum intensity of the Ca2p spectrum is 3.9 eV. Upon transition
to composite II, the full width at half-maximum intensity decreases
to 3.0 eV. This kind of result shows that nanodispersed calcium ap-
atite having a large portion of calcium atoms on the surface, be-
cause of interaction during the synthesis of composites, forms a
significant number of bonds leading to a large number of non-
equivalent calcium positions. The presence of a significant amount
of calcium on the surface of not only nanodispersed apatite, but al-



462 L. I. KARBIVSKA, S. S. SMOLYAK, V. L. KARBIVSKYY et al.

BER

100 pm

Fig. 7. SEM image of sample Ca;,(PO,)s(OH),+ graphite + cellulose fibres
obtained using energy dispersive x-ray spectroscopy.

so composites has been confirmed by electron-microscopy studies
(Fig. 7). There is a significant crimson colour of the image, which,
as indicated on the palette, is characteristic of oxygen. With the
oligomerization of the first composite, a significant ordering and a
decrease in the number of non-equivalent positions of calcium atoms
are observed. Thus, in the second composite, the full width at half-
maximum intensity of the Ca2p spectrum is significantly reduced
compared with composite I.

The positions of the maxima of the Ca2p spectrum for composite
II and stoichiometric apatite coincide, while for composite I, there
is a significant energy shift up to 0.8 eV towards higher binding
energies that indicates a significant offset of electron density from
calcium atoms. With regard to the behaviour of the Ols level max-
imums, a significant symbasis is noted.

During the transition to the composite, both position and width
of the phosphorus line change significantly (Table) that is a conse-
quence of the significant deformation of the phosphorus tetrahedra
and, as a result, the presence of a significant amount of non-equivalent
phosphorus positions, which affects the width of the P2p line.

4. CONCLUSIONS

Composites based on nanodispersed calcium hydroxyapatite and ul-
trafine graphite were synthesized for the first time. Two types of
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samples were obtained: I) composite Ca;o(PO,)s(OH), + graphite + cel-
lulose fibres; II) composite Ca,o(PO,)s(OH), + graphite + cellulose fi-
bres + epoxy oligomer. Electron scanning microscopy and x-ray pho-
toelectron spectroscopy were used to study the structural features
and electronic structure of the samples. Composite I is a compound,
in which there are conductive and non-conductive components. Mod-
ification of the composite with an epoxy oligomer with a hardener
leads to the appearance of conductivity in the material.

Composites have a different surface structure on almost all scales
of the hierarchical structure. However, it was shown that the addi-
tion of an epoxy oligomer does not significantly change the morpho-
logical parameters of the sample at the nanolevel.

Analysis of the XPS data from both composites showed that the
addition of graphite or/and epoxy oligomer significantly changes
the charge states of atoms and the nature of the chemical bond in
the sample. Adding an epoxy oligomer to the composite leads to a
decrease in the negative charge on oxygen and an increase in the
negative charge on calcium atoms that indicates a decrease in the
ionic component of the chemical bond in the overall balance of the
chemical bond.

In addition to —C—C— bonds, —C—0O— and C=0 bonds’ characteris-
tics of complex carbon compounds are found in the compounds un-
der study. For composite II, an increase in the relative share of C=0
bonds in the total balance of carbon bonds is observed.

Microscopic and XPS data showed the presence of a large number
of both conductive and non-conductive sites in composite I. The
presence of a percolation effect is revealed, which leads to a slight
electrical conductivity of the composite I. Adding an epoxy oligo-
mer to composite II contributes to the formation of much stronger
bonds between the conductive fragments of the sample, and, there-
fore, composite II is much more uniform in conductivity and exhib-
its conducting properties. The resistive and reactive impedance of
samples was measured by electrophysical methods.

The resulting composites have a high thermal stability inherent
in hydroxyapatite and may be promising for use in a wide range of
applications. Thus, it was found that modification of the composite
based on nanodispersed apatite, ultrafine graphite, cellulose fibres
with an epoxy oligomer with a hardener has a significant impact on
the complex properties of the material obtained, in particular, leads
to the appearance of electrical conductivity of the sample.
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