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Recently, specific carbon-based nanomaterials (quantum dots, CDs) became highly attractive due to their low
toxicity, good biocompatibility, chemical inertness, high photostability and fluorescence. Doping with some
heteroatoms was found to be an effective approach to improve their luminescence. Besides, using the surface of
silica as a support might facilitate the nanodots formation and expand the application area of carbon-silica
composites. Recent advancements in synthesis of luminescent silica/CDs composites revealed great potential of such
systems in bioimaging, sensor, as well as in solid-state lightning applications. Most of the synthetic methods are still
relatively complex and costly. Here, the simple and inexpensive route to produce luminescent silica-based
nanomaterials was used. The aim of this work was to study the luminescent properties of the materials obtained by
pyrolysis of citric acid ureates at the nanosilica surface.

Fumed silica was used as a support material. The salts with various ratios of citric acid and urea were obtained
either in aqueous or alcohol solution, and they were further deposited on silica surface. The resulting material was
then heat treated at the temperature of up to 270 °C, and the absorption and photoluminescence spectra for the
samples obtained were collected and analyzed.

The results have shown that irrespective of the solvent used, both dried and pyrolyzed samples possess the
luminescent properties, with quantum yield of photoluminescence being within 7-11 %. The change of the citric
acid-to-urea ratio in aqueous solution within 1:(1+3) doesn’t affect the luminescent properties of dried samples, but
further pyrolysis at 270 °C reduces the photoluminescence intensity. The solvent change to ethanol has an
ambiguous influence on the luminescent properties of dried silica samples with different citric acid-to-urea ratio
applied, however, further thermal treatment at 270 °C results in the formation of the materials with almost the same
luminescence properties. Within the citric acid-to-urea ratios and the solvents used, as well as the heat treatment
regimes applied, the variant with the 1:1 salt in the alcohol solution applied to the silica surface with further drying
and heat treatment at 270 °C was found to be the most suitable.
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INTRODUCTION suggested (see, for instance, [3—12]). Most of
those methods are not quite satisfactory because
of the necessity to use costly equipment, the
complexity of synthesis procedure, or low PL
QY. Among the variety of methods to obtain
highly luminescent CDs it is worth noting the
hydrothermal synthesis of N- or N,S-doped CDs,
using citric acid (C-source) and urea (N-source)
or thiourea/L-cysteine (N,S-sources) [11, 12].
The main advantage of this synthesis route is the
cheapness as well as the ease of implementation
and scaling, whereas PL QY of the CDs obtained
reaches 7078 %.

To enlarge the application area of CDs,
further development of the synthetic routes for
novel CD-based composites with improved PL
characteristics is actual. In this respect, a
promising direction is the formation of CDs with
doped heteroatoms on the surface of oxide
materials, in particular silica. Thus, recent

Carbon-based quantum dots (CDs) are
relatively novel class of nanomaterials. From the
time of their discovery in 2004, these materials
attract great attention due to their low toxicity,
good biocompatibility, chemical inertness, ease
of functionalization, high photostability and
fluorescence [1]. The materials on the basis of
CDs are thus potential candidates to be used for
instance as efficient nanoprobes, biovisualizers,
and phosphors.

Quantum yield (QY) of photoluminescence
(PL) for pristine CDs is quite low due to the
presence of emission traps on the surface. To
improve their brightness it is necessary to form a
passivation layer on the surface. Also, higher PL
QY is inherent to layered and more crystalline
graphene-based CDs [2]. In the literature, a large
number of methods for CDs producing are
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advancements in synthesis and analysis of
silica/CDs composites revealed great potential of
such systems in bioimaging, sensor, as well as
solid-state lightning applications, and, depending
on the synthesis methods and the precursors
used, it is possible already to achieve the PL QY
from typically 5-14 up to 41 % [13-20]. Most of
the synthetic methods are still relatively complex
and costly. Here, a simple and inexpensive route
to produce luminescent silica-based nano-
materials was used. The aim of this work was to
study the luminescent properties of the materials
obtained by pyrolysis of citric acid ureate at the
nanosilica surface as dependent on the citric
acid-to-urea ratios and the solvents used, as well
as the thermal treatment regimes applied.

EXPERIMENTAL

Fumed silica with a specific surface area of
300 m*/g (A-300, Kalush, Ukraine) was used as
a support material. The salts with various molar
ratios of citric acid and urea (1:1, 1:1.5, and 1:3)
were obtained either in aqueous or alcohol
solution, and they were further applied to silica
surface by dropwise addition of the salt solution
to a silica powder. The obtained powder-like
materials were dried and then thermally treated
at the temperature of up to 270 °C. After that, the
absorption and PL emission spectra for dried and
pyrolyzed samples were collected and analyzed.

The typical procedure of synthesis was as
follows. 0.8 g of citric acid and 0.25 g of urea
(both are of chemical purity grade) were added
into a glass with 23.5 mL of distilled water or
ethanol (96 % v/v pure) and then the mixture
was stirred with a magnetic stirrer until the
complete dissolution of the reagents. After that,
an aliquot of 5 mL was taken from the solution
of citric acid monoureate for further use. 10 g of
silica A-300 were placed into the 3-necked glass
reactor and 5 mL of either aqueous or ethanol
solutions of citric acid ureate were added
dropwise at high agitation speed. After all the
reagents were added, the mixture was agitated at
the same speed for additional several hours. The
obtained powder-like material was taken from
the reactor and heat treated at 105 °C for 2 h
(drying) and then at 270°C for 2h
(carbonization).

The crystallinity of citric acid, urea as well
as the crystallized pure citric acid monoureate
was studied by means of X-ray diffraction using
a DRON-3 diffractometer.
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Room temperature UV-Vis absorption
spectra of solid samples were recorded using a
V-660 JASCO spectrophotometer, and emission
spectra were obtained with a Photon Technology
International spectrofluorimeter equipped with a
continuous wave xenon arc (Xe-arc) lamp as a
light source.

RESULTS AND DISCUSSION

Fig. 1 shows the XRD spectra for powdered
samples of urea (/), citric acid (2), and the
product of their interaction (3), obtained by
crystallization from aqueous solution with molar
ratio urea : citricacid=1: 1.
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Fig. 1. X-ray diffraction patterns for powdered

samples: / — urea, 2 — citric acid; 3 — salt of
urea and citric acid (1:1)

The comparison of these spectra shows that
the product of citric acid reaction with urea,
condensed from aqueous solution, is a
polycrystalline substance having individual
reflexes (interplanar spacing values) which are
not inherent to the initial reagents. This fact
confirms that the product obtained (citric acid
monoureate) is an individual substance.

Citric acid monoureate (the salt 1:1),
crystallized from aqueous solution, absorbs the
irradiation at the wavelength region of up to
500 nm with one distinct maximum at 200 nm
(Fig. 2 a). At the same time, this salt, condensed
at the fumed silica surface from the aqueous
solution, after heat treatment at 105 °C has
another single distinct maximum of absorption at
about 340nm (Fig.2c¢). Further thermal
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treatment of the sample at 270 °C causes a shift
of the first absorption maximum into the region
of 234 m. The presence of the peaks at 234 and
350 nm may be related to p-electron transitions
in the formed oxygen-containing carbonaceous
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structures. The first absorption peak is due to
n—7w* transition in C=C bond, whereas in the
second case the absorption occurs owing to
n—n* transition in C=0 bond [12].
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Fig. 2. Absorption (left) and PL emission (right) spectra (excitation wavelength is 340 nm) for the samples: the salt
of citric acid (CA) and urea (1:1) (a, b); fumed silica with applied to the surface salt of citric acid-to-urea

ratio 1:1 (¢, d), 1:1.5 (e, f), and 1:3 (g, h)
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It should be noted that the solvent change
from water to ethanol practically does not effect
on the location of the absorption maxima in the
case of silica dried at 105 °C (the intensity is
somewhat less), however, it affects the width and
location of the second peak maximum after the
treatment at 270 °C. The latter becomes wider
and has the maximum at 380 nm. This may be
attributed to the presence of additional (ether)
bonds because of ethanol participation in
etherification reactions. In both cases when
different solvents are used, the thermal treatment
at 270 °C promotes some rising of absorption
intensity in the above-mentioned region.

The situation similar to the described above
is observed when the citric acid-to-urea molar
ratio is changed to 1:1.5 (Fig. 2 e), and only in
the case of the 1:3 ratio the profile of the
absorption curve within the 200-450 nm region
is identical for heat treated at 270 °C samples
irrespective of the solvent used (Fig. 2 g). Upon
this, the citric acid-to-urea molar ratio, as well as
the solvent nature affects insignificantly the
absorbance of these samples within the given
region.

Taking into account the peculiarities of
absorption by the samples, excitation UV
irradiation with maximum at A =340 nm was
chosen. The PL emission spectrum of the citric
acid monoureate sample is shown in Fig. 2 b. As
one can see, the maximum of PL intensity is
located at 430 nm (blue light), i.e., in comparison
with the excitation Ay, the shift of the emission
Amax into the longer wave region by 90 nm takes
place. Upon this, the sample demonstrates
relatively high PL intensity. In the case when
this salt is condensed from the aqueous solution
on the surface of fumed silica (which itself
doesn’t possess the luminescent properties) after
the treatment at 105 °C, one can also observe the
PL with Ay, at 430 nm (Fig. 2 d). This PL is less
pronounced than that in the case of the pure salt,
and the further thermal heat of the sample at
270 °C leads to a more essential decrease in the
PL intensity. When the water solvent was
changed to ethanol, the essential changes in PL
properties of dried at 105 °C silica with applied
citric acid monoureate were not observed (except
that PL intensity slightly decreases), however,
further sample treatment at 270 °C increases its
PL properties and closes to those typical for the
dried at 105 °C silica with citric acid monoureate
applied from aqueous solution.
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The change in citric acid-to-urea ratio from
1:1 to 1:1.5 does not change the PL properties of
dried silica with applied salt from aqueous
solution, as well as the tendency to essential PL
decrease under further treatment at 270 °C
(Fig. 2 f). When ethanol solvent was used, the PL
of dried sample is somewhat higher than that for
the sample with applied 1:1 salt, and further heat
treatment at 270 °C decreases the PL properties
making them somewhat worse than those in the
case of heat treated at 270 °C silica with applied
1:1 salt from ethanol solution.

When the salt with citric acid-to-urea ratio
1:3 was used (Fig. 2 /), no change was observed
in PL properties of the dried at 105 °C silica in
the case of aqueous solution. Further heat
treatment of such silica at 270 °C also reduces
the luminescence, however, not so significantly
as in the case of the 1:1 and 1:1.5 salts. Solvent
change to ethanol leads to PL properties
worsening as compared to analogues with 1:1
and 1:1.5 salts. However, further thermal
treatment of such silica increases its PL
properties that become close to those for the case
of 1:1 and 1:1.5 salts.

CONCLUSION

Solid products of thermolysis of fumed
silicas with citric acid ureates, deposited on the
surface from aqueous or alcohol solutions,
possess the luminescent properties.

The change in the citric acid-to-urea ratio
within the range of 1:1, 1:1.5, and 1:3 does not
effect on the PL intensity for the dried at 105 °C
silica with the salt applied from aqueous
solutions, and further heat treatment at 270 °C
reduces the PL intensity.

The solvent change from water to ethanol
has an ambiguous effect on the PL properties of
dried silica with various citric acid-to-urea ratios
applied, however, subsequent heat treatment at
270 °C leads to formation of materials with
similar PL properties irrespective of these ratios.

Within the citric acid-to-urea ratios and the
solvents used, as well as the thermal treatment
regimes applied, the variant with the 1:1 salt
deposited on silica surface from the alcohol
solution with further drying and heat treatment at
270 °C was found to be the most suitable,
however, the PL intensity is still not so high
generally (the quantum yield of photo-
luminescence is about 11 %), suggesting the
necessity of further research aimed at
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JIroMiHeCHeHTHI MaTepiajii Ha OCHOBI OPraHiYHUX coJIei, MPOJTi30BAHNX HA MOBEPXHI
KpeMHe3eMy
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Ocmannim yacom wupokxy yéazy 00CIOHUKIE NPUGepmae 0coOIUBUL PIZHOBUO 8Y2lleyedUX HAHOMamepianie —
syeneyegi Hawomouxu (BHT), 3a60axu ix Hu3bKill MOKCUYHOCMI, 2apHill OiocymicHOCMI, XiMIUHIll IHepmHOCMI,
sucokii pomocmadbineHocmi ma arOMiHecyeHyii. Bcemawnosneno, wo 00nysamHs OesaKuMU 2emepoamomMamy €
epexmusHUM NiOX000M 01 NONINUeEeHHs ToMiHecyenyii makux mamepianis. Kpim moeo, euxopucmanns noeepxwi
KpeMHe3eMy 5K HOCist Modice npomomyeamu cunmez BHT i poswupumu cghepy 3acmocysanis KpemHe3emM-8y2eyesux
Komno3zumis. OcmaHnui 0ocsieHeHHA 8 obnacmi cunmesy JOMIHECYEHMHUX KOMNO3UMIE HA OCHO8I KpeMHe3eMmy ma
BHT nokaszanu eucoxuil nomeHyian makux cucmem y npoyecax 0iogizyanizayii, ceHcopuku ma meepOomilbHO20
oceimuenns. [lpome Oinbuicmos mMemooie cunmesy maxKux Mamepianie 6ce we 3aIuuaromspcs 6i0HOCHO CKIAOHUMU
ma KkowmoeHumu. B Oawiti pobomi OYI0 SUKOPUCMAHO NPOCMULL MA HEOOPO2Ull CHnocib 00epl CanHs
JIOMIHECYEHMHUX HAHOMAMEPIANi6 Ha OCHOB8I KpemHezemy. Mema pobomu nonseana y 6ueueHHi TIOMIHECYSHMHUX
671aCMUBOCmell Mamepianig, 00EPICAHUX NIPONIZOM YPAMI6 YUMPUHOBOT KUCIOMU HA NOBEPXHI KDEMHE3eM).

Ak mamepian-nociii sukopucmogysanu nipozennuil kpemuesem. Cnouamky 2omyeanu 800HI abo cnupmosi
PO3UUHU CONeUl 3 PI3HUM CNIGBIOHOWEHHAM YUMPUHOBOT KUCIOMU MA CEYOBUHU, d ROMIM NPOBOOUNU OCAONCEHHS YUX
conell Ha nogepxuio Kpemuesemy. OOleporcanuti mamepian nidoasanu mepmiuniii 0obpobyi 3a memnepamypu 00
270 °C, nicis 4020 npo8oOUIU peeCmpayiio i aHaniz CneKmpie NOIUHAHHA Ma hOmoNIoMIHeCyeHyii Yux 3pasKie.

Pesynemamu noxazanu, wo, He3anexiCHO 6i0 GUKOPUCMAHO20 PO3YUHHUKA, K BUCYUIEeHI, MAK I Niponi308aHi
3pasKu APOAGNAIOMb TIOMIHECYEHMHI 81ACMUBOCMI, NPUYOMY KBAHMOBUL 6UXIO JOMIHeCyeHyii 3HAXo00umvcs 8
meowcax 7—11 %. 3amina cniggioHowenHs YyumpuHo8a KUCIoma:cevyosuna 6 dianasoni 3nauens 1:(1+3) ne eniusae na
JIOMIHECYEHMHI 61aCMUBOCI BUCYUWEHUX 3PA3KI6, 00HAK IX nodarswa mepmoodpodxa npu 270 °C npuzeodums 00
SHUIICEHHSL IHMEHCUBHOCMI THOMIHecYyeHYil. 3amMina po3UUHHUKA 3 600U HA eMULOBULL CHUPT HEOOHO3HAYHO BNIUBAE
HQ JIIOMIHeCYEeHMHI 6I1ACMUBOCTNI GUCYUEHUX 3DA3KI6 KPEeMHe3eMy 3 HAHeCeHUMU COJISIMU Y PI3HUX CRiBGIOHOULEHHSIX
yumpunoea Kucinoma:cevosuna. Ilpome, nodamvuwia mepmoodbpodbra npu 270 °C npugodums 0o moeo, uo,
He3aNedNCHO 8I0 Yux CRIBBIOHOULeHb, MAKI KPeMHe3eMu B01001I0Mb NPUOIUZHO OOHAKOBUMU JIOMIHECYEHMHUMU
snacmugocmsamu. Ceped SUKOPUCIAHUX CRIBBIOHOWEHb YUMPUHOBA KUCIOMA:CEY08UNd, PO3YUHHUKIE | sapianmis
mepMiuHoi 00pOOKU, HAUOILILW NPULIHAMHUM € 8APIAHM HAHECeHHs HA KpemHesem coii 1:1 i3 cnupmosux po3uunie 3
ROOAIbUWOI0 CYWKOI0 I mepmiunoio obpobkoro npu 270 °C.

Knrwuosi cnoea: «xpemrezem, yumpuHosa KUCIOMA, CEYOBUHA, Gyereyesi MOUKU, mMepMiuHa 00poobKa,
JIOMIHECYeHmHi 81aCmueoCcmi
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JIloMHHECIIeHTHbIE MaTepuajJabl HA OCHOBE OPraHM4€CKHuX COﬂeﬁ, MHPOJJIN30BAHHBIX HA
IMOBEPXHOCTH KPEMHE3EMa

II.A. Kyzema, 10.H. Bois0yx, B.A. TepThIx

Hucmumym xumuu nogepxnocmu um. A.A. Yyika Hayuonanonoii akademuu nayx Yxpaumnol
yn. I'enepana Haymosa, 17, Kues, 03164, Yxpauna, kuzema@isc.gov.ua

B nocneonee epemsa wupokxoe eHuManue ucciredosamenell npusiekaem o0coovlil 6ud HAHOMAMEPUALO8 -
yenepoousie Hawomouku (YHT), 6razo0aps ux HU3KOU MOKCUYHOCMU, XOpOwel OUOCOBMECMUMOCIU, XUMULECKOU
UHEPMHOCMU, BbICOKOU (HOMOCMADUNLHOCIU U JTIOMUHECYeHYUl. YCmaHnoeneno, 4mo O0ONUposaHue HeKomopblmu
2emepoamomamu A61emcst IPHexmusHbLM N0OX000M 05l YIYyHUleHUs: TIOMUHEeCYEeHYUU makux mamepuanos. Kpome
Mo20, UCNONb308AHUE NOBEPXHOCMU KPeMHe3eMd KAk Hocumens modcem obnecuams cunmes YHT u pacuupums
chepy npumeHeHusr KpemHeseM-yenepooHvix Komnozumos. Ilocnednue Oocmudicenusi 6 obnacmu cunmesa
JHOMUHECYEHMHBIX KOMNO3UMOo8 Ha ocHoge Kpemuezema u YHT noxasanu blcoxuil NOMeHYUan makux cucmem 6
npoyeccax OUOBU3YANUZAYULU, CEHCOPUKU U TMEEPOOMENbHO20 ocgeujerust. OOHaKo HONLUUHCINEO MEMO008 CUHmMe3d
MAKUX MAmepuanog 6ce ewe 0Cmaiomest OMHOCUMENbHO CLONCHBIMU U dopo2ocmosiuumu. B dannoti pabome Ovin
UCNONB308AH NPOCTNOU U HEOOPO2OU CNOCOD NOJYHeHUsL TIOMUHECYEHIMHBIX HAHOMAMEPUATLO8 HA OCHOBE KPEMHe3eMd.
Lenv pabomul 3axa0uanacy 6 U3yHeHUU TOMUHECYEHMHBIX COUCHE KOMNO3UMOS, NOTYYEHHbIX NUPOIUZOM YPeanmos
JIUMOHHOU KUCIOMbL HA NOBEPXHOCMU KPEMHE3eMd.

Kax mamepuan-nocumens ucnonvzosanu nupozennviii kpemuesem. Crauana 2omogunu 600Hble U CHUPHIOBbLE
pAcmeopwbl cofell ¢ pasiuyHbiM COOMHOUEHUEM TUMOHHOU KUCIOMbL U MOYEBUHbL, d 3ameM NPOBOOUTU OCANCOEHUE
9mMuUX Ccoiell Ha NO8epXHocmb Kpemuesemd. Ilonyuennvlii mamepuan noodgepeanu mepmMuyeckou oopabomke npu
memnepamype 0o 270 °C, nocie uezo0 npogoOWIU peSUCmpayulo U AaHAIU3 CHEeKMpO8 NO2NOWeHUs. U
Gomomomunecyenyuu 5mux 06pazyos.

Pesynomamol nokazanu, umo, He3a6UCUMO OM UCHOTIb308AHHO20 PACMEOPUMENs, KAK GbICYUleHHble, MAK U
RUPOUZ0BAHHBIE 0OPA3YbL NPOSGISION TIOMUHECYECHMHbIE CEOUCMEA, NPUYEeM KEAHMOBHIl BbIX00 JIOMUHECYEHYUU
Haxooumcs 6 npedenax 7—11 %. 3amena coomHouwieHUss TUMOHHAS KUCIOMA MOYEBUHA 8 OUANA30He 3HAYEHUl
1:(1+3) ne eausem Ha TOMUHECUEHMHbIE CEOUCMBA BHICYUWEHHbIX 00paA3y08, O0O0HAKO uX OdlbHeluas
mepmoobpabomra npu 270 °C npusooum K CHUICEHUIO UHMEHCUBHOCMU TIOMUHeCYeHyuU. 3aMeHa pacmeopumelis ¢
800bl HA DMUNOBHIL CRUPM HEOOHO3HAYHO GNULem HA JIOMUHECYEHMHble CBOUCMBA BbICYUWEHHBIX 00pA3YO8
KpeMHe3eMa ¢ HAHECEHHLIMU CONAMU 8 PA3HLIX COOMHOUEHUAX TUMOHHAS Kucioma:moyeguna. OOnaxko oanvHetuas
mepmoobpabomxa npu 270 °C npusodum K momy, 4mo, He3a6UCUMO On IMUX COOMHOUIeHULL, MAKUEe KPEeMHe3eMbl
0bnadaiom NPUMEPHO OOUHAKOBLIMU JIOMUHeCcYeHmHbIMU ceoticmeamu. Cpedu UCNONb30BAHHBIX COOMHOWIEHU
JUMOHHASL KUCTOMAMOYEBUHA, PACMEOPUMENEU U 6APUAHMOE MEPMULECKOl 00pabomku, Haubonee npuemiemblm
SAGNISIEMCSL 8APUAHI HAHECeHUs Ha KpemHezem coiu 1:1 u3z cnupmoswix pacmeopos ¢ nociedyroujeli Cywkou u
mepmuyeckou oopadbomxoti npu 270 °C.

Knroueswvie cnosa: Kpemnesem, JUMOHHAA Kucioma, Mo4esund, y2]l€p0()Hbl€ moukKu, mepmudeckas 06pa60m1<a,
JIIOMUHECYEHMHbLE ceoticmea
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