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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 70-78 %.

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 s 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 (1), citric acid (2), and the
product of their interaction (3), obtained by
crystallization from aqueous solution with molar
ratio urea : citricacid=1: 1.

Intensity, a.u.

-
5 Zor=Beo
2 |8 ZeraZaz
m ndiaSaen
[=I =
A

Fevel
20 40 60
20, degrees

Fig. 1. X-ray diffraction patterns for powdered
samples: 1 — 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—n* transition in C=C bond, whereas in the
second case the absorption occurs owing to
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 (c, 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 Ana, 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 Amax 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 h), 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 vyield of photo-
luminescence is about 11 %), suggesting the
necessity of further research aimed at
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JIroMiHeCHeHTHI MaTepiajii Ha OCHOBI OPraHiYHUX coJIei, MiPOJTi30BAHNX HA MOBEPXHI
KpeMHe3eMy
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OcmanHnim yacom wupokKy yéazy 00CIOHUKIE NPUGepmae 0coOIUGUIL PI3HOBUO 8y2leyedUX HaAHOMamepianie —
syeneyesi nawomouxu (BHT), 3a60sku ix HU3bKIll MOKCUMHOCMI, 2apHil GIOCYMICHOCMIE, XIMIYHIU iHepmHOCMI,
sucokiii pomocmabineHocmi ma aroMiHecyeHyii. Bcemawnosneno, wo 00nysawHs OesaKuMu 2emepoamomamy €
epekmusHUM NiOX000M 01 NONINUEeHHs ToMiHecyenyii makux mamepianie. Kpim moeo, euxopucmanna nosepxwi
KpeMHe3eMy 5K HOCist Modice npomomysamu cunmes BHT i poswupumu cghepy 3acmocysants KpemHesem-gyeieyesux
Komnosumie. Ocmanui 0ocaeHeHHA 8 obaacmi cuHmesy JOMIHECYEHMHUX KOMNO3UMI6 Ha OCHO8I KpeMHe3emy ma
BHT nokasanu eucoxuti nomenyian maxux cucmem y npoyecax 0iogizyanizayii, ceHcopuku ma meepOomilbHO20
oceimuenns. [lpome Oinbwicmes mMemoodie cunmesy maxKux Mamepianie 6ce we 3amumaromspcs 6i0HOCHO CKIAOHUMU
ma KowmoeHumu. B Oawii pobomi Oy10 SUKOPUCMAHO NPOCMULU MA HEOOPOcUll Cnocid 00epIHCaHHS
JIOMIHECYEHMHUX HAHOMAMEPIANi6 Ha OCHOBI KpemHuezemy. Mema pobomu nonsieana y 6ue4eHHi NIOMIHECYSHMHUX
snacmugocment Mmamepianie, 00epIHCAHUX RIPOLIZ0M Ypamie YUMmpuHo8oi KUCIOMU HA NOBEPXHI KPEMHE3EM) .

Ak mamepian-nociii 8ukopucmogysanu nipozennuil kpemuesem. Cnouamky 2omyeanu 80OHI abo cnupmosi
PO3UUHU CONeUl 3 PI3HUM CNIGBIOHOWEHHAM YUMPUHOBOT KUCIOMU MA CEHOBUHU, A NOMIM NPOBOOUNU OCAONCEHHS YUX
conell Ha nogepxHio Kpemueszemy. OOdepoicanuti mamepian nidoasanu mepmiuniii 06pobyi 3a memnepamypu 00
270 °C, nicasa yoeo nposoounu peecmpayiro i AHANi3 CReKMPI8 NO2TUHAHHA ma pomonromiHecyeHyil yux 3pasKis.

Peszyromamu noxasanu, wo, He3anexicHo 6i0 SUKOPUCMAHO20 PO3YUHHUKA, AK BUCYWEHI, MAK 1 Niponi308ani
3pasKu APOAGNAIOMb TIOMIHECYEHMHI 81ACMUBOCM, NPUYOMY KBAHMOBUL BUXIO JHOMIHeCYeHYii 3HAxXooumvcs 8
medxncax 1-11 %. Bamina cniesionouienns yumpuHosa Kucroma:cewoguna 6 dianasoui snauens 1:(1+3) ne enausac na
JHOMIHECYEeHMHI 8LACMUBOCMI 8UCYUEHUX 3PA3KI8, 00HaK ix nodanvuia mepmoobpodxa npu 270 °C npuzeodums 00
SHUIICEHHSL IHMEHCUBHOCMI THOMIHecyeHyii. 3amina po3uuHHUKA 3 600U HA eMULOBULL CHUPT HEOOHO3HAYHO BNIUBAE
HA JIOMIHeCYeHMHI 6I1ACMUBOCTNI GUCYUEHUX 3DA3KI6 KPEMHe3eMy 3 HAHeCeHUMU COJISIMU Y PI3HUX CRIBGIOHOULCHHSIX
yumpunoga Kucroma:cevosuna. Ilpome, nodanvuia mepmoobpobra npu 270 °C npusodums 0o moeo, wo,
He3aNIedNCHO 8I0 YUX CHIBBIOHOUIEHb, MAKI KPeMHe3eMU B0100iI0Mb NPUOIUZHO OOHAKOGUMU JIOMIHECYEHMHUMU
enacmugocmsmu. Ceped SUKOPUCTIAHUX CRIBBIOHOUIEHb YUMPUHOBA KUCIOMA:Ce408UNd, PO3YUHHUKIE | sapianmis
mepMiuHoi 00poOKU, HAUOITLUW NPULIHAMHUM € 8apianm HaHeceHHs Ha Kpemuesem coni 111 i3 cnupmosux pozuunie 3
nO0AnbUWOI CYuKor i mepmiunow oopookoro npu 270 °C.

Knrwuosi cnoea. «xpemuezem, yumpurosa KUCIOMd, CeYOBUHA, GYy2leyesi MOYKU, MepMiyHa 00podKa,
JIOMIHECYeHmHi 81acmugocmi
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B nocneonee epemsa wupokxoe eHumanue ucciredoseamenell npueiekaenm o0coovlil 6ud HAHOMAMEPUAIos -
yenepoouvie nanomouxu (YHT), 6nacooaps ux HU3KOU MOKCUYHOCIU, XOPOulel OUOCOEMEeCMUMOCTU, XUMUYECKOU
UHEPMHOCMU, BbICOKOU (OMOCMADUTLHOCIU U JTIOMUHECYEeHYUl. YCmaHnoeneno, 4mo 0OnuUposaHue HeKomopblmu
2emepoamomamu A61emcst P HekmusHbLM N0OX000M 051 YAYyHUleHUs: TIOMUHECYEeHYUU makux mamepuanos. Kpome
Mo20, UCNONb308AHUE NOBEPXHOCMU KPEMHe3eMd KAk Hocumens modcem obnecuams cunmes YHT u pacuupums
chepy npumeneHuss Kpemuesem-yenepooHvlx Komnozumos. Ilocnednue Oocmudicenusi 6 obnacmu cunmesa
JIOMUHECYEHMHBIX KOMNO3UMO8 Ha 0cHoge Kpemnezema u YHT noxasanu blcoxkuili NOMEHYUAn makux cucmem 6
npoyeccax OUOBU3YANUZAYUL, CEHCOPUKU U MEEPOOmeNbHo20 ocgeujerust. OOHaKo HONLUUHCINEO MEMO008 CuHme3a
MAKUX Mamepuaios ece ewe OCmaiomcs OMHOCUMENbHO CILOJCHbIMU U dopo2ocmosiyumu. B dannoii pabome 6vin
UCNONBb308AH NPOCTOU U HEOOPO2OT CNOCOD NONYYEHUs. TIOMUHECYEHMHBIX HAHOMAMEPUAIO8 HA OCHO8E KpeMHe3eMd.
Lenv pabomul 3axa0uanacy 6 U3yHeHUU TOMUHECYEHMHBIX CEOUCHE KOMNO3ZUMOS, NOTYYEHHbIX NUPOIUZOM YPeamos
JIUMOHHOU KUCIOMbL HA NOBEPXHOCMU KpEMHe3eMd.

Kax mamepuan-nocumens ucnonvzosanu nupozennviii kpemuesem. Cnauana 20mogunu 600Hble UL CRUPHIOBbLE
pacmeopwl cofell ¢ pasiuyHbiM COOMHOUEHUEM TUMOHHOU KUCIOMbL U MOYEBUHbL, d 3ameM NPOBOOUTU OCANCOCHUE
9MUX CoRell HA NOBEPXHOCHb Kpemuesema. Ilonyuennvili mamepuan noodeepeanu MmepmMuyeckou obpabomke npu
memnepamype 0o 270°C, nocre wueco npogodunu pesucmpayuro U AHAIU3 CNEKMPO8 NONOWEHUS U
Gomomomunecyenyuu 5mux o6pazyos.

Pesynomamer noxasanu, 4mo, HE3A6UCUMO OM UCHOIb30BAHHOZ0 PACMEOPUMENs, KAK BbICYUleHHble, MAK U
HUPOUZ0BAHHBIE 0OPA3YbL NPOSGTSION TIOMUHECYECHMHbIE CEOUCMEA, NPUYEeM KEAHMOBGHIl BbIX00 JIOMUHECYEHYUU
Haxooumcs 6 npedenax 1-11%. 3amena coommuowieHus TUMOHHAS KUCIOMA MOYEBUHA 8 OUANA3OHE 3HAYEHUl
1:(1+3) ne enusem Ha JOMUHECUEHIMHBIEC CEOUCMBA BbICYUIEHHBIX 00pA3Y08, OOHAKO UX OQIbHelulasl
mepmoobpabomra npu 270 °C npusooum K CHUINCEHUIO UHMEHCUBHOCMU TIOMUHECYEHYUU. 3amena pacmeopumensi ¢
600bl HA DMUNOBbILL CRUPM HEOOHO3ZHAYHO GNUem HA JIOMUHECYEeHMHble CBOUCMEA BbICYUEHHBIX 00pA3YO08
KpeMHe3eMa ¢ HAHECEHHLIMU CONAMU 8 PA3HLIX COOMHOWEHUAX TUMOHHAA Kucioma .moyesuna. OOHaxko oanvHetuas
mepmoobpabomxa npu 270 °C npusodum Kk momy, 4mo, He3a6UCUMO ON IMUX COOMHOUICHULL, MAKUE KPEMHe3eMbl
0651a0aiom NPUMEPHO OOUHAKOBBIMU JHIOMUHeCcYeHmHbIMU ceoticmeamu. Cpedu UCNONb30BAHHBIX COOMHOWIEHU
JUMOHHASL KUCIOMA-MOYEBUHA, PACMEOPUMENEU U 6APUAHMOE MEPMULECKOl 00pabomKu, Haubonee npuemiemblm
senslemcst eapuanm Havecenusi na Kpemuezem coiu 1:1 uz cnupmoswix pacmeopog ¢ nociedyroujeli Cywkou u
mepmuyeckou oopadbomxoti npu 270 °C.

Knrouesoie cnoesa. Kpemnesem, TUMOHHAA Kucioma, mo4esuna, yaflepoduble mouKu, mepmudeckas 06pa60m1<a,
JIIOMUHECYEHMHbLE ceoticmea
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