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Structural and optical properties of carbon nanodots based on citric acid doped with
nitrogen atoms

A study of the luminescent properties of carbon nanodots obtained by microwave and hydrothermal methods
of synthesis from citric acid and urea was performed. The resulting nanoparticles were characterized using
transmission electron microscopy, dynamic light scattering, and Fourier transform infrared spectroscopy. The
sizes of the obtained carbon nanodots after dialysis was varied from 2 to 8 nm. FTIR spectra confirm the
presence of oxygen-containing —OH, —CN and —NH groups in the resulting solutions. For all studied carbon
nanodots, the maximum fluorescence intensity is observed upon excitation at a wavelength of 350 nm. The
fluorescence spectrum does not change its position on the wavelength scale for the samples under study due
to changes in the molar ratio of precursors and the method of synthesis. The highest fluorescence quantum
yield was obtained for carbon nanodots with a ratio of citric acid and urea 1:4 -obtained by the microwave
synthesis method. The fluorescence lifetime of carbon nanodots doped with nitrogen atoms is ~7.4 ns. It is
shown that a change in the ratio of precursors does not significantly affect the size and morphology of carbon
nanodots.

Keywords: carbon nanodots; microwave synthesis; hydrothermal synthesis; optical properties; citric acid;
urea.

Introduction

Carbon nanodots appeared not so long ago and they are showing great interest as a new class of carbon
nanomaterials. Carbon nanodots (CNDs) can become as promising alternative to semiconductor quantum
dots and dyes due to their good biocompatibility, low cytoxicity, high photostability, variety of surface
functional groups, ease of preparation and unique photophysical properties [1-3].

The most interesting from the point of view of fluorescent properties are carbon nanodots obtained by
pyrolysis of citric acid [4-6]. These materials have a number of advantages, such as biocompatibility, simple
synthesis, and excitation-dependent luminescence spectra, but they have a relatively low quantum yield of
<10 % [4, 5]. For the solution of this problem, many researchers used various amine-based agents for surface
passivation and doping of CNDs with various functional groups [7-10]. Doping of citric acid-based organic
dots with nitrogen greatly improves their luminescent properties. A large number of studies were devoted to
the synthesis of carbon nanodots based on citric acid using urea as a nitrogen source [7, 8, 11-13].

In the present work, the effect of the precursor composition and synthesis conditions on the structural
and optical properties of carbon nanodots was studied. Microwave and hydrothermal synthesis methods were
used to obtain CNDs. These methods of CNDs obtaining are simple, safe and cheap. In addition, when
synthesizing CNDs by the microwave method, it is possible to control the main parameters of the reaction
(pressure, temperature, time, power).

Experimental

CNDs were obtained using hydrothermal and microwave synthesis. Citric acid was used as a carbon
source, and urea was used for doping with nitrogen atoms. The starting materials were taken in molar ratios
of 1:1, 1:4, 1:5, and 1:6. Figure 1 shows the structural formulas of the starting materials.
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Figure 1. Structural formulas of starting substances
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Microwave synthesis. The necessary amount of citric acid and urea was dissolved during ultrasound
treatment in 5 mL of deionized water in a borosilicate glass tube. The synthesis was carried out in a
Monowave 200 microwave reactor (Anton Paar) at a temperature of 160 °C for 1 hour with continuous
mixing. Then the solution was cooled to 70 °C in a microwave reactor and further, to room temperature in
natural conditions. The resulting product was centrifuged at a speed of 10000 rpm for 30 minutes, and then
dialyzed. The carbon dots obtained by the microwave method at different ratios of citric acid and urea are
further designated as CNDs(m) 1:1 and CNDs (m) 1:4.

Hydrothermal synthesis. The necessary amount of citric acid and urea was dissolved in 5 mL of
deionized water during ultrasound treatment. The resulting transparent colorless solution was placed in an
autoclave with a teflon vessel and heated in an oven at 160 °C for 6 hours. After this time, the autoclave was
cooled in an open oven. As a result of the synthesis, a greenish-brown solution was obtained. To separate
large particles, the solution was centrifuged at 10000 rpm for 30 minutes, and then purified by dialysis. The
carbon points obtained by the microwave method at different ratios of citric acid and urea are further
designated as CNDs(g) 1:1 and CNDs(g) 1:4.

Results and Discussion

The structure and dimensions of the obtained CNDs were studied using a transmission electron
microscope (Jeol JEM-1400plus) and the method of dynamic light scattering on a ZetasiserNano ZS
(Malvern) submicron particle size analyzer.

a)CNDs 1:1 b) CNDs 1:4

Figure 2.'TEM images of CNDs synthesized by the microwave method
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Figure 3. CNDs(m) (1:4) size distribution obtained by dynamic light scattering

As can be seen from the obtained TEM images (Fig. 2), the prepared CNDs are of spherical shape, their
sizes vary from 5 to 16 nm. Similar data were obtained by the method of dynamic light scattering (Fig. 3).
The different ratio of precursors did not affect the size of the CNDs. The average size was 9 nm.

The structure of the synthesized CNDs was studied on the basis of FTIR spectra, which were registered
on an FSM 1201 IR Fourier spectrometer (Infraspec) in the transmission mode. The obtained FTIR spectrum
exhibits maxima at 3417 and 3216 cm’!, which belong to the stretching vibrations of ~OH and —-NH
bonds (Fig. 4). Peaks at 1717, 1409 and 1452 cm™ are caused by stretching vibrations of -C=0, —CN bonds
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and vibrations of the benzene core, respectively. Thus, the recorded FTIR spectra confirm the doping of the
synthesized CNDs with groups containing oxygen and nitrogen. The FTIR spectra of CNDs synthesized at
different molar ratios of precursors are practically the same.
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Figure 4. FTIR spectrum a) CNDs (m) 1:1; b) CNDs (m) 1:4.

The absorption and fluorescence spectrum. of the obtained CNDs were measured on Carry 300 and
Eclipse (Agilent) spectrometers, respectively. The studied solutions were prepared so that their optical
densities were almost the same.

The absorption spectra of CNDs (Fig. 5) have a maxima in the region of 234 nm and 330-340 nm. The
absorption band at 200-250 nm is caused by m—n* transition in conjugated carbon bonds of carbon dots, the
long-wavelength absorption band is the result of n—* transitions in C=0 bonds of CNDs. Absorption on the
long-wavelength wing (A>400 nm) is the result of the presence of surface groups, which include -CN, -NH
bonds.
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Figure 5. Absorption spectra of CNDs obtained by hydrothermal (a) and microwave (b) methods of synthesis with
different molar ratios of precursors: 1 — CNDs 1:1,2 — CNDs 1:4, 3 — CNDs 1:5,4 — CNDs 1:6

It can be noted that the short-wavelength absorption band, regardless of the method of synthesis and the
ratio of precursors, practically coincides for all samples, and the long-wavelength band of carbon dots
obtained by the microwave method is slightly redshifted. At the same time, in both series, the long-
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wavelength absorption maxima of CNDs with a ratio of 1:1 exhibits in the shorter-wavelength region,
compared with the spectra of other CNDs (Table 1).

Table 1

Absorption maxima and full width at half maximum of absorption spectra of the studied CNDs

Solution Amax1, M Amax2, NM FWHM,, nm
CNDs (h) 1:1 234 334 66
CNDs (h) 1:4 234 340 64
CNDs (h) 1:5 233 340 64
CNDs (h) 1:6 233 340 64
CNDs (m) 1:1 234 332 54
CNDs (m) 1:4 234 342 60
CNDs (m) 1:5 234 342 60
CNDs (m) 1:6 234 340 60

Since CNDs often exhibit excitation wavelength dependent luminescence [14-16], the fluorescence
spectra of the obtained carbon dots were measured over a wide excitation range from 230 to 450 nm (Fig. 6).
With an increase in the excitation wavelength from 230 to 350 nm, an increase in the emission intensity is
observed; above 350 nm, a decrease in the fluorescence intensity is observed. At the same time, in the
excitation range of 230-370 nm, the position of the emission maximum remains practically unchanged.
Upon excitation at a wavelength of 390 nm and above, a shift of the emission band to the long wavelength
region of the spectrum was observed.
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Figure 6. Fluorescence spectra of CNDs (1:4) obtained by hydrothermal (a) and microwave (b) methods upon excitation
at different wavelengths, nm: 1 — 230; 2 — 330; 3 — 350; 4 — 390; 5 — 410; 6 — 450.

As the <obtained emission spectra show, the maximum fluorescence intensity is observed upon
excitation at 350 nm and does not depend on the method of synthesis of UT and the ratio of precursors. For
both series of CNDs, the emission maximum falls at 443 nm.

Figure 7 shows the fluorescence spectra of the obtained CNDs depending on the composition of the
precursors. The highest radiation intensity is observed for CND(g) 1:5 and CND (m) 1:4. Fluorescence
quantum yields were measured for CND by the relative method [17]. As a standard, a 0.5 M solution of
quinine sulfate in sulfuric acid was used, the quantum yield (QY) of which is 0.54 at an excitation
wavelength of 345 nm. Table 2 shows the calculated fluorescence quantum yields. The data obtained show
that the highest values of fluorescence quantum yield was demonstrated by carbon dots obtained by
microwave synthesis at a ratio of citric acid and urea equal to 1:4.
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Table 2
Fluorescence quantum yields of synthesized CNDs.
Sample Quantum yield Sample Quantum yield
CNDs (h)1:1 0.1 CNDs (m)1:1 0.22
CNDs (h)1:4 0.4 CNDs (m)1:4 0.55
CNDs (h)1:5 0.43 CNDs (m) 1:5 0.49
CNDs (h)1:6 0.34 CNDs (m) 1:6 0.47
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1 —CNDs 1:1; 2—CNDs 1:4; 3 — CNDs 1:5; 4 — CNDs 1:6.

Figure 7. Fluorescence spectra of CNDs obtained by hydrothermal (a) and microwave (b) methods, with different ratios
of citric acid and urea under photoexcitation at 350 nm.
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Figure 8. Normalized fluorescence decay kinetics of CND(m) 1:1 and CND(m) 1:4 under the registration at 440 nm,.

The fluorescence lifetime of the studied carbon nanodots was estimated from the decay kinetics,
approximated with monoexponential law. The measurements showed (Fig. 8, Table 3) that the average

fluorescence lifetime in CNDs 1s 7.4 ns.

Table 3

Fluorescence lifetime of CNDs(m) of various composition quantum yields of synthesized CNDs

Solution T, ns
CNDs 1:1 7.3
CNDs 1:4 7.4
CNDs 1:5 7.4
CNDs 1:6 7.4
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Conclusions

The influence of the composition of precursors and synthesis conditions on the structural and optical
properties of carbon dots, prepared by microwave and hydrothermal synthesis, was studied. Their structural
properties showed that a change in the ratio of precursors does not significantly affect the size and
morphology of carbon dots. The sizes of synthesized CNDs after dialysis were varied from 2 to 8 nm. The
maximum fluorescence intensity of both types of CNDs was observed upon excitation at 350 nm. The
highest fluorescence quantum yield (55 %) is exhibited by CNDs synthesized by the microwave method. The
fluorescence lifetime averages ~7.4 ns for all studied solutions.
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I'. AmamxonoBa, E. Cenusepcrosa, H. 6paes, E.W. Tepykon

A30T aTOM/Iaphl EHTI3UIreH JUMOH KbIIIKbLIBIHA HeTi3/1eJITeH KOMIPTEeKTi
HAHOHYKTeJIEPAiH KYPbUIBIM/BIK K9HE ONTHKAJIBIK KacueTTepi

JIMMOH KBIIIKBUTEI MEH MOYEBUHAAaH MUKPOTOJIKBIHIBI JKOHE THAPOTEPMUSIIBIK CHHTE3/ICY S/ICTEpPi apKbLIbI
aNbIHFaH KOMIPTEKTI HAHOHYKTEJEpIHiH JTIOMUHECHCHTTIK KACHETTEpiH 3epTTey >KYMBICTaphl JKYPTi3LIi.
AInbIHFaH HaHOOOJILIEKTED TPAaHCMUCCHSIBIK SJICKTPOHIBI MHKPOCKONMUS, JKAPBIKTHIH JAWHAMUKAJIBIK
HanibIpaysl sxoHe Dypbe TypiaeHIipyi 6ap MHPPAKBI3BUT CHEKTPOCKOIIHS apKbLIbl CHIATTAIbL. JHanu3aeH
KeiiH alblHFaH KOMIpPTEKTI HAaHOHYKTENEpIiH eimemiepi 2 HM-IeH 8 HM-Te neifiH e3repemi. AJBIHFaH
epiTiHainep kypameiaa orreri atomel 6ap OH, CN sxone -NH Tontapeiabie 60mysiH @ypee TypieHaipyi 6ap
MHQPAKBI3BLT ~ CHEKTpiepi  pacTaiiipl.  bapnblk  3epTTenreH  KOMIpPTeKTi  HAaHOHYKTENep  YIIiH
(iTyopecleHIMAHBIH MaKCUMaNbl HMHTEHCUBTLNIT 350 HM TOJKBIH Y3BIHABIFBIHAA KO3IBIPY Ke3iHIe
Gaiikananpl. COHBIMEH KaTap, NMPEeKypcopiapiblH MOJSPIIBIK KaTHIHACKI MEH CHHTE3ZCYy SJICIHIH e3repyiHe
GailJIaHBICTBI 3ePTTEINIreH YIriiep YIIiH (GIIyopecleHIs CIIeKTPi TOJKBIH Y3bIHABIFBI MIKaNachl OOMBIHIIA 63
OpHBIH e3repTneiai. DIyOpeCUCHIMIHBIH €H YJIKCH KBAHTTHIK IIBIFBIMBI MHKPOTOJKBIH/BL - CHHTE3ACY
dmiciMeH aNbIHFaH JTUMOH KBIIIKBUTBI MCH MOYCBHHA KATHIHACHI 1:4 GOJAaTHIH KOMIPTEKTI HAHOHYKTEIEp YIIiH
QIBIHIBL. A30T aTOMIapbl EHTI3UIreH KOMIPTEKTI HAaHOHYKTENepIiH (UIyOpecHeHINsICHIHBIH eMip CYpy
yakpITBl opra ecenmeH 7,4 Hc TeH. IlpekypcoprnapAblH MOJSPIBIK KAaTHIHACHIHBIH ©3Tepyl KeMipTeKTi
HAHOHYKTEJEPIiH Meepi MeH MOp(OIOTHIChIHA aTapIBIKTall acep eTHeNTiHI KOPCeTIII.

Kinm ce30ep. XKeMipTeKTi HaHOHYKTENEP, MUKPOTOJIKBIHABI CHHTE3, I'MAPOTEPMHSNBIK CHHTE3, ONTHUKANBIK
KacHeTTepi, IMMOH KbILIKbLIbI, MOYEBHHA.

I'. AmanmxonoBa, E. Cenuepcrosa, H. 6paeB, E.1. Tepykor

CTpyKTypHBbIE H ONITHYECKHE CBOWCTBA YIJIePOAHBIX HAHOTOYEK HA OCHOBE JTUMOHHOI
KHCJIOThI, JOMUPOBAHHBIX ATOMaMH a30Ta

IlpoBemeHo  wWcclenmoBaHME  JIIOMHHECHEHTHBIX - CBOMCTB  YIJIEPOJHBIX  HAHOTOYEK,  IOJyYEHHBIX
MHKPOBOJHOBBIM M THAPOTEPMAIBHBIM METOJAMH CHHTE3UPOBAHUS U3 JIMMOHHOH KHCIIOTHI M MOYCBHHEL
HanowacTumpl OBIIM OXapaKTEPU30BAHEI (C IOMOIIBIO IIPOCBEUMBAIOIICH AIEKTPOHHOH MHKPOCKOIIHH,
JMHAMUYECKOTO pacCesHUs CBeTa W MH(PAaKpacHOW cHeKTpockommu ¢ mpeodpazoBanueM Dypoe. Pasmepsr
MOTy4YEeHHBIX YIIIEPOAHBIX HAHOTOYEK Mocie Auanus3a BapbupytoTcsa oT 2 go 8 um. MK crmektpsl ¢ @ypse
npeoOpazoBaHueM MOATBEPXKIAIOT Haanuue kuciaopoaconaepxkamux OH u CN, -NH rpynn B mosmy4eHHBIX
pactBopax. Jlmd BcCeX HCCIENOBAaHHBIX YIIEPOAHBIX HAHOTOUEK MaKCHMajbHas HHTEHCHBHOCTb
(yopeciieHIMM HaOmOAaeTesi mpy Bo30yxaeHun Ha aiauHe BojHbl 350 HM. Croektp ¢uyopecueHuun He
H3MEHSET CBOETO ITOJIOXKEHHMS 10 IIKajie JUIMH BOJH JUIS HCCIEAYEeMBIX 00pa3lioB OT U3MEHEHHS MOJISIPHOTO
COOTHOIIEHUS TPEKypCOPOB U METO/A CHHTe3UpoBaHMs. HambGonbmmii KBaHTOBBIH BEIXOX (IyOpeCHeHIINN
HaOJIIOlaeTcsl y YIAepoAHBIX HAHOTOYEK C COOTHOUIEHHEM JIMMOHHOM KHCIOTHI M MOYEBMHEI 1:4,
MOJyYeHHBIX MHKPOBOJIHOBEIM METOJIOM CHHTE3UpPOBaHMA. Bpems >ku3HH (ayopeclieHIMH NONMHMPOBAHHEIX
aTOMaMH <a30Ta YIJIEPOAHBIX HAaHOTOUEK B cpeaHeM cocraBiusieT 7,4 Hc. IlokazaHo, 4YTO H3MEHEHHE
COOTHOIIECHHS NTPEKYPCOPOB HE OKa3bIBACT 3aMETHOTO BIIMSHHSA Ha pa3sMepbl B MOP(OJIOTHIO yriepoJHbIX
HAHOTOYEK.

Kniouesvie cnosa: YriepoaHble HAHOTOYKH, MI/IKpOBOJ'IHOBbII‘/‘I CHUHTE3, FHI[pOTCpMaJ'ILHLIfI CHUHTE3, OIITUYCCKHUE
CBOﬁCTBa, JIMMOHHas KKUCJioTa, MOYCBHUHA.
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