
Optics and Spectroscopy, 2024, Vol. 132, No. 5

18

Photocatalytic properties of amorphous and graphitic carbon dots based

on citric acid

© I.V. Margaryan 1, A.M. Mitroshin 1,2, N.B. Viktorov 3, A.Yu. Dubavik 1, S.A. Kurnosenko 4,

O.I. Silyukov 4, E.V. Kundelev 1,∗

1 International research and educational center for physics of nanostructures, ITMO University, Saint-Petersburg, Russia
2 Institute of Macromolecular Compounds, Russian Academy of Sciences, St. Petersburg, Russia
3 St. Petersburg State Technological Institute (Technical University), St. Petersburg, Russia
4 St. Petersburg State University, St. Petersburg, Russia
∗e-mail: kundelev.evg@gmail.com

Received April 24, 2024

Revised April24, 2024

Accepted April 27, 2024

The simplicity of synthesis of carbon dots with the required energetic and optical properties determines the

interest in their use as photoabsorbers in photocatalytic hydrogen generation systems. In order to effectively use

carbon dots with the desired characteristics, proper purification of carbon dots from low molecular weight reaction

products, which can significantly alter the final properties of carbon dots, is critical. In this work, amorphous and

graphitic carbon dots were prepared from citric acid and their purification procedure was carried out. Further,

structural, optical and photocatalytic characterization of both the initial and purified carbon dots was performed.

Analysis of the obtained data showed that low molecular weight reaction products contribute significantly to the

ability of photocatalytic systems to generate hydrogen. The application of a proper procedure for purification of

carbon dots is essential to obtain correct results in photocatalytic hydrogen generation experiments.

Keywords: photocatalysis, hydrogen generation, carbon dots, photoluminescence, luminescence decay time,

atomic force microscopy, infrared absorption spectroscopy.
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Introduction

Carbon dots (CD) are classified as carbon-based nanoma-

terials whose internal structure [1–5] includes a carbonized

core and numerous molecular-type optical centers [4,6–
11]. Such CD structure with numerous various optical

centers accounts for dependence of PL on excitation

wavelength. The presence of bright, stable and tunable

PL of CD in a wide visible spectrum range determines

extensive application of CDs in sensorics and optoelectronic

devices [12–15]. Easy synthesis of CDs capable of absorbing

solar radiation from ultraviolet to infrared spectrum range

allows them to be used as absorbers in photocatalytic sys-

tems [16,17]. At this point, various CDs have been used in

photocatalytic hydrogen generation systems mainly without

a proper procedure for removing low-molecular synthesis-

by-products (dialysis) [16,17]. The lack of CD dialysis

procedure may lead to incorrect results of photocatalytic

hydrogen generation experiments.

In this study, structural and optical properties of

amorphous and graphitic CDs based on citric acid have

been identified and also investigated at various synthesis

temperatures. Atomic force spectroscopy, IR absorp-

tion spectroscopy, UV-VIS absorption and luminescence

spectroscopy have been used to identify and investigate

structural and optical properties of amorphous and graphitic

CDs before and after the dialysis procedure. The obtained

CDs used as light absorbers together with the Du Bois

type [Ni(P2N2)
2]2+ catalyst containing an external coordi-

nation sphere with phosphonic groups has made it possible

to identify the influence of low-molecular organic matter

formed as by-product during the CD synthesis process

on the hydrogen generated capabilities of a composite

photocatalytic system. Analysis of the obtained data

has shown that a proper CD purification procedure was

necessary to obtain correct results of the photocatalytic

hydrogen generation experiments.

1. Materials and research methods

Amorphous CDs (a-CDots) were synthesized using a

technique described in [16]. For this, 2 g of citric acid (CA)
was heated in an open crucible in a muffle furnace at 180◦C

for 40 h to form of a viscous dark brown liquid. 2.3mL of

water and aqueous NaOH solution (5M, 1.35mL) were

added to the prepared solution for neutralization to pH 7.

Then, the freeze-drying method was used to isolate CDs

CDots in the form of 0.9 g yellow-orange powder coated

with sodium carboxylates. Synthesis of these CDs was not

followed by a dialysis procedure. To obtain amorphous CDs

free from low-molecular reaction products (a-CDots-D), a
a-CDots dialysis procedure was employed with the use of a

3.5 kDa membrane during 7 days.

Graphitic CDs (g-CDots) were synthesized similar to the

synthesis of amorphous CDs (a-CDots) using additional
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Figure 1. AFM images for CDs a −CDots and a−CDots − D and corresponding size distribution histograms.

high-temperature treatment [17]. For this, at the first stage

2 g of citric acid underwent pyrolysis in an open crucible

in a muffle furnace at 180◦C during 40 h. Then, additional

heating at 320◦C during 100 h was used. The obtained

product was dissolved in 3mL of water and neutralized to

pH 7 by adding aqueous NaOH solution (5M, 0.45mL) to

obtain CDs coated with sodium carboxylates. Then, freeze-

drying method was used to isolate g-CDots in the form of

yellow-orange powder. g-CDots-D free from low-molecular

reaction products were obtained similar to the procedure

used for amorphous CDs.

Synthesis of the Du Bois type (NiP) water soluble catalyst
containing the electroactive [Ni(P2N2)2]

2+ core with an

external coordination sphere in the form of four phosphonic

acid fragments was conducted using a technique described

in [18].

The absorption spectra of CDs were recorded using

the UV-3600 spectrophotometer (Shimadzu, Japan). CD

luminescence and luminescence excitation spectra were

measured using the Cary Eclipse spectrofluorimeter (Varian,
Australia). FTIR absorption spectra of CDs were recorded

using the Tensor II IR spectrophotometer (Bruker, USA) in

the attenuated total internal reflection mode.

The size of CDs was obtained using the Solver Pro-

M atomic force microscope (AFM) (NT-MDT, Russia).
For this, 70µL of CD solution was applied to the mica

surface by centrifugation with the following parameters:

5 s at 500 r/min and 25 s at 2000 r/min. After subsequent

annealing of CDs during 15min at 130◦ , CD sizes were

measured.

The MicroTime100 scanning laser microscope (Pico-
Quant, Germany) was used to record CD PL decay curves

approximated by the biexponential function

I = A1e
−

t
τ1 + A2e−

t
τ2 . (1)

The mean CD PL decay time was calculated using the

following equation

τav =
∑

i

Aiτ
2

i /
∑

i

Aiτi), (2)

where Ai and τi are the amplitude and decay time of the i
component, respectively.
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Figure 2. AFM images for CDs g−CDots and g−CDots−D and corresponding size distribution histograms.

For the purpose of photocatalytic experiments, 167mg

(10 nmol) of CDs and 0.27mg (10 nmol) of NiP catalyst

were mixed in 50mL of 0.1M ethylenediaminetetraacetic

acid (EDTA, electron donor) aqueous solution with pH 6

and shaken in a vortex mixer during 1min. Then, the mix-

ture was placed into a reaction cell and thermostatting was

initiated (20◦C). For photoexcitation of the photocatalytic

system, the Osram XBO-150 lamp and light filtering NaBr

and KCl mixture solution were used to obtain exciting light

from 220 nm. Then, the system was purged with argon

during 30 min, gas chromatographic analysis was started for

the total time of 4 h with sampling every 15min.

Results and discussion

Figure 1 shows AFM images for amorphous a-CDots (a)
and a-CDots-D (b) with corresponding size distribution

histograms. For a-CDots obtained without dialysis pro-

cedure, a mean size of 6.6± 2.3 nm is typical, which

agrees with the sizes previously determined by the high-

resolution transmission electron microscopy (TEM) for

similarly obtained CDs [16]. The size distribution histogram

of dialyzed a-CDots-D in Figure 2, b shows that their mean

size decreases to 4.4± 1.3 nm. Decrease in the mean sizes

of CDs after removal of low-molecular synthesis products

may be indicative of weak coupling of CD components or

centers. According to the AFM images and corresponding

size distribution histograms shown in Figure 2, mean sizes

2.4± 0.8 nm and 1.8± 0.8 nm are typical for ordinary g-

CDots and dialyzed g-g-CDots-D. Note that the dialysis of

graphitic as well as amorphous CDs leads to the decrease

in their mean size.

The surface structure of original amorphous and graphitic

a-CDots and g-CDots, and of purified equivalent a-CDots-

D and g-CDots-D was identified using the IR absorption

spectroscopy. Figure 3 shows IR absorption spectra of

a-CDots, a-CDots-D and NaOH-neutralized citric acid

(CA) precursor for comparison. The FTIR spectra of

amorphous a-CDots and a-CDots-D are characterized by

two characteristic bands at 1396 and 1566 cm−1, corre-

sponding to symmetric and asymmetric stretching of sodium

carboxylates on the CD surface. The similar stretching

Optics and Spectroscopy, 2024, Vol. 132, No. 5
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Figure 3. FTIR absorption spectra of a−CDots , a−CDots−D
and NaOH-neutralized CA molecules. Characteristic frequencies

are marked with arrows.
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Figure 4. FTIR absorption spectra of g−CDots , g−CDots−D
and NaOH-neutralized CA molecules. Characteristic frequencies

are marked with arrows.

bands of the sodium carboxylates of the molecular CA

precursor are located at 1385 and 1566 cm−1. The IR

absorption spectrum of amorphous dialyzed a-CDots-D is

also characterized by a carboxyl group (-COOH) stretching

band at 1703 cm−1. Graphitic CDs have characteristic IR

absorption bands (Figure 4) at 1417 and 1570 cm −1 (g-
CDots) and 1427 and 1564 cm −1 (g-CDots-D) that are

also referred to sodium carboxylate stretching on the CD

surface.

Figure 5 shows absorption and luminescence spectra of

amorphous and graphitic CDs. The absorption spectra

of amorphous a-CDots and a-CDots-D are characterized

by absorption up to 500 and 600 nm with a typical arm

in the area of 250 nm. Graphitic g-CDots and g-CDots-

D have absorption up to the near IR spectrum range

(700 nm) with even more pronounced arm at 250−300 nm.

The absorption spectra structure of both amorphous and

graphitic CDs is in full agreement with that for previously

obtained CDs [16,17,19]. When recorded at 460 nm

and 450 nm, the luminescence excitation spectra of the

amorphous and graphitic CDs have a structure with two

peaks in the area of 250−350 nm. For amorphous CDs,

higher intensity of the long-wavelength peak is observed,

while for graphitic CDs, the short-wavelength peak is more

intense. Note that disagreement of the type absorption

spectra with the corresponding luminescence excitation

spectra of both amorphous and graphitic CDs is indicative

of a contribution of a large number of absorption centers of

CD to the observed amorphous spectrum of CDs. From

Figure 5, a, it is clear that the PL peak position and

intensity for amorphous a-CDots and a-CDots-D depend on

the excitation wavelength; when the excitation wavelength

shifts from λ = 360 to 460 nm, the emission maximum

shifts from λ = 459 for a-CDots and from λ = 470 to

554 nm for a-CDots-D, and a significant drop in the PL

intensity occurs [3]. A similar dependence of the PL

peak is observed for graphitic g-CDots and g-CDots-D

(Figure 6, a, b). Excitation wavelength shift for graphitic

g-CDots from λ = 300 to 420 nm leads to the shift of their

PL peak from λ = 440 to 524 nm. The dialyzed amorphous

and graphitic carbon dots CD are also characterized by

wider luminescence bands. The most intense PL band of

dialyzed amorphous a-CDots-D with excitation at 360 nm

has a full width at half maximum that is 27 nm larger

than that for the similar PL band of the original a-CDots

(102 nm). For graphitic CDs, the difference in the width

of more intense luminescence peaks between dialyzed g-

CDots-D and original g-CDots achieves 103 nm. The

observed features in the PL spectra of dialyzed a-CDots-

D and g-CDots-D in the form of wider PL peaks and

more intense long-wavelength PL may indicate that the CD

dialysis process leads to a slight change in the structure of a

part of the optical centers on the CD surface, which is also

proved by the change in luminescence excitation spectra of

the original and dialyzed CDs.

Figure 7,/,8 shows the PL decay kinetics of amorphous

and graphitic CDs with excitation at 410 nm. When approx-

imating the PL decay curves by biexponential function (1),
mean decay times of 4.0 and 3.3 ns were obtained for

the original and dialyzed amorphous (a- CDots and a-

CDots-D), as well as 2.6 and 4.2 ns were obtained or

original and dialyzed graphitic (g-CDots and g-CDots-D),
that were calculated according to expression (2). The data

obtained are consistent with the typical PL decay times for

CDs [16,17,19]. Variation of the decay times for original and

dialyzed amorphous and graphitic CDs may indicate that the

dialysis of carbon dots leads not only to some change in the

structure of a part of optical centers on the surface, but

also affects the relation between radiative and nonradiative

relaxation rates of photoexcitations in CDs.

Optics and Spectroscopy, 2024, Vol. 132, No. 5
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Figure 5. Absorption, PL and PL excitation spectra of a−CDots (a) and CDots−D (b) at different excitation and recording wavelengths,

as shown in the figure legend.
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Figure 6. Absorption, PL and PL excitation spectra of g −CDots (a) and g−CDots−D (b) at different excitation and recording

wavelengths, as shown in the figure legend.

The photocatalytic hydrogen generation experiments by

the CD/NiP system (with molar ratio 1:1) were conducted

in water with pH 6 with addition of the electron donor in

the form of EDTA. Figure 9 shows the outlines of hydrogen

generation for various photoabsorbers in the form of CDs:

original amorphous (a-CDots) and dialyzed (a-CDots-D) as

well as original graphitic (g-CDots) and dialyzed (g-CDots-
D). When using amorphous a-CDots in photocatalysis,

30.3µL of hydrogen is generated during 4 h, while in case

of similar dialyzed (a-CDots-D), only 8.8µL of hydrogen

is generated during the same time. More than a three-

fold decrease in hydrogen generation for dialyzed CDs

compared with the original equivalent CDs is indicative of

a significant contribution of low-molecular organic matter

to hydrogen generation. For graphitic CDs, generation of

13.6µL and 16.8µL for original g-CDots and dialyzed

g-CDots-D is observed. Although low-molecular organic

matter does not make any considerable contribution to

the total volume of hydrogen generation, the presence of

low-molecular organic matter has significant influence on

the hydrogen generation rate (turnover frequency, TOF)

during the experiment. Thus, for original graphitic (g-
CDots) TOF (1 h) for the first hour is 37, while for

dialyzed CDs (g-CDots-D) it is only 12. After 2 h of

the photocatalytic experiment, hydrogen generation when

using g-CDots almost stops, while for dialyzed CDs g-

CDots-D, the hydrogen generation rate even increases

with time. Various features observed when CD are used

in photocatalysis before and after dialysis are indicative

of the considerable contribution of low-molecular organic

matter to the resultant hydrogen generation figures. Thus,

for photocatalytic hydrogen generation experiments, it is

critical to remove properly low-molecular organic matter

and unify this process to provide the results applicable to

Optics and Spectroscopy, 2024, Vol. 132, No. 5
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Optics and Spectroscopy, 2024, Vol. 132, No. 5



Photocatalytic properties of amorphous and graphitic carbon dots based on citric acid 507

0 1 2 3

t, h
4

V
(H

),
 µ

l
2

35

30

20

10

a-CDots

a-CDots-D

g-CDots

g-CDots-D25

15

5

Figure 9. Outlines of hydrogen generation by photocatalytic

CD/NiP systems (CD: a−CDots , a−CDots−D, g−CDots ,
g−CDots−D) in water at pH 6 using EDTA as the electron donor.

CDs and correct comparison with other photoabsorbers in

photocatalytic hydrogen generation systems.

Conclusion

This study has obtained and investigated the structural

and optical properties of amorphous and graphitic CDs

based on citric acid at the synthesis temperatures from

180 to 320◦C. The atomic force spectroscopy has been

used to measure the sizes of amorphous and graphitic CDs

before and after dialysis (6.6± 2.3, 4.4± 1.3, 2.4± 0.8

and 1.8± 0.8 nm for a-CDots, a-CDots-D, g-CDots, g-

CDots-D). Analysis of IR absorption spectra has shown

that the surface of both amorphous and graphitic CDs is

characterized by the presence of carboxyl groups. The opti-

cal properties of CDs have been investigated using UV-VIS

absorption spectroscopy and luminescence spectroscopy. It

has been found that amorphous and graphitic CDs have

molecular optic centers that define main photophysical

properties of CDs in the visible spectrum range. The

obtained CDs used as light absorbers in a composite

water photocatalytic system together with the Du Bois

type [Ni(P2N2)2]
2+ molecular catalyst containing an external

coordination sphere with phosphonic groups has made it

possible to identify the influence of the type of CD and

of the CD dialysis procedures on the hydrogen generation.

It has been first shown that low-molecular organic matter

formed as by-product during CD synthesis has a significant

influence on the hydrogen generating capabilities of the

composite photocatalytic system. Thus, provision of a

proper CD purification procedure is necessary to obtain

correct results of the photocatalytic hydrogen generation

experiments.
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