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ZnO nanoparticles were hybridized with carbon dots (Cdots) and the hybrids were characterized.
Zn0(100) and ZnO(20) with particle sizes of 94 and 20 nm, respectively, were synthesized by calcina-
tion and polyol solvent methods, respectively. The morphology, size and crystallinity of ZnO nanoparticles
were not varied by the addition of Cdots. The spectroscopic results indicated the successful attachment of
Cdots to ZnO nanoparticles. The specific surface area of Zn0O(20) was larger than Zn0O(100) and increased
with the hybridization of Cdots. When the amount of ethylenediamine against citric acid between raw
materials of Cdots was increased, the existence of nitrogen in Cdots became recognized. The band gap
increased with decreasing particle size, and the addition of Cdots decreased the band gap of ZnO. Thus,
these results suggest that the hybrids of ZnO with Cdots may exert the performance on photocatalysis
and photovoltaic electrochemistry.

© 2018 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

Carbon dots (Cdots), which are one of the latest nano-allotropes
of carbon materials, take a size of few nm and possess a prop-
erty of quantum dots. After the pioneering synthesis of Cdots from
carbon nanotube, various procedures of the Cdots production from
different raw materials have been reported, and their characteriza-
tions have been performed [1,2]. Especially, due to their easy syn-
thesis, biocompatibility, excellent stability and water dispersibility,
Cdots attract researchers who focus on the applications [3-10]. In-
cidentally, metal oxides are highly valuing in photovoltaic research
as excellent semiconducting materials, which possess an adequate
band gap energy and absorbed energy of sun light [11]. For in-
stance, metal oxides such as titanium dioxide (TiO,), zinc oxide
(Zn0O) and tin dioxide (Sn0O,) are applicable to photocatalysts and
dye-sensitized solar cells [12-17]. Cdots are expected to be easily
incorporated in such metal oxides and to effectively increase light
absorption of metal oxide-Cdots composites in the visible region,
leading to massive photocurrents. The metal oxide-Cdots compos-
ites also may present an energetically favorable conduction band
and an electrochemical activity.

In the present work, the characterization of ZnO influenced by
addition of Cdots has been investigated on ZnO nanoparticles with
different particle sizes, which exhibited significantly different ef-
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fects. The effects of Cdots were examined at the different amounts
of nitrogen content in Cdots, which were varied by changing the
ratio of raw materials (citric acid and ethylenediamine). Thus, the
Cdots will be expected to be the promising additive for enhancing
semiconductive performance of ZnO.

2. Experimental section

Zinc nitrate hexahydrate (98%), oxalic acid dihydrate (99.5%),
ethylene glycol (99+%), ethylenediamine (99%), isopropanol (99.5%)
and citric acid anhydrous (99%) were purchased from Acros organ-
ics (USA). Sodium hydroxide pellet (95%) was obtained from ].T.
Baker (Sweden).

ZnO nanoparticles were prepared using two methods. On the
calcination synthesis, an aqueous solution (100ml) of zinc ni-
trate hexahydrate (0.4M, 5.94g) was heated at 80 °C and was
added quickly to an aqueous solution (100 ml) of oxalic acid (0.6 M,
3.78g) at 80 °C [14,15]. Then the resulting dispersion was sonicated
for 20 min, stirred for 4h, filtered, washed several times with wa-
ter and air-dried for 12 h. After zinc oxalate was calcined for 12 h
at 450 °C, the product was allowed to cool down to room tem-
perature. On the polyol solvent synthesis method, zinc nitrate hex-
ahydrate (7.45g) and NaOH (1g) dissolved separately in ethylene
glycol (25 ml) were mixed at pH 11.5 and stirred for 1h at 80 °C.
Precipitates were washed by centrifugation using acetone, ethanol
and water and air-dried overnight.

Cdots with different nitrogen contents were synthesized via
a method like that described previously [3,9,10] but with minor
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modifications. Citric acid anhydrous (1g) was dissolved in water
(70 ml) and ethylenediamine (0.30 and 0.6 ml) was added to be
the number ratios of NH, group in ethylenediamine against COOH
group in citric acid of 1:1 and 2:1, respectively, which were here-
after described Cdots(x=1 and 2). After the mixture was stirred
for 30 min at room temperature, it was hydrothermally carbonized
in an autoclave for 5h at 250°C and stood to cool. The sol-
vent was evaporated and the resulted Cdots were dried for 3h at
100 °C. ZnO (400 mg) in isopropanol (2ml) and Cdots (48 mg, 10%
wt) in water (2ml) were mixed, sonicated for 10 min and stirred
for 4h at room temperature. ZnO@Cdots were filtered, washed
several times with water, air-dried overnight and heat-dried at
100 °C for 3 h.

The transmission electron microscopic (TEM) images were ac-
quired using a JEOL JEM-2100 operating at an acceleration voltage
of 120kV. The carbon-coated copper grid was drop-coated by an
isopropanol dispersion of ZnO@Cdots and the solvent was evap-
orated in air. The X-ray diffraction (XRD) patterns were recorded
at 20-80° on a Rigaku D/Max-kA diffractometer using CuKo radi-
ation (1.54A) at 40kV and 30mA. Sample powders were dried at
100 °C for 3h before measurement. X-ray photoelectron spectro-
scopic (XPS) measurement was performed on a Thermo Scientific
K-alpha instrument. Fourier transform infrared (FTIR) absorption
spectra were recorded using a NICOLET700 instrument at an accu-
mulative scan of 64 times. An isopropanol solution of ZnO@Cdots
was dropped on CaF, pellet and dried. The ultraviolet (UV)-visible
absorption spectra were recorded using a Jasco V-670 series spec-
trometer. The quartz plate was dipped into the concentrated dis-
persion of sample powder in isopropanol, dried in air and supplied
for measurement. The nitrogen adsorption experiment was done at
77K using a Brunauer-Emmett-Teller (BET) surface area analyzer
(BELSORB Max) after pre-heat treatment of 200 mg sample solid at
300 °C for 3h.

3. Results and discussion

While ZnO was prepared by two different synthesis methods of
calcination and polyol solvent methods [14,15], Cdots were synthe-
sized by the hydrothermal method from citric acid and ethylene-
diamine [3,9,10] and hybridized with ZnO by the mixing pro-
cedure. Fig. 1A exhibits TEM images of two ZnO particles and
their hybrids with Cdots (ZnO@Cdots(1)). Both ZnO particles took
polygonal shape but their sizes were different about 5 times.
Moreover, their size and shape were not remarkably changed af-
ter hybridization with Cdots. Fig. 1B shows the size distribu-
tions obtained by sampling particles in TEM images. The parti-
cle average sizes were 93.9+23.9 and 20.4+9.6nm for ZnO syn-
thesized by calcination and polyol solvent methods, respectively.
Thus, hereafter, the former and latter ZnO particles are called
Zn0O(100) and Zn(20), respectively. Incidentally, the average sizes
(94.4+24.4 and 20.54 9.5 nm, respectively) of ZnO(100)@Cdots(1)
and ZnO(20)@Cdots(1) were consistent with those of the corre-
sponding ZnO.

Fig. 2 shows XRD patterns of ZnO and ZnO@Cdots with dif-
ferent ZnO sizes and NH, contents in Cdots. Both XRD patterns
of Zn0O(100) and ZnO(20) correspond to the hexagonal wurtzite
structure (JPCDS No 36-1451). The values of lattice parameter
were a=3.22A, c=521A and c/a ratio=1.628 for ZnO(100) and
a=3.24A, c=5.28A and c/a=1.629 for ZnO(20), which were close
to the standard c/a=1.633 for wurtzite structure [16]. The XRD
patterns of ZnO@Cdots, regardless of amine content, were well
consistent with those of corresponding ZnO and the appearance
of new peaks assigned to Cdots were not clearly confirmed in the
XRD patterns of ZnO@Cdots owing to the amorphous structure of
Cdots [6,9]. That is, the crystallinity of ZnO nanoparticles, as well
as their morphology and size, was not influenced by the addition
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Fig. 1. (A) TEM images of (a) Zn0O(100), (b) ZnO(20), (c) Zn(100)@Cdots(1) and (d)
Zn0(20)@Cdots(1). (B) Particle size distribution of (a) (red) Zn(100) and (green)
Zn(100)@Cdots(1) and (b) (red) ZnO(20) and (green) ZnO(20)@Cdots(1). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 2. X-ray diffraction patterns of (A) ZnO(100), ZnO(100)@Cdots(1) and
Zn0(100)@Cdots(2) and (B) Zn0O(20), ZnO(20)@Cdots(1) and ZnO(20)@Cdots(2). In-
sert the expected peak positions from a crystallographic database.
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Table 1

IR absorption bands (at cm~') and their assignments of Cdots, ZnO and ZnO@Cdots(1). (w: weak band, sh: shoulder band).

Assignment Cdots(1) Zn0(100)

Zn0(100)@Cdots(1) Zn0(20) Zn0(20)@Cdots(1)

3500
3300sh
2960 w
1660
1550

O-H stretching

C-H stretching
C=0 and COO~ stretching, NH, bending

(1500 w)

0O-H bending 1390 w (1350 w)

3500
3350

3500
3300sh

3500
3300

1700sh
1580 w
(1500 w)
1400 w

1670
1560

(1650 w)
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Fig. 3. FTIR absorption spectra of (A) ZnO(100) and ZnO(100)@Cdots(1) and (B)
Zn0(20), ZnO(20)@Cdots(1) and Cdots(1).

of Cdots. The broadening of XRD peaks seen in cases of ZnO(20)
and ZnO(20)@Cdot(1) in Fig. 2B suggests that their nanoparticles
are small in size, although the sharpness seems to be increasing
on ZnO(20)@Cdot(2) [15].

FTIR absorption bands of ZnO@Cdots(1) are compared to those
of ZnO and Cdots in Fig. 3 and Table 1. While ZnO(100) did not dis-
play any characteristic IR bands except weak bands around 1500
and 1350 cm~!, new bands on ZnO(100)@Cdots(1) appeared at
3500, 3350, 1700 and 1580 cm~!, which were attributed to IR
bands of Cdots [6,9,10]. Meanwhile, main IR bands of Zn0O(20) ob-
served at 3500 and 1400 cm~! can be assigned to O-H vibra-
tion modes of ethylene glycol, which was used on the synthesis of
Zn0(20) nanoparticles and adsorbed on the nanoparticle surface as
stabilizer/protector. The additional IR bands on ZnO(20)@Cdots(1)
appeared at 1670 and 1560 cm~! can be attributed to the vibration
modes originated in Cdots. Then, it can be confirmed that charac-
teristic IR bands of both Zn0O(20) and Cdots(1) were observed on

Zn0(20)@Cdots(1). Thus, the FTIR results support that Cdots have
been successfully attached to ZnO nanoparticles.

The full XPS survey scan of ZnO(20)@Cdots and ZnO (Fig. 4A)
exhibited the distinctive peaks that are assigned to Cl1s, N1s, Ols
and Zn2p. The chemical composition and species in the particles
can be characterized by fine analysis in XPS. The fine peaks of
each element are shown in Fig. 4B, which includes deconvoluted
line spectra. The binding energy values and area intensities of de-
convoluted species are listed in Table 2 in comparison with those
of Cdots. The Zn2p3? and Zn2p'/2 species appeared at binding
energies of 1023 and 1046eV, respectively, for ZnO(20)@Cdots(1),
Zn0(20)@Cdots(2) and ZnO [16] and these binding energies did not
change before and after hybridization with Cdots.

On a C1s peak, ZnO possessed two deconvoluted species, which
are attributed to alkyl (sp?) C-C and C-OH of ethylene glycol ad-
sorbed on ZnO on the process of the synthesis, as clarified from
IR absorption spectra. On the other hand, among three main de-
convoluted species of Cdots, a species of lowest binding energy
is assigned to C=C and C-C bonds of aromatic (sp?) carbons and
two peaks of higher binding energies is due to the contribution of
C-COOH, C-NH; and alkyl C-C carbons [6]. Thus, four species of
Zn0(20)@Cdots(1) can be said to be contributed by both ZnO and
Cdots. Similar contribution was confirmed even from O1s peak:
While the O1s peak of ZnO was deconvoluted into two species
of ZnO main unit and C-OH from ethylene glycol and the O1ls
peak of Cdots was contributed from C=0 and C-OH of COOH,
Zn0(20)@Cdots(1) exhibited four deconvoluted species contributed
from ZnO and Cdots.

Although  all  characteristic =~ species  appeared  for
Zn0(20)@Cdots(1) could be observed even for ZnO(20)@Cdots(2)
as well, XPS analysis indicated the additional species origi-
nating from much amount of nitrogen (NH,) incorporation
in ZnO(20)@Cdots(2), although they were not recognized in
Zn0(20)@Cdots(1) because of less amount of nitrogen existence.
The deconvolution of Cls and N1s peaks indicated additional
species of C-NH, at 286.6, 400.1 and 402.3 eV. Incidentally, Cdots
appeared an N1s peak of C-NH, at 399.9 eV but did not distinguish
C1s peak of C-NH, [6,18,19].

The nitrogen adsorption/desorption isotherms at 77K were
measured for Zn0O(100), ZnO(20) and ZnO(20)@Cdots(2) powders.
The isotherms are plotted in Fig. 5 and the determined BET pa-
rameters are listed in Table 3. The specific surface area increased
about 5 times from ZnO(100) to ZnO(20) and 8% by adding Cdots
on ZnO(20). Pore volume also increased with decreasing ZnO size,
but it decreased with addition of Cdots, indicating the stop-up of
the pores by Cdots.

The band gap of ZnO and ZnO@Cdots nanoparticles can be
calculated by means of Tauc’s plot given by an equation of
(ahv)?2 =B(hv — Eg), where « is the absorption coefficient, hv is
the photon energy, B is the constant and Eg is the band gap en-
ergy [16,20,21]. Then on the curve of (ahv)? as a function of hv
as shown in Fig. 6, which was recalculated from UV-visible ab-
sorption spectra, the hv value at the extrapolation of linear line to
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Fig. 4. (A) XPS full survey spectra of (black) ZnO(20), (blue) ZnO(20)@Cdots(1) and (red) ZnO(20)@Cdots(2). (B) XPS fine spectra of Cls, N1s, O1s, Zn2p3/2 and Zn2p1/2 of
(a) Zn0(20), (b) ZnO(20)@Cdots(1) and (c) ZnO(20)@Cdots(2). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

(ahv)2=0 is the band gap value. Thus, the band gap energies were
evaluated and listed in Table 4.

It can be noted that the optical band gap depended on the
particle size: A blue shift of UV-visible absorption band of ZnO
occurred, ie. the band gap increased with decreasing particle
size from 94nm to 20nm. Incidentally, ZnO aggregates displayed
lower band gap of 3.02eV [16]. The band gap between valence
band and conduction band generally occurs inside the nanoparti-

cle. When the particle size decreases, the electron is confined in
the particle (confinement effect), leading to the increase in band
gap energy and the quantization of band levels. Thus, the energy
level spacing increases with decreasing the size dimension. On
the other hand, the addition of Cdots decreased the band gap of
ZnO. Similar phenomenon was reported even by adding ZrS, to
ZnO [16]. This is due to the decrease of conductive band level by
additives.
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Table 2
Binding energy (BE) and area intensity obtained from XPS of ZnO(20), ZnO(20)@Cdots and Cdots(1).
Element Zn0(20) Zn0(20)@Cdots(1) Zn0(20) @Cdots(2) Cdots(1) Assignment
BE (eV) Area intensity BE (eV) Area intensity BE (eV) Area intensity BE (eV) Area intensity
Cls 284.9 240.0 285.5 309.0 284.6 208.1 CC (aromatic)
286.2 3231 286.0 491.7 285.6 42.8 C-O0OH
286.6 372.5 C-NH,
287.2 642.3 2871 240.0 287.6 341.6 287.9 55.4 C-C (alkyl)
288.6 787.2 298.2 209.2 290.4 268.2 (288.6) (4.7) C-OH
N1s 400.1 198.5 399.9 55.4 C-NH,
402.3 185.7
O1s (531.1) (21.8)
5313 946.8 5314 1646.3 532.2 138.9 C=0 (COOH)
5321 1855.6 532.4 1196.7 5321 1313.6 C-OH(EGC)
5333 1334.5 533.1 1205.1 5331 115.7 C-OH(COOH)
533.8 1362.6 534.5 959.8 534.2 1047.2 02 (ZnO)
Zn2p3/2 1023.7 12,279.5 1023.2 7453.0 1023.2 3529.5 Zn*2(Zn0)
20
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Fig. 5. Nitrogen adsorption-desorption isotherm at 77K. (blue) ZnO(100), (red)
Zn0(20) and (black) ZnO(20)@Cdots(2). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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BET analysis of adsorption isotherm of ZnO(100), ZnO(20) and ZnO(20)@Cdots(2).

Nanoparticle Specific surface area (m?/g) Pore volume (cm3/g)

Zn0(100) 9.09 0.153

Zn0(20) 51.5 0.195

Zn0(20)@Cdots(2) 55.7 0.191
Table 4

Band gap of ZnO and ZnO@Cdots.

Nanoparticle Band gap (eV) Nanoparticle Band gap (eV)

Zn0(100) 325 Zn0(20) 3.35
Zn0(100)@Cdots(1)  3.20 Zn0(20)@Cdots(1)  3.32
Zn0(100)@Cdots(2) 3.8 Zn0(20)@Cdots(2)  3.10

4. Conclusions

In this work, composite nanoparticles consisting of two sizes
of ZnO by the addition of Cdots were synthesized and character-
ized. While the calcination method produced large ZnO nanoparti-
cles, the nanoparticles from the polyol solvent method were small.
Cdots were synthesized from citric acid and ethylenediamine by
the hydrothermal method and, thus, the content of nitrogen in
Cdots can be easily varied by changing the blended amount of cit-
ric acid and ethylenediamine. Cdots are readily adsorbed on ZnO

hv (eV)

Fig. 6. Tauc’s plots for band gap determination of ZnO and ZnO@Cdots. (A) (black)
Zn0(100), (red) ZnO(100)@Cdots(1) and (blue) ZnO(100)@Cdots(2). (B) (black)
Zn0(20), (red) ZnO(20)@Cdots(1) and (blue) ZnO(20)@Cdots(2). (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

by simple mixing. The hybridization of Cdots on ZnO can be con-
firmed by spectroscopic techniques. Although the addition of Cdots
did not influence on the morphology, size and crystallography of
ZnO, it contributed to the variation of specific surface area and
band gap of ZnO. ZnO of small size possesses large surface area
per volume and thus it may present higher performance on cataly-
sis than ZnO of large size. Small particle size is favorable for quick
attainment of photoexcited electron-hole pair separation in con-
ducting ZnO nanoparticles. Moreover, the adsorption of Cdots on
ZnO may enhance such effects. Thus, these characteristics of com-
posite nanoparticles are expected to effect the photocatalytic and
photovoltaic performances.
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