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Abstract
Carbon-doped zinc oxides were synthesized with different concentrations corresponding to PVA/Zn2+ molar ratios between
5 and 15% by the hydrothermal method. The XRD and SEM results show that the obtained materials have high crystallinity
and a pill-like morphology. Carbon dopant significantly decreased band gap energy (EgCZ3= 2.77 eV), improving the
optical absorption of ZnO in the visible and ultraviolet regions. Generally, the catalyst with carbon doped 1.49% (CZ3),
corresponding to the molar ratio of PVA/Zn2+ = 15%, showed the highest photocatalytic efficiency of ofloxacin (Ofx) and
methylene blue (MB) and was higher than pure ZnO. This is possibly attributed to its morphology with good uniformity and
porosity; the specific surface area of SCZ3 is 26 m2/g which is 1.5 times higher than ZnO. Moreover, it is also relative to the
stable and highest saturation photocurrent density of CZ3, which is ∼6.4 μA.cm−2, 4.15 times higher than pure ZnO. In
addition, trapping experiments showed that positive holes and hydroxyl radicals were the predominant active agents. Finally,
COD and TOC analysis results suggested that the photodegradation progress of MB and Ofx formed organic compounds
with smaller structures and proved that over 78% of MB and 66% of Ofx were converted entirely to simple inorganic
substances such as CO2, H2O, etc.
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Highlights
● The pill-like nano-photocatalysts of C-doped ZnO (CZ) were prepared by the hydrothermal method with various PVA/

Zn2+ molar ratios (5, 10, and 15%).
● The C doping significantly decreased the band gap of pure ZnO (from 3.1 to 2.77 eV).
● Enhancing the photoinduced charge separation, observing that photocurrent is about 5.5 times greater than pure ZnO.
● Excellent performance in the decomposition of ofloxacin (Ofx) and methylene blue (MB) under visible light illumination

and sunlight.
● The role of photoactive species in the reaction process was ordered as follows: h+ > HO:>e�.

1 Introduction

Photocatalysis for advanced oxidation process to treat
persistent organic matter in water is one of the prominent
topics of research interest [1–3]. ZnO-based materials are
still one of the most promising candidates due to their ease
of fabrication, low cost, non-toxicity, and biocompat-
ibility. Besides, its superior properties include chemical
stability over a wide pH range (pH: 4–9), thermal stability,
high optical stability, and a wide radiation absorption
band. [3, 4] Interestingly, ZnO absorbs sunlight higher
than other metal oxide semiconductors and has more light
quanta [5]. For example, ZnO has a wide and straight band
gap similar to TiO2, but the electron mobility of ZnO is
10–100 times higher than that of TiO2, so the electron
transfer efficiency and photocatalytic efficiency of ZnO
are higher than TiO2 [6]. However, like TiO2 and some
other semiconductor oxides, the wide bandgap energy and
fast electron-hole pair recombination limit the application
of ZnO in reality [1, 7–9]. Therefore, the strategy to
reduce the band gap energy and the electron-hole pair
recombination rate has been of intense research interest.
Doping metal or non-metal into ZnO has proven to be the
most simple but highly effective solution [10–12]. The
atomic size of non-metallic elements is usually smaller, so
doping non-metals into a ZnO crystal lattice is often much
easier experimentally than metal doping. On the other
hand, the incorporation of metal doping can occasionally
result in the creation of vacancies or defect states, which
have the potential to act as recombination centers for
photogenerated electrons and holes. For the Mn dopant
case, when the average distance between the electron traps
decreases, the sites where the doped Mn enters will act as
photogenerated electron and hole recombination centers,
therefore reducing the efficiency of the photooxidation
reaction when the amount of doped Mn is more than
optimal [13].

The feasibility of doping non-metallic elements through
theoretical calculations has been demonstrated by Asahi
et al. [14]. Moreover, non-metallic doping such as C, N, and
S into ZnO has been demonstrated by W. Yu et al. based on
Density Functional Theory (DFT) calculations. The
structure-electron and optical properties calculations

suggested that N and C doping in the ZnO lattice is much
more efficient than S doping in absorbing more intense light
in visible and near-ultraviolet regions. The effective mass
calculation of the photogenerated electrons and holes
showed that the recommendation rate of pairs electron-hole
doping is arranged in the following order: Cdoped «Ndoped

<Sdoped [15].
Up until now, there have been a few publications on

C-doped ZnO photocatalysts. [16–22] However, studies on
C-doped ZnO photocatalysts are still few and abundant in
terms of morphology, synthesis methods, and applications.
Most of the reports focus on the degradation of dyes such as
MB and RhB, [16–20] and the rest on the degradation of
other organic substances such as p-aminobenzoic [21] acid
or Bisphenol A [22]. Besides, very few reports surveyed the
optimal conditions for photocatalysis, and some showed
that characteristic studies of C-doped ZnO are not com-
prehensive [17, 21, 22]. In particular, photoelectrochemical
properties are rarely used for research. The studies also
showed that the obtained C-doped ZnO has an unimpressive
specific surface area and photocatalytic efficiency. For
example, most of the C-doped ZnO samples obtained have
specific surface areas less than 21m2/g except for the study
of P.M. Perillo et al. (SBET= 33.29 m2/g) [21], and this may
be related to their photocatalytic efficiency. In addition, the
effect of carbon doping on reducing the band gap energy
level, thereby improving ZnO photoabsorption in the visible
and ultraviolet regions, was also investigated. However,
these reductions were slight, even with the band gaps still in
the UV region [22]. Maybe a slight bandgap reduction is
related to precursors used as carbon resources or the
synthesis methods.

In summary, the above analysis shows that, although
there have been studies on carbon-doped ZnO materials,
they are not many and comprehensive. Research results
mainly focus on the degradation of dyes or other organic
substances but have not focused on the degradation of
antibiotics in water. Besides, studies on the properties of
C-doped ZnO materials are limited, such as photoelec-
trochemical properties, including electrochemical impe-
dance or photocurrent measurement. Moreover, diversity in
morphology, synthesis method, and application of materials
has not been found. Therefore, studies on carbon-doped
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ZnO materials should still be encouraged to continue further
research to enrich and comprehensively view this material.

This work synthesized C-doped ZnO nanoparticles (NPs)
by the hydrothermal method using precursor zinc acetate
and polyvinyl alcohol (PVA) with different molar ratios of
PVA/Zn2+. The photo-oxidation performance of C-doped
ZnO was also studied based on the degradation of anti-
biotics (ofloxacin, Ofx) and dyes (methylene blue, MB)
under visible light.The influence of doped C content on
optical, photoelectrochemical, and photocatalytic properties
was investigated and discussed in detail. Furthermore, COD
removal and TOC mineralization performance were ana-
lyzed. Finally, the radical scavenging test was investigated,
and from that, the photo-oxidation reaction mechanism for
MB and Ofx was proposed.

2 Experimental

2.1 Materials

Zinc acetate dihydrate (Zn (CH3COO)2.2H2O, 99.5%),
ethanol (C2H5OH, 99.5%), sodium hydroxide (NaOH,
99%), and polyvinyl alcohol (PVA, 99%) were bought from
Sigma Aldrich, USA. Ofloxacin (Ofx, 98%), methylene
blue (MB, 99,5%), silver nitrate AgNO3 (99.8%), ethyle-
nediamine tetraacetic acid (EDTA, >99%), isopropanol
(99.5%), and 1,4-benzoquinone (99%) were obtained from
Xilong Scientific Co., Ltd., China.

2.2 Preparation of CZ

CZ catalysts were produced via a hydrothermal process with
precursors such as zinc acetate and polyvinyl alcohol,
sodium hydroxide as the base, ethanol, and deionized water
as the solvent. The molar ratio of PVA/Zn2+ is 5, 10, and
15%, respectively. The mass of Zn(CH3COO)2 salt is
0.664 g, and the mass of PVA is 0.0067; 0.0134, and 0.02 g,
respectively. The synthesized samples are denoted CZ1,
CZ2, and CZ3, respectively.

First, 0.664 grams of zinc salt are blended with 50 ml of
C2H5OH, and an appropriate amount of PVA is dissolved in
40 ml of 50 °C deionized water on a magnetic stirrer until
completely dissolved, then they are mixed and stirred for
30 min. Next, the solution, which includes 1.2 grams of
NaOH in 70 ml of C2H5OH, is added gradually while the
mixture is stirred for an hour at room temperature. The
mixture is placed in an autoclave and stabilized at 160 °C
for 20 hours. Then cool the reaction vessel to room tem-
perature. The CZ-NPs powder was gathered after repeated
washings in distilled water and ethanol and drying at 85 °C
for 8 hours.

2.3 Characterization

The crystal structure of the CZ powder was researched
using X-ray diffraction (XRD) on D2 PHASER (Germany),
with λCuKα= 1.5418 Å. The Scherrer formula (1) calculates
the average crystal size.

L ¼ 0:9λ
Δð2θÞ:cosθ ð1Þ

Where: - L: crystallite size;
- λ: wavelength of radiation, λ= 1.5418 Å;
- Δ(2θ): full width of half maximum.
The equation calculates the lattice parameters of the

hexagonal cell.

1
dhkl

� �2

¼ h2 þ k2 þ hk

a2

� �
þ l2

c2
ð2Þ

Where d is the distance between planes with the provided
Miller indices of h, k, and l, and a, b, and c are the constants
of the lattice.

The morphology and chemical composition of catalysts
were studied on (FE-SEM) using an S-4800 device
(HITACHI, Japan) combined with EDX. The content of
carbon in C-ZnO by means of CHNS analysis on a Thermo
Fisher Flash SMART (2018) device, Germany. The surface
chemical state of the samples was inferred using a PHI
X-ray optoelectronic device (PHI Quantera SXM, Japan).
UV-Vis measurement was done in the range of 250–800 nm
on diffuse reflectance spectroscopy (V-500 Jasco, Japan).
The functional groups’ analysis was characterized by FT-IR
spectroscopy using a 55 Equinox Bruker (Germany). Spe-
cific surface areas of the prepared products were measured
by the Quantachrome Autosorb IQMP/XR instrument. The
BET and BJH methods calculated the specific surface areas
and the mesoporous distributions. The photoelec-
trochemical properties of the catalyst sample (photocurrent
and EIS spectra) were measured by BioLogic SP-240. The
catalyst sample was dropped on an FTO transparent con-
ductive film as a working electrode. The counter and
reference electrodes were Pt wire and Ag/AgCl (3 M KCl),
respectively. The electrolyte was 0.1M Na2SO4 in a three-
electrode system under a Philips 150W halogen lamp.
Inductively coupled plasma-optical emission spectrometry
(ICP-OES) measurement was used to detect the leaching of
the ion Zn leaching.

2.4 Photocatalytic investigate

The present study examined the photocatalytic efficacy of
CZ powder when exposed to visible light, as determined by
its ability to degrade MB and Ofx. The visible light source
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was a 150W Philip halogen lamp (HL, 100 mW/cm2) with a
390 nm UV-cut filter.

In a typical test, a reaction mixture consisting of 100ml of
10 mg/L MB or 15 mg/L Ofx solution and 0.05 g of CZ
catalyst The solution was shaken in the absence of light for
90 minutes until it attained adsorption equilibrium. Subse-
quently, extract 4 ml of the solution and centrifuge it for the
gathered catalyst. Following this, determine the optical den-
sity of the resulting solution at time zero (A0). Next, turn on
the HL and keep stirring. Every 30minutes, 4 ml of the
suspension was removed from the solids and measured for
optical density (At). The experiment was carried out until the
MB solution was completely decolorized. MB concentration
was determined on a UV-Vis instrument (Evolution 600,
Thermo Fisher, USA) with 200 to 800 nm wavelengths.

The MB decolorized efficiency (H, %) is calculated using
the following formula:

Hð%Þ ¼ Co � Ct

Co
� 100 ¼ Ao � At

Ao
� 100 ð3Þ

At and Ao were identified as the peak values at wave-
lengths of 665 nm (MB) and 288 nm (Ofx) at time t= 0 and
t min, respectively. The Co and Ct (mg/L) represent the
concentration of MB at time t= 0 and t min, respectively.
The kinetics of the MB decomposition reaction (with a
small MB concentration) fit the pseudo-first-order kinetic
model, so the reaction rate constant (kaap, min-1) is cal-
culated by the following equation [4]:

ln
Co

Ct

� �
¼ ln

Ao

At

� �
¼ kaap:t ð4Þ

The photocatalytic efficiency was evaluated based on
chemical oxygen demand (COD) [23, 24], determined
according to SMEWW 5220D:2017 for wastewater inves-
tigation and total organic carbon (TOC) mineralization
efficiency, using a Shimadzu TOC-VCPH analyzer (Japan),
as expressed in Eqs. (5) and (6), respectively:

COD removal efficiencyð%Þ ¼ ½COD�o � ½COD�t
½COD�o

� 100

ð5Þ

TOCmineralization efficiencyð%Þ ¼ ½TOC�o � ½TOC�t
½TOC�o

� 100

ð6Þ

The role of photo-oxidation pieces in dye solution
decomposition was studied by adding some agents such as
ethylene diamine tetra acetic acid (1 mM, EDTA-2Na, catch
h+), 1,4-benzoquinone (1 mM, p-BQ, catch .O2

−), iso-
propanol (1 mM, isop, catch .OH), and silver nitrate (1 mM,
AgNO3, catch e−) into the solution before turning on
the light.

3 Results and discussion

3.1 XRD, FT-IR, Raman, and UV-Vis -DRS

The X-ray diffraction method investigated the structural and
crystal phase composition of C-doped ZnO catalysts. XRD
results (Fig. 1a) showed that CZ1, CZ2, and CZ3 materials
all have a single-phase-hexagonal wurtzite structure that
resembles pure ZnO, with lattice plane families (100),
(002), (101), (102), (110), (103), (200), and (112) (JCPDS
00-036-1451). The sharp, high diffraction peaks confirmed
that the hydrothermal process, combined with calcination,
formed C-doped ZnO nanoparticles with high crystallinity.
The XRD pattern does not present phases of C and its
compounds or other impurities. However, close observation
shows that the positions of the diffraction peaks of the CZ1,
CZ2, and CZ3 slightly shift towards the two theta angles
smaller than those of the pure ZnO. That indicates carbons
(from PVA and ethanol sources) are doped into the ZnO
lattice during hydrothermal and calcination processes,
entering the lattice defects or partially displacing the O or
Zn locations without altering the structure of ZnO. The
same result was found in the report of O. Bechambi et al.
[22].

The average crystallite size and lattice constant of cata-
lysts were calculated from the XRD data. Table 1 shows
that the crystallite sizes of CZ1, CZ2, and CZ3 are not
significantly different compared with the undoped ZnO.
Notably, the lattice constants of CZ differ slightly in com-
parison to those of undoped ZnO. However, the c/a ratio of
the doped and undoped ZnO materials is approximately
~1.6. In short, C-doping changes the lattice constant and the
position of diffraction peaks in ZnO materials.

The bonding properties of the materials were studied
using the FT-IR infrared spectroscopy method. Infrared
spectroscopy results (Fig. 1b) show the peaks at wave-
numbers 3430 and 1630 cm−1, which confirmed typical
O-H bond oscillations due to water surface adsorption [22].
The spectral region between 400–600 cm−1 was utilized to
detect the metal-oxygen bonds, with the Zn-O bond exhi-
biting a peak at 432 cm−1. The other peaks were at a higher
wavenumber for the C-doped ZnO. The above results are
explained: oxygen was replaced by carbon (Co) at their
positions, which will impact the mass and strength of the
chemical vibration, thereby affecting the absorption peak
position. The decreasing mass in the bond was related to the
lower molecular weight of the Zn-C vibration in comparison
to the Zn-O vibration. Next, the additional appearance of a
covalent Zn-C bond beside the ionic Zn-O bond in the
crystal lattice is required by the significantly lower elec-
tronegativity of C (2.55) compared with O (3.44). The Zn-C
bond increases as the amount of Co increases, which again
implies a shift towards some higher waves. Moreover, the
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influence of the C dopant is shown by the description of
weak peaks at 860, 1398, and 1570 cm−1, respectively,
referred to as the C-H, C-O, and -C=O bonds [25, 26].

The bond characteristic of the obtained catalysts was
further clarified by the Raman spectra of pure ZnO and CZ
particles, which were displayed in Fig. 1c in the 10 cm−1 –

700 cm−1. The results revealed a prominent and narrow
peak at 437 cm−1, which was assignable to the E2H mode of
zinc oxide. This observation indicates the presence of a
characteristic feature of wurtzite ZnO with a high degree of
crystallinity [27, 28]. The E2L mode can be attributed to the
peak observed at 98 cm−1, which is a shared performance of
both pure ZnO and CZ powder. Besides, two peaks of 2E2L

and second-order scattering E2H-E2L were recorded at 209
and 334 cm−1, respectively [22]. The incorporation of
impurities and defects in C-doped samples leads to a sig-
nificant reduction in the intensity and shift to a lower wave
number of Raman peaks, owing to the disruption of trans-
lating crystal symmetry [28]. The replacement of oxygen
(O) by carbon (C) leads to the formation of oxygen

vacancies (Vo) and/or C-Zn-C and C-Zn-O bonds, which
could explain an increased disorder of ZnO structure, in
obedience to the gradual reduction of the oxygen content in
the compound [29]. Additionally, the polar mode of A1(LO)/
E1(LO) has been demonstrated at approximately 570 cm−1

for C-doping. The representation of scattering contributions
obtained outside the Brillouin zone center is indicative of
the shifting and broadening of phonon modes. The phonon
mode A1(LO)/E1(LO) is commonly depicted through the
defect complexes formed by the zinc interstitial and Vo in
the ZnO lattice [28]. The Raman results agree with the
X-ray diffraction (XRD) and FTIR investigation.

C doping in ZnO was further clarified in the results of
UV-Vis-DRS spectral analysis (Fig. 2). The results illustrate
the higher optical absorption value of CZ catalysts than pure
ZnO in the UV and Vis regions. The increased absorption of
the UV region is a favorable factor for the photocatalytic
reaction when the radiation source is UV light or sunlight.
In addition, the absorption edges of CZ materials with a
redshift are also observed, corresponding to the extension of
visible light absorption and decreasing bandgap energy
(Table 2). Similar results were also found in the reports of
A. S. Alshammari et al., O. Haibo et al., and S. Liu et al.
[16–18] In this study, the bandgap energies of CZ1, CZ2,
CZ3, and pure ZnO (Fig. 2b) are 2.86, 2.77, 2.79, and 3.10,
respectively. The ZnO band gap energy decreased sig-
nificantly (0.24 eV) when carbon doped in the presence of
5% mole of PVA during the process, continued to decline
slightly (0.07 eV) when increasing the PVA content to 10%

Table 1 Lattice parameters and average crystallite size of CZ1, CZ2,
CZ3, and undoped ZnO

Materials L (nm) a, b (Å) c (Å) c/a

ZnO 32.0 3.2505 5.2004 1.6000

CZ1 32.5 3.2492 5.2068 1.6025

CZ2 31.7 3.2512 5.2050 1.6001

CZ3 31.3 3.2527 5.2067 1.6001

Fig. 1 a XRD diffraction
patterns, b FTIR spectra; and
c Raman spectra of ZnO, CZ1,
CZ2, and CZ3
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mole, and decreased insignificantly (0.02 eV) with increas-
ing PVA by 15% mass. It was noticed that when increasing
the molar ratio of PVA/Zn2+ from 10 to 15%, the band gap
energy decreased insignificantly (0.02 eV). Thus, it can be
considered that with a molar ratio of 15%, carbons replace
the oxygen sites in the lattice at almost the maximum. The
CZ3 bandgap has the most reduction, with EgCZ2= 2.77 eV
relating to the optical absorption wavelength with
λ ≤ 448 nm. Found that C-doped ZnO nanoparticles
obtained in this work by the hydrothermal method with
PVA, ethanol, and acetate as carbon sources have a more
significant band gap energy reduction(0.33 eV) than in other
works, for example, the carbon source from pluronic F127
(0.19 eV) [18], or polyethylene glycol (PEG) and urea
(0.16–0.23 eV) [16], or carbon graphite and acetic acid
(0,1 eV) [22].

According to research by W. Yu et al. [15], The VB of
ZnO mainly comprises O2p and Zn 3d states and only a
little of Zn 3p states. The CB of ZnO primarily consisted of
Zn 3p and Zn 4 s orbitals with roughly equal contributions,
interspersed with a few O2s states. The Fermi level of pure
ZnO is mainly the O2p state. During the reaction, the C2p
state of the doped carbon will approach the Fermi level of
ZnO due to the similarity in atomic size and electro-
negativity with oxygen atoms. Doping carbon into ZnO by
substituting oxygen sites is considered p-type doping
because carbon has fewer valence electrons and less elec-
tronegativity than oxygen. The substitution of oxygen sites
in the doped carbon, which forms vacancies at a slightly
higher level than the Fermi level, thus modifies its elec-
tronic configuration in proximity. As a result, Fermi-level
electrons can quickly jump into higher energy regions using

these defects formed through thermal or optical excitation.
Moreover, further widening the valence band by generating
vacancies can close the band gap and produce a wider light
absorption band. In short, changes in the electronic con-
figuration near the Fermi level can significantly affect the
physical properties and photocatalytic activity of semi-
conductors [15].

3.1.1 SEM results

The SEM image (Fig. 3) shows that the particles in the
undoped ZnO sample have many different morphologies,
including spherical-like nanoparticles, flat plates of different
sizes, and a few large-sized long bars. For PVA/Zn2+ = 5%
mole, the morphology of the catalyst is somewhat
improved, with the particles gradually becoming more sharp
and uniform. However, the particles still exist in many
different shapes and sizes. When increasing the PVA con-
tent to 10–15%, corresponding to the increased carbon
doping (sample CZ2, CZ3), the particles become uniform in
shape, clear, and sharp. Notably, the cross-section of par-
ticles has a unique hexagonal shape. However, the sample
CZ2 particles are not uniform in size and are still clustered
Fig. 3c. This limitation is improved when the PVA content
is increased to 15%. Interestingly, the particles no longer
aggregated, becoming more uniform in size, where the
length is about 40–200 nm, the width is about 40–100 nm,
and the height is about 30–50 nm. The result is similar to
the XRD and UV-Vis results, where the crystal size and
band gap energy are nearly equal.

3.1.2 Photoelectrochemical performance

To evaluate the effect of doping C into ZnO on interfacial
charge carrier separation, the arc radius of Nyquist plots
was used to consider a greater probability of separating
photoexcited electron-hole pairs, a charge transfer, and an
interfacial charge transfer resistance at the surface of the
catalyst [30]. Upon exposure to visible light, it has been
noticed that the C-doped ZnO rod arc radius is compara-
tively smaller than that of pure ZnO (Fig. 4a), suggesting
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Fig. 2 a UV-Vis-DRS spectra,
b band gap of ZnO, CZ1, CZ2,
and CZ3

Table 2 The Eg and λ of the CZ1, CZ2, CZ3, and pure ZnO

Materials h (j.s) C (m/s) Eg (eV) λ(nm)

ZnO 6.626.10−34 3.108 3.10 400

C-ZnO1 6.626.10−34 3.108 2.86 434

C-ZnO2 6.626.10−34 3.108 2.79 445

C-ZnO3 6.626.10−34 3.108 2.77 448

(1 eV= 1.602177 10−19 J; 1 m =109 nm)
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that the former exhibits lower electrochemical resistance
compared to the latter, and has a more pronounced inter-
facial charge transfer. In our study, we found that the
relative arc radius followed the order of CZ3 < CZ2 < CZ1 <
ZnO. The decreased band gap of CZ nanoparticles com-
pared with ZnO pure will help improve the electron-hole
pairs (under visible light) at the photocatalyst surface.
Besides, the formation of trap sites from C-doping in the

ZnO band structure also increases the lifetimes of the
excited electrons of the CB [31, 32]. This phenomenon can
be accounted for by the accelerated inter-surface charge
transfer and enhanced separation of photocarriers. The
incorporation of doping carbon results in an improvement in
the moving capacity of photocarriers when under the
influence of light in the visible spectrum, which has the
potential to increase the photocatalytic performance of CZ.

(a) ZnO (b) CZ1

(c) CZ2 (d) CZ3

(e) CZ2 (f) CZ3

Fig. 3 SEM images of a ZnO,
b CZ1, c CZ2, d CZ3 on a scale
of 500 nm, and e, f CZ2 and
CZ3 on a scale of 200 nm
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b Photocurrent response of ZnO,
CZ1, CZ2, and CZ3

210 Journal of Sol-Gel Science and Technology (2024) 110:204–220



The current-time (J-t) graph at 0 V vs Ag/AgCl has been
used to investigate individual photoresponses of the catalyst
(Fig. 4b). It has been discovered that after the impurity C
level is formed in band gap ZnO, the photoresponse of the
catalyst significantly improves. The stable and highest
saturation photocurrent density is 6.4 μA.cm2 for the self-
biased CZ3 catalyst, 4.15 times higher than pure ZnO
(1.54 μA.cm2). The observed increase in photocurrent can
be attributed to the reduced band gap of the C-doped
nanoparticles, leading to enhanced absorption of visible
light. The observed trend in the photocurrent density of the
photocatalysts, as a function of the amount of C, indicates a
notable enhancement in the efficiency of charge separation.
A photocurrent spike was shown in Fig. 4b immediately
after sun illumination in the chronoamperometry measure-
ment of all the catalysts, demonstrating the immediate for-
mation and separation of electron-hole pairs and providing a
high photogenerated carrier density to the catalysts.

3.1.3 EDS and BET results

The photodegradation of the MB activity proceeds on the
surface of catalysts, hence surface area serves as essential in
ensuring that there is adequate space and surface for the
catalyst to interact with the MB. Therefore, the N2

adsorption-desorption isotherms were measured in the sur-
face areas of catalysts (Fig. 5a). The results show that the N2

desorption isotherm belongs to type IV according to the BJH
classification. The CZ3 has a specific surface area of 26.04

m2/g, a total adsorption pore volume of 0.155 cm³/g, and a
total desorption pore volume of 0.185 cm³/g, which is higher
than the undoped ZnO with a specific surface area of 17.6 m2/
g, a total adsorption pore volume of 0.155 cm³/g, and a total
desorption pore volume of 0.185 cm³/g. This clearly shows
that the surface area of CZ3 is 1.4 times higher than that of
ZnO. It may be due to the CZ3 nanoparticle having i) smaller,
ii) unaggregated particles, and iii) more uniform particle
shapes than those of the undoped ZnO, as shown in the SEM
figure. The specific surface area of the CZ3 nanoparticle in
this report is higher than that of the C-doped ZnO materials
reported by A. S. Alshammari (17.10 m2/g), [18] by O.
Bechambi (15.00- 21.00 m2/g) [22], and close to the results of
S. Liu (4.00–27.60 m2/g) [16].

EDS results (Fig. 5b) show the existence of peaks
characteristic for elements C, O, and Zn with the respective
mass percentages of 1.49 wt. %, 22.81 wt. %, and 75.70 wt.
%. The C content of CZ3 determined by the EDS is 1.49 wt.
% and by CHNS analysis is 1.34 wt. %. The mass per-
centage of C doped is relatively small because the synthesis
process involves heating the product after the hydrothermal
process at 300 °C for 2 hours. This process removed the
doped C from the surface of materials and helped the doped
C penetrate and bind better in the ZnO lattice. In addition,
the EDS mapping (Fig. 5c) results provide a visual image of
the even distribution of the elements C, O, and Zn in the
sample. In addition to these elements, there are no other
foreign elements, proving that the synthesized CZ material
has high purity.
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3.1.4 XPS results

The surface chemistry of the CZ3 nanoparticles was ana-
lyzed using XPS spectroscopy. Figure 6a shows the binding
energy of Zn 2p, O1s, and C1s peaks. The chemical state of
Zn in the Zn-O bond is +2 because it is determined by the
position Zn2p3/2 (1022.1 eV), Zn2p1/2 (1045.2 eV) and the
distance between the two Zn2p orbitals 23.1 eV, as shown
in Fig. 6a’ [33]. The present study reveals a blue shift
(0.2 eV) in the Zn2p3/2 and Zn2p5/2 of CZ3 nanoparticles
in comparison to pure ZnO. This is because C-dopant and
Ovac typically result in a blue shift of the Zn-O bond.
Furthermore, it was observed that Zn2p3/2 of the CZ3
nanoparticles can be resolved into three component peaks
(as depicted in Fig. 6a’). These peaks correspond to
Zn–O–C/Zn-C (1020.9 eV), Zn–O (1021.7 eV), and
Zn–Ovac (1022.5 eV) [18]. A large peak O1s (Fig. 6b)
located at 530.1 eV in pure ZnO is Zn bonds with O2- in the
wurtzite ZnO lattice [32], while the shoulder peak
(531.6 eV) is the OH- group or carbonates [34]. The peak
observed at 530.2 eV in the CZ2 nanoparticles is a property
of O2- ions, while the peak observed at 529.6 eV can likely
be assigned to Zn-Ovac and Zn-O-C bonds. The remaining
peak at 532.7 relates to characterizing C-O and C=O
bonds [34–36]. At the same time, a broad peak C1 (Fig. 6c)
for the CZ3 particles, involving the deconvolution peak at
284.5 eV, 286.2 eV, and 288.58 eV. These peaks indicate
the C-C, Zn-O-C/Zn-C, and C=O bonds, as reported in the
references [36–38]. Besides, the asymmetric C1s peak of
the CZ3 nanoparticles has a 0.2 eV blue shift compared to
pure ZnO (284.7 eV) because the negatively charged Ovac

would transfer more electron density onto C. The photo-
catalyst’s energy levels are influenced by diverse Zn-C
species, thus affecting both the Eg and the optical absorp-
tion wavelength.

3.1.5 Photocatalytic test results

The influence of doped C content on the photooxidation
activity of ZnO was investigated via the degradation reac-
tions of MB and Ofx under visible light, as shown in Fig. 7.

Figure 7a shows the decrease of MB concentration over
time in the presence of catalysts and visible light irradiation.
It was found that the decrease in MB concentration occurred
in the order ZnO<CZ1 < CZ2~CZ3. The reaction rate con-
stants of ZnO, CZ1, CZ2, and CZ3 (Fig. 7b) are 0.0158;
0.0197; 0.0291, and 0.0334 min−1, respectively, while the
reaction rate constants of CZ1, CZ2, and CZ3 are 1.25,
1.82, and 2.10 times those of ZnO, respectively. For the Ofx
decomposition reaction (Fig. 7b), a concentration decrease
was quite similar to the MB degradation reaction. Specifi-
cally, the reaction rate constants of ZnO, CZ1, CZ2, and
CZ3 are 0.0067, respectively; 0.0107; 0.0134, and

0.0148 min−1, where the reaction rate constants of CZ1,
CZ2, and CZ3 are 1.6, 2.0, and 2.2 times that of ZnO,
respectively. Through this, it can be seen that there is a
substantial decrease in organic matter concentration when
increasing the doped carbon content, corresponding to an
increase in the molar ratio of PVA/Zn2+ from 5–10%.
Meanwhile, a negligible decrease in the organic con-
centration was observed with a continued increase in doped
carbon content, corresponding to an increase in the PVA/
Zn2+ molar ratio from 10–15%. This result agreed with the
UV-vis-DRS and SEM results when the CZ2 and CZ3
samples had similar EG and morphology.

As is known, pH is related to the surface charge of the
material, thus affecting the adsorption and desorption of
organic substances on the material’s surface during the
reaction. In this study, solution pH was investigated from 4
to 10 for the MB decomposition reaction and from 4 to 9 for
the Ofx decomposition reaction. When not adjusted, the pH
of the reactive MB solution is approximately 6.5, and the
pH of the Ofx solution is approximately 6.4. The pH of the
reaction solution was adjusted with an HCl solution of
0.5 M or a NaOH solution of 0.5 M.

The result of studying the effect of pH on MB degra-
dation from Fig. 8a shows that the degradation of MB is
highly efficient in the pH range 4–9, then slightly decreased
at pH=10. MB degradation increased slightly in natural or
weakly acidic conditions with pH 4–7. The reaction rate
constant at pH 4, 5, 6, and 7 was 0.0167; 0.0216; 0.0267,
and 0.0354 min−1, respectively. In weak base conditions
with pH 8–9, MB degradation increased strongly with
reaction rate constants of 0.0564 and 0.0667 min−1,
respectively. However, MB degradation decreased slightly
when the further pH increased to 10. The isoelectric point
(pHpzc) of CZ3 materials was determined to be 7.6. So the
material’s surface is positive with pH lower pHpzc and vice
versa. When pH ≤ 7, both the CZ3 surface and MB are
positively charged, so MB+ is poorly adsorbed on the
CZ3’s surface due to repulsive interaction. Therefore, the
MB degradation rate is low. In contrast, with pH > 7, the
CZ3 surface is negatively charged, so MB adsorption on the
CZ3 surface is better, which is favorable for the photo-
oxidative reaction of MB. so that the rate constant increases
sharply and reaches its highest at pH = 9 (0.0667 min-1).
However, with further increasing pH to 10, the MB
degradation efficiency decreases due to a large amount of
MB adsorbed on CZ3’s surface, causing a light-blocking
effect and reducing the quantum efficiency of the photo-
catalyst process of MB. On the other hand, it is not exclu-
ded that the strength of ZnO substrates is affected by the
base environment (pH = 10), so MB degradation is slightly
reduced.

Solution pH also affects the decomposition of Ofx. The
results shown in Fig. 8c show that the Ofx degradation
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Fig. 6 a Zn 2p and deconvolution, a’ Zn2p1/2 b O1s of CZ3 and ZnO c C1s high-resolution spectra of ZnO and CZ3 and d full scan spectrum of
ZnO and CZ3
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increased slightly from 0.0114 −0.0203 min−1 in the pH
range 4–6 and at pH=9 and increased sharply from
0.0299–0.0363 min−1 in the pH range 7- 8. Among them,
Ofx decomposition at pH = 7 is the greatest, with a reaction
rate constant of 0.0363 min−1, 3.0, and 1.6 times higher

than pH=4 and pH=9, respectively. Acid dissociation
constants of Ofx include Ka1 (6.05–6.10) and Ka2

(8.22–8.28). Ofx exists in the cationic form (Ofx+) below
pKa1, the anionic form (Ofx-) above pKa2, and the zwit-
terionic form (Ofx+/−) and the neutral form (Ofx) between
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pKa1 and pKa2. [39, 40] With pH 4–6, both the Ofx and
CZ3’s surfaces are positively charged, while with pH >8.28,
both the Ofx and CZ3’s surfaces are negatively charged.
This means that both the adsorbent and the adsorbent have
the same charge, so they have a repulsive interaction,
leading to poorly adsorbed Ofx on the CZ3 surface and a
low Ofx decomposition efficiency. With the pH 7–8 range,
especially at physiological pH (7.0–7.4), the ratio Ofx
+/-/Ofx is the largest, meaning Ofx exists mainly in the form
Ofx+/−, and the CZ3’s surface is positively charged.
Therefore, the adsorption process and Ofx decomposition
are enhanced; specifically, the reaction rate constant at pH
= 7 is the largest.

In summary, solution pH dramatically affects the effi-
ciency of organic matter decomposition, and the optimal pH
is related to the organic nature of the reaction. In this sur-
vey, the optimal pH of the MB and Ofx degradation reac-
tions was 9 and 7, respectively.

The effect of catalyst content has also been studied and
investigated with an amount of CZ3 catalyst ranging from
0.25 to 1.00 g/L, as presented in Fig. 9. In the presence of
a CZ3 catalyst at optimum pH with catalyst content ran-
ging from 0.25 g/L to 0.75 g/L, the degradation rate con-
stants of MB increased from 0.0525 to 0.0804 min−1 and
of Ofx increased from 0.0167 to 0.0363 min−1. This
increase corresponds to an increase in the active sites of
the catalyst in the solution. However, with a further rise in
catalyst dosage to 1 g/L, the rate constant decreased to

0.0763 and 0.0384 min−1 for MB and Ofx, respectively.
This decrease is attributed to the overload of the catalyst,
which causes mutual shielding and the opacity effect,
reducing quantum efficiency and the reaction rate. In
short, these results show a similar effect of catalyst content
on MB and Ofx degradation efficiency. The efficiency of
organic matter decomposition increased with increasing
catalyst content from 0.25 g/L to 0.75 g/L, decreasing with
increasing catalyst content to 1.00 g/L. Thus, the optimal
catalyst dosage within the reaction investigation limit is
0.75 g/L.

The stability of the catalyst has been tested through four
uses; the result of Fig. 10 shows a slight decrease in photo-
decomposition efficiency after each reuse, but the MB or
Ofx degradation efficiency is still over 90% after using the
catalyst four times. Thus, it can be seen that CZ3 material
has high chemical stability and reusability. Besides, the
concentration of Zn ion leaching was found 0.144 mg/L in
the solution after four cycles.

Also, the ability of CZ3 to do photocatalysis was tested
by figuring out how well MB and Ofx removed COD and
turned TOC into minerals under the best experimental
conditions. Table 3 results show that the COD and TOC
values of MB and Ofx decreased significantly after 90 min
and 180 min of illumination, respectively. The COD
removal efficiency of MB and Ofx was 86.24 and 78.10%,
respectively, while the TOC mineralization efficiency of
MB and Ofx was 78.57 and 65.98%, respectively. It found
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that the ability to remove COD from organic substances was
more significant than the efficiency of TOC mineralization,
suggesting that some intermediate compounds formed dur-
ing the decomposition of MB and Ofx were inefficiently
determined by the COD method. Besides, COD removal
and TOC mineralization in MB were significantly higher
than in Ofx, possibly because the intermediate products of
Ofx degradation progress were more stable. The results of
COD removal and TOC mineralization efficiency of MB
and Ofx proved that the molecular structure of MB and Ofx
was destroyed into organic compounds with smaller struc-
tures, and 78.57% of MB and 65.98% of Ofx were com-
pletely converted to simple inorganic substances (CO2,
H2O, etc.).

In general, carbon impurities will cause defects by
increasing the surface area, narrowing the band gap,
improving photoelectrochemical performance, and increas-
ing visible light-mediated photocatalysis. The effect of
carbon impurities and defects has explained the formation
of interfacial carbon electron states that bond chemically to
ZnO in the band gap, as have the various interactions
between carbon and ZnO, as well as the corresponding
oxygen vacancies, as mentioned by Sawant et al. [41].
Consequently, the photoinduced carriers exhibit sufficient
time to generate oxidizing and reducing agents, which can
be effectively employed for the degradation of MB and Ofx,
thereby enhancing the photocatalytic efficacy and photo-
electrochemical efficiency. Compared with C-ZnO materi-
als in previous studies (Table 4), it shows that the C-ZnO
catalyst (CZ3) of this study has a large specific surface area
(26.04 g/m2). Therefore, it helps to quickly decompose MB
and Ofx under the visible light of a small power lamp
(150W).

To better understand the reaction mechanism and the
function of active species such as HO:, h+, O�:

2 , and e-,
trapping agents such as isopropanol (trapping HO:), EDTA-
2Na (trapping h+), p-benzoquinone (catch (O�:

2 ) and
AgNO3 (capture e

−) was added during the reaction.[42–44]
The results (Fig. 11) showed that the degradation efficiency
of MB and Ofx decreased in the presence of radical sca-
vengers. Specifically, with the presence of radical sca-
vengers such as isopropanol, EDTA-2Na, p-BQ, and
AgNO3, the MB degradation efficiency after 90 min was
9.15%, 14.33%, 76.03%, and 38.78%, respectively, while
the decomposition efficiency of MB degradation reached
95.30% without radical scavengers being added. Ofx
decomposition with the addition of capture agents also
obtained similar results. The degradation efficiency of Ofx
after 180 min was 16.58%, 20.25%, 85.67%, and 37.40%,
respectively, while it was 99.76% in the absence of cap-
turer. The degradation efficiency of the organic remained
above 75% with the addition of p-BQ but significantly
reduced with the addition of AgNO3 (<40%) and especially
strongly with the addition of isopropanol or EDTA-2Na
(<20%). This shows that the contribution of photooxidation
pieces to organic matter decomposition is HO:, h+, and e−,
in which HO: and h+ are the decisive factors.

The photocatalytic reaction mechanism of semiconductor
materials involves the movement of photogenerated elec-
tron and hole pairs and the localized position of conduction
(CB) and valence (VB) bands. The positions of CB and VB
are calculated according to the following formula [45]:

EVB ¼ χ � Ec þ 0:5Eg ð7Þ

ECB ¼ EVB � Eg ð8Þ

Table 3 The COD removal and
TOC mineralize efficiency of
MB and Ofx under visible light
of CZ3 photocatalyst

Organic COD (80 mins irradiated) TOC (180 mins irradiated)

Initial (mg.L−1) Final (mg.L−1) H (%) Initial (mg.L−1) Final (mg.L−1) H (%)

MB 51.60 7.10 86.24% 8.40 1.80 78.57%

Ofx 24.20 5.30 78.10% 9.70 3.30 65.98%

1st run 2nd run 3rd run 4th run
0

20

40

60

80

100

R
em

ov
e 

(%
)

Recycle (Times)

(a) MB

1st run 2nd run 3rd run 4th run
0

20

40

60

80

100

R
em

ov
e 

(%
)

Recycle (Times)

(b) - OfxFig. 10 Reusability of C-ZnO
materials for MB (a) and Ofx (b)
photodegradation after 80 mins
and 180 min irradiated

216 Journal of Sol-Gel Science and Technology (2024) 110:204–220



Where: Ec is the free electron energy on the hydrogen
electrode scale (4.50 eV), ECB and EVB are the conduction
band energy and the valence band energy, Eg is the band
gap energy of CZ3, χ is the electronegativity of ZnO in
Mulliken ðχZnO ¼ ðχZn � χOÞ1=2 ¼ 5; 76 eVÞ. The CZ3 band
gap value is 2.77 eV as received from UV-Vis spectra, so
the energy values EVB and ECB of CZ3 are 2.645 eV and
−0.125 eV, respectively.

The suggested mechanism of the reaction is shown in
Fig. 12. When irradiating the appropriate light, the electron
in the VB of CZ3 gains energy (hv), then jumps to the CB
and creates a hole in the VB. The photogenerated electron
(e-) has a reduced capacity of +0.50 to −1.50 V, and the
photogenerated hole has an oxidizing capacity of +1.0 to
+3.5 V [3]. Therefore, the holes (h+) in the valence band
move to the surface and can react with H2O ðE0

�OH=H2O
¼

þ2:31VÞ form .OH radicals (reaction 4). The agents e−, h+,
and .OH are powerful oxidizing and non-selective agents, so
they can be degraded and mineralized completely by MB
and Ofx to form CO2, H2O, and less toxic inorganic pro-
ducts. (reaction 5).

CZþ hv ! CZðe� þ hþÞ ð9Þ

hþ þ H2O ! �OHþ Hþ ð10Þ

e�; hþ; and�OHþMB;Ofx ! inorganic products þ CO2 þ H2O

ð11Þ

4 Conclusions

In conclusion, CZ catalysts were successfully synthesized
by the hydrothermal method with various PVA/Zn2+

molar ratios (5, 10, and 15%). The photocatalyst activity
of CZ catalysts was accessed through the decomposition
of ofloxacin (Ofx) and methylene blue (MB). The results
show that the optimal CZ3 catalyst (PVA/Zn2+=15%) has
about a 2.1 and 2.2 times improvement in the methylene
blue and ofloxacin degradation rates compared to that of
pure ZnO under visible irradiation. It was found that the C
dopant plays an important role in photodegradation
because it narrows the band gap energy
(EgCZ3= 2.77 eV), increases the specific surface area of
ZnO (SCZ3= 26.04 m2/g), and the separation of
photoelectrons-holes. The results of COD and TOC ana-
lysis show that the products of the photodegradation of
MB and Ofx are organic molecules with smaller struc-
tures. Moreover, the photodegradation reaction mechan-
ism of CZ shows the primary photoactive species were h+
and .OH.Ta
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