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Fabrication of ZnO-Carbon Dots Composite via
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Hydrogen Production under Simulated Sunlight
Irradiation
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The composite ZnO@CDs was prepared via the hydrothermal method.
Microcrystalline cellulose (MCC) was used as the source of carbon dots
(CDs). X-ray diffraction, Fourier transform infrared spectrometry, scanning
electron microscopy, and transmission electron microscopy analyses were
used to characterize the structure and morphology of ZnO@CDs. The
prepared ZnO showed a flake morphology with the exposed plane of
(001). The X-ray photoelectron spectroscopy and photoluminescence
spectroscopy (PL) characterization showed that CDs can be produced by
decomposition of MCC and then attached on the surface of ZnO. The
photocatalytic properties of ZnO@CDs were investigated under simulated
sunlight irradiation. The hydrogen production reached 1240 pmol-g* in 30
min, which was much higher than the bare ZnO. The mechanism for the
enhanced catalytic property of ZnO@CDs was studied. A high hydrogen
production rate (2480 pmol-g*-h?) in the short term would enable
ZnO@CDs to work as an emergency power supply by hydrogen
production and use for restoring electricity and wireless communication in
complicated situations.
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INTRODUCTION

In the face of the increasingly dire energy crisis and environmental problems,
reducing carbon emissions by converting solar energy into usable clean hydrogen energy
has become a key topic of concern (Raza and Ahmad 2022; Raza et al. 2023). Due to their
appropriate band gap and redox properties, certain semiconductors have shown great
potential as photocatalysts for water splitting. ZnO, which has high electron mobility,
strong oxidation, as well as nontoxicity, has been widely studied as a photocatalyst. It is
reported that ZnO has a unique surface effect, and it achieves higher quantum efficiency
than the traditional TiO2 (Guo et al. 2013). However, ZnO has a band gap of 3.37, which
makes it difficult to harvest visible light efficiently (Wang 2004; Barman et al. 2017).
Additionally, the electron-hole pairs recombine easily during the optical radiation process,
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which greatly restricts the application of ZnO for Hz evolution (Raza et al. 2014; Trang et
al. 2020).

Many strategies have been adopted to improve the photocatalytic property of ZnO,
such as an increase of the separation efficiency of charge carriers or widening light
absorption range (Luo et al. 2019; Raza et al. 2023). The construction of S-scheme
heterojunctions is believed to be an effective method. ZnO composites with S-scheme
heterojunction, such as ZnO/ZnS, ZnO/CdS, and so forth, were studied. Results have
shown that the S-scheme heterojunction can inhibit the combination of electron-hole pairs
in composite and improve its properties. Though this method can improve the water-
splitting efficiency of ZnO, the complicated preparation method restricts its further
application.

Surface modification is another strategy for the improvement of the photocatalytic
property of ZnO. Introducing materials with good conductivity on the surface of ZnO is an
effective way to improve its photocatalytic property. Noble metals, such as Ag (Raza et al.
2023) or Ru (Chen et al. 2005; Vaiano and lervolino 2019), can transfer the
photogenerated electrons away and then improve the Hz production rate by increasing the
separation rate of electron-hole pairs. However, the high price of these noble metals is a
barrier to their application. A cost-effective surface modification material with good
conductivity for photocatalyst is still in demand.

As a regenerative biomass resource, cellulose has the advantages of abundance,
degradability, and low cost (Zhang et al. 2021). Because cellulose molecules were formed
by chemically linked D-glucopyranose units, there are plenty of hydroxyl groups in its
structure (Chauhan et al. 2015; Liu et al. 2016; Zhao et al. 2017; Wang et al. 2021). This
character enables cellulose to build hydrogen bonds with ZnO easily and then influence its
morphology and microstructure. Thus, some research has been carried out to prepare
cellulose-based ZnO composite, and properties of antibacterial activity, adsorption, and
UV shielding have been studied. However, most of the studies on ZnO/cellulose have
focused on the dispersion of ZnO by cellulose. As a bioresource, cellulose can decompose
into carbon dots (CDs) during hydrothermal synthesis at high temperature (Li et al. 2023;
Balanta et al. 2023). There has been a lack of work in which prepared ZnO has been coated
with cellulose-derived CDs. Thus, the prepared ZnO@CDs photocatalyst for H2 production
would provide a new strategy for sustainable development.

As a typical zero-dimensional nanomaterial, CDs have attracted a lot of
researchers’ interests due to their superior physicochemical properties, easy preparation,
and environmental friendliness (Tang et al. 2024). Recently, CDs prepared from biomass
materials have been widely studied, such as from sucrose (Pan et al. 2018) or cellulose
(Han et al. 2018). When combined with metal oxides, abundant O active sites in CDs can
provide an “empty house” for the electrons jumping out of the photoexcitation and then
improve the separate rate of electrons and hole pairs. Thus, favorable results would be
achieved. Due to this character, CDs have been applied to combine with semiconductors
such as Fe20s (Ying et al. 2023), TiO2 (Zhao et al. 2021), and ZnO (Pan et al. 2018).
Samples of CDs/ZnO and TiO2/CDs prepared by coconut and glucosamine hydrochloride
showed enhanced photocatalytic properties for degradation of antibiotics and reactive red
azo dyes (Zhao et al. 2021; Nugroho et al. 2024). Thus, CDs are expected to replace the
traditional semiconductor quantum dots in photocatalyst compounding (Guo et al. 2013).

Due to the relatively small size and abundance of hydroxyl groups of the
microcrystalline cellulose (MCC), it was applied to fabricate the ZnO/CDs/MCC
composite via a hydrothermal method. As a result of the calcination, MCC was no longer

Li et al. (2024). “Carbon dots on ZnO to make Hz,” BioResources 19(3), 5511-5522. 5512



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

present, and ZnO/CDs were obtained. The morphology, structure, and the Hz evolution
performance of ZnO/CDs were studied. The results show that ZnO@CDs photocatalysts
exhibited excellent catalytic efficiency for hydrogen production under both visible light
and simulated sunlight irradiation.

EXPERIMENTAL

Reagents and Chemicals

Microcrystalline cellulose (20 to 100 um) was provided by Tianjin Guangfu Fine
Chemical Research Institute. Zinc acetate dihydrate, sodium hydroxide, and methanol were
purchased from Tianda Chemical Reagent Factory in Dongli District.

Synthesis of ZnO@CDs

A total of 1.0 g of MCC and 1.6 g of zinc acetate dihydrate were put into 25 mL
deionized water and stirred for 30 min. Next, 5 mol/L NaOH solution was added into the
mixture to make the pH of the solution 11. After 30 min stirring, the mixture was
transferred into a steel reactor with PTFE substrate and heated at 160 °C for 10 h. After
cooling to room temperature, the ZnO@CDs/MCC was obtained by centrifugal washing
(8000rmp and 5 min for 3 times), which was followed by drying at 50 °C in a vacuum
drying oven. Finally, ZnO@CDs was obtained after calcined at 550 °C for 2 h in a muffle
furnace with the hearting rate of 5° min in air condition.

To investigate the effect of hydrothermal temperature on the photocatalytic
property of ZnO@CDs, hydrothermal temperatures of 100, 140, 160, and 180 °C were
taken into consideration. The products were named ZnO@CDs-100, ZnO@CDs-140,
ZnO@CDs-160, and ZnO@CDs-180 according to their preparation temperature.

Characterization

Multiple techniques are used to characterize the structure and performance of
photocatalysts. The crystal structures of the samples were analyzed by X-ray diffraction
(XRD; D/max-RC, Rigaku, Japan) with Cu Ko (1 = 1.5418 A) within a 26 range of 10° to
80°. Elemental analysis and bonding information on the sample were tested using X-ray
photoelectron spectroscopy (XPS; K-Alpha, Thermo Fisher, Waltham, MA, USA). High-
resolution transmission electron microscopy (HRTEM; JEM-2100, JEOL, Tokyo, Japan)
and scanning electron microscopy (SEM; JSM-7500F, JEOL, Japan) were used to study
the microstructure and morphology of the samples, respectively. The Fourier transform
infrared spectroscopy (FTIR; Frontier, PerkinElmer, Shelton, CT, USA) was recorded
within the range of 600 to 3900 cm™* and was used to analyze functional groups of samples.
The Electrochemical Impedance Spectroscopy (EIS) was tested by an electrochemical
workstation (CHI760E, CH Instruments Inc., Bee Cave, TX, USA).

Photocatalytic H2 Generation via Water Splitting

A total of 20 mg ZnO@CDs was mixed with a 100 mL methanol-water mixture
(2:1, volume) in a 250 mL reactor, and then the system was pumped close to a vacuum
condition. Xenon lamp light (300W) with a filter (AM1.5) was used as the light source. An
online detection system of absolar-6A (Perfect Lingt, China) equipped with Agilent 8860
Gas chromatography (GC) was used to extract the gas in the reaction system every 30 min
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and test the hydrogen production volume automatically. The modality of the test was
continuous.

RESULTS AND DISCUSSION

Structural Characterization

The structure of ZnO@CDs was studied by XRD, and results are shown in Fig. la.
It can be seen that diffraction peaks were located at 26 of 31.7°, 34.5°, 36.2°, 47.5°, 56.6°,
and 62.8°, corresponding to the crystal planes of (100), (002), (101), (102), (110), and (103)
of hexagonal wurtzite ZnO (PDF#99-0111). The strong and sharp diffraction peaks
indicate that the ZnO@CDs photocatalyst had a high degree of crystallinity. Because the
XRD patterns of ZnO@CDs-100~ZnO@CDs-180 were very close to each other, it is
deduced that different hydrothermal temperatures did not influence the structure of ZnO.
However, the phase of CDs was not found in all XRD patterns. This may be caused by the
low contents of CDs in the composite, though it may be influenced by temperature.

The FTIR spectra of ZnO, ZnO@CDs/MCC, and ZnO@CDs are shown in Fig. 1b.
In the case of the bare ZnO, there were almost no characteristic absorbance peaks in its
spectra. However, the ZnO@CDs/MCC showed more complicated absorbance peaks: the
wide band peak centered at 3335 cm™ is -OH stretching vibrational absorption; and the
peak at 1031 cm™ is the C-O-C characteristic absorbance peak, which is a typical oxygen-
containing functional group of cellulose. Meanwhile, the absorbance peak at 2889 cm is
attributed to the C-H stretching vibrational absorbance peaks. Moreover, the peak at 1647
cm is the absorbance peak of water. To the IR spectrum of ZnO@CDs, absorbance peak
of water disappeared after calcination. There is a broad absorbance band centered at 3335
cmt, which corresponds to -OH vibration. This result indicated that there are plenty of -
OH groups in ZnO@CDs compared to bare ZnO, which originated from the CDs in the
composite. Meanwhile, the characteristic peak at 2321 cm™* is a signal of CO2, which was
adsorbed on the sample (Wang et al. 2019). The adsorption peaks located at 1517 cm ™ and
1371 cm™ are C=C-C=0 and O-H bending vibrations (Jamal et al. 2020).
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Fig. 1. (a) XRD patterns of ZnO@CDs; (b) FTIR images of ZnO@CDs/MCC, ZnO@CDs-160,
and ZnO
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The morphology of ZnO@CDs was studied by SEM. It can be seen from Fig. 2a
through 2d that all ZnO@CDs showed flake morphology. The width of these flakes was
about 300 nm, and the thickness was within 100 nm. It is worth mentioning that a higher
hydrothermal temperature resulted in thinner ZnO@CDs. This may be caused by the
interaction between the MCC and ZnO during the hydrothermal process. High temperature
makes MCC and ZnO nanocrystals easy to build interface interaction and block the growth
of ZnO. To further explore this finding, the TEM of ZnO@CDs-160 was tested, and the
pictures are listed in Fig. 2e through 2g. From the pictures, it can be seen that ZnO@CDs
were in the form of thin flakes, which is consistent with the SEM result. The high-
resolution picture of ZnO@CDs gives the clear lattice fringe, and the interplanar spacing
was measured to be 0.261 nm according to Fig. 2g. Because the 0.261 nm is the spacing of
(002) plane, it is apparent that the (001) plane of ZnO was exposed after calcination.
Because the (001) plane of ZnO has higher energy than the other planes, it was deduced
that as-prepared ZnO@CDs would have good photocatalytic properties.
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Fig. 2. SEM images of (a) ZnO@CDs-100, (b) ZnO@CDs-140, (c) ZnO@CDs-160, (d)
ZnO@CDs-180; and HRTEM images of (e through g) ZnO@CDs-160

The XPS method was used to analyze the elemental chemical environment of
ZnO@CDs. Figure 3a shows the XPS survey spectrum and only peaks of Zn, O, and C are
found. This result indicated that the composite was composed of these three elements. The
XPS spectrum of Zn 2p (Fig. 3b) shows a doublet at 1021.5 and 1044.7 eV. It can be
attributed to the 2p3/2 and 2p1/2 of divalent Zn (Wu et al. 2013). Figure 3c shows the high-
resolution XPS spectrum of O1s, and two peaks could be fitted. The peak at 530.2 eV was
attributed to the lattice oxygen of ZnO crystal (Trang et al. 2020); and the peak at 532.2
eV can be assigned to the binding energy of C-O and C=0 originated from CDs. This gave
evidence that CDs were present in the composite. The XPS spectrum of C1s also gave the
same evidence, as shown in Fig. 3d. There were two peaks that can be observed at 284.2
and 288.1 eV after fitting, which are binding energies of C-C/C=C and C-O/C=0
originating from CDs. This result indicates that CDs were attached on the surface of ZnO
photocatalysts successfully.
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Fig. 3. XPS spectra of ZnO@CDs: (a) survey, (b) Zn 2p, (c) O 1s, and (d) C 1s; PL spectra (e)
ZnO and ZnO@CDs, (f) ZnO@CDs prepared at different temperature, (g) PL emission spectra at
different excitation wavelength for ZnO suspension, ZnO@CDs suspension and CDs solution, the
insert pictures are fluorescence pictures taken under 365 nm irradiation.

To study the migration dynamics of photoluminescent carriers, PL photo-
luminescence spectra of ZnO@CDs were tested under 350 nm excitation wavelength, and
the results are shown in Figs. 3e and 3f. According to previous studies, ZnO usually has
two emission peaks: UV emission and visible PL emission. Because the visible light and
simulated sunlight were considered as light sources in this experiment, the visible PL
emission from 400 to 800 nm was of concern in this work. There was a wide band visible
PL emission in Fig. 3e, which was centered at 600 nm. The emission at this range was
caused by two factors: the emission from the CDs and defects of ZnO. Meanwhile, the
intensity of this emission was greatly decreased compared to that of bare ZnO prepared
without using CMC. The abatement of ZnO@CDs emission may be caused by the CDs in
composite, which can transfer the excited electrons right away from the conductive band
and block the recombination of excited electrons and holes.

Figure 3f shows the PL spectra of ZnO/CDs at excitation wavelength of 350 nm. It
can be observed that ZnO@CDs-160 and -180 gave the weakest emissions. Generally, high
temperature may be favored by the decomposition of CMC, resulting in more CDs on ZnO.
Thus, the uploaded dosage of CDs on ZnO@CDs-160 and 180 were higher, which can
improve the carrier transfer rate and then enhance its photocatalytic property.
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To further demonstrate the presence of CDs in ZnO@CDs, the fluorescence spectra
(PL) of CDs, ZnO/CDs and ZnO at excitation wavelength between 260 to 450 nm were
performed. Results are shown in Fig. 3g. Both emission intensities of CDs and ZnO/CDs
showed excitation wavelength dependence, which is a characteristic of CDs. Meanwhile,
the strongest emissions were centered at wavelengths of 450 to 500 nm, which originated
from the CDs. ZnO showed almost the same intensity no matter how excitation wavelength
changed. This gives evidence that CDs had been attached on ZnO in ZnO/CDs.
Fluorescence pictures of CDs solution, ZnO suspension, and ZnO@CDs suspension were
also taken under UV light irradiation (365 nm). It can be seen that both CDs solution and
ZnO/CDs suspension had cyan color. The ZnO suspension had an orange color.

The mechanism of formation of CDs from MCC has been reported before (Wu et
al. 2017; Mogharbel et al. 2023). MCC undergoes a breakage of glycosidic and hydrogen
bonds and forms small organic acid molecules. After intermolecular dehydration,
condensation and rearrangement among themselves, CDs are formed. CDs obtained
formed the hydrothermal treatment of MCC, and some of the formed CDs have been
attached on ZnO to form the ZnO/CDs composite.

Photocatalytic Activity

Photocatalytic experiments of hydrogen production under simulated sunlight
irradiation were carried out with ZnO@CDs, where methanol was used as a sacrificial
agent. Figure 4a shows the result of hydrogen production. All ZnO@CDs demonstrated
good catalytic behavior for Hz production. The hydrogen-producing capacity was 818
pumol-g? to ZnO@CDs-100. When increasing the preparation temperature, hydrogen-
producing capacity of ZnO@CDs increased. It reached 1349 pmol-g™* for ZnO@CDs-160.
This is attributed to the fact that more CDs can upload on ZnO at high temperature, which
improves the charge transfer efficiency, as illustrated in Fig. 4b. Compared to bare ZnO,
the hydrogen production of ZnO@CDs-160 was 152% higher.

Meanwhile, samples of ZnO@CDs-160 and -180 displayed similar hydrogen
production rates. To further understand the temperature influence on its photocatalytic
property, the EIS (Electrochemical Impedance Spectroscopy) of ZnO@CDs was tested. In
Fig. 4c, the radius of the Nyquist plot obtained from EIS test decreased with the increase
of hydrothermal temperature. The ZnO@CDs-160 had the smallest radius of all the
samples. Because the radius of the electrical impedance semicircle is related to the electron
transfer rate, and the smaller the radius is, the higher the separation efficiency of the
photogenerated carriers. This means ZnO@CDs-160 had the highest separation efficiency.
It may be caused by the dosage of uploaded CDs on composite surface: high temperature
can result in more CDs from the MCC. However, ZnO@CDs-180 had a larger semicircle
compared to that of ZnO@CDs-160. This indicated that too many CDs may reduce the
electrons transportation between the ZnO and CDs.

Compared with recent studies listed in Table 1, ZnO@CDs showed relatively good
performance. Though GO/ZnO/CdS showed a higher Hz production rate, ZnO@CDs had
the advantage of low preparation cost and pollution-free sacrificial agent.
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Table 1. Values of the H2 Production Rate of Various Materials

Materials Light Source Sa’\:;iéir::tial H2 T;Snd;?gtigﬂ_gate References
ZnO@Au (Lﬁ?rgxx\ééf 23?35 ) Naﬁi?sf * 120 Chggzeé o
ZnO@Ru UV lamps — 304 Vf‘;f\',‘;iﬁgd
ZnO@MoS: | 300 W Xe lamp Na@% & 235 H““goezgt al.
Zno@zns 300 W Xe lamp Nalféfg & 2400 Rez"ogtza"
Zn0@cCds (432%0nvr¥1 ﬁiéa?a‘ls Naﬁi?sf * 669.6 Guzoogtza/'
GO/ZNO/CdS 150 W lamp Na@i?; & 6511 Chggg al.
ZnO@CDs 3?A0|\/\|/\{.>5<?illtaérrr;p Methanol 2480 This work

The fast decay of Hz production was also observed. Take the ZnO@CDs-160 as an
example, its hydrogen-producing capacity reached 1240 umol-g* in 30 min; it was 1349
umol-gt after 60 min. The values did not increase as expected. It appears that serious
photo-corrosion happened on the surface of the composite. During irradiation, a large
number of photogenerated holes were left in the filled band, which would enrich the outer
surface of ZnO and attack the O atoms. These actions are expected to lower the
photocatalytic performance (Huang et al. 2023; Khan et al. 2023).
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Fig. 4. (a) Hz production of ZnO@CDs and ZnO under irradiation of simulated sunlight,

(b) llustration of electron transfer between ZnO and CDs, (c) Nyquist plot of ZnO@CDs and ZnO,

(d) The cycling experiments of ZnO@CDs-160 for Hz production
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To test the stability of ZnO@CDs, cycling experiments of ZnO@CDs-160 were
carried out, and the results are shown in Fig. 4d. It can be seen that the Hz production
decreased to 699.3 and 476.4 umol-g*-ht, which was attributed to photo-corrosion. The
H2 production rate changed little in the 4™ cycle, which means the ZnO@CDs became
stable after running 3 cycles. Though photo-corrosion happened, the short-term catalysis
of ZnO@CDs within the first 0.5 h was able to reach the total cumulative hydrogen
production of a typical photocatalyst for more than several hours (Barman et al. 2017; Raza
et al. 2023). Further work on solving photo-corrosion needs to be conducted.

CONCLUSIONS

1. A photocatalyst composite comprised of carbon dots loaded onto ZnO particles
(ZnO@CDs) was prepared via hydrothermal synthesis and microcrystalline
cellulose (MCC) was used as the raw material for preparation of CDs.

2. The CDs were able to improve the separate efficiency of photo-exited carriers and
enhanced photodissociation of hydrogen from water.

3. The H2 production was able to reach 1349 umol-g? in 1 h under simulated sunlight
irradiation, which was 152% higher than that of bare ZnO.
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