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ABSTRACT: Biomass conversions to chemicals via various conventional technologies Y ar
require high energy consumption, high temperature, high pressure, or high system cost. k L
Alternatively, photocatalysis is one of the greener technologies because it utilizes the |
energy from lamps or natural sunlight with catalysts to synthesize chemicals under mild [ Zrmwae
conditions and room temperature. In this work, zinc oxide (ZnO) particles were | "t
successfully synthesized using polyvinylpyrrolidone as an additive in coprecipitation to coprecipitation
control the size and protect the aggregation. The crystal structure of hexagonal wurtzite Calcination
was found in the obtained nanoparticles. The photocatalytic activities of the obtained

samples were evaluated for the production of high-value chemicals (gluconic acid,

xylitol, arabinose, and formic acid) via the photocatalytic conversion of glucose under UV-A irradiation. The photocatalytic results
indicated the relationship of defects (i.e, oxygen vacancies and zinc vacancies) with glucose conversions. From the ZnO
nanoparticles calcined at various temperatures from 400 to 700 °C, the one calcined at 700 °C showed the highest glucose
conversion of 21.5% with a high yield of carboxylic acid products (gluconic acid and formic acid). The gluconic acid showed the
highest yield of 15% for 180 min, while the formic acid, arabinose, and xylitol presented the highest yields of 7, 1, and 0.5% for 180
min, respectively. Pure ZnO nanoparticles can convert glucose into value-added products without adding an acid or base in the
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reaction.

Bl INTRODUCTION

Nowadays, it is well known that zinc oxide (ZnO) is one of the
vital semiconductor materials with a wide bandgap of 3.37 eV
at room temperature.' This bandgap can be excited using
short-wavelength emissions such as UV radiation, high
excitonic binding energy around 60 MeV, and a short
luminescence lifetime.' ZnO can be used in many applications,
such as gas sensors,” optical luminescence,’ transparent
conductive coatings,” and electrodes for dye-sensitized solar
cells.” Moreover, it is one of the most widely used
photocatalysts due to its high catalytic efficiency, low cost,
environmental sustainability, and human body-friendly materi-
al.%” ZnO can be synthesized by various techniques, such as
sol—gel,® chemical vapor deposition,” a hydrothermal
method,'® a glycothermal method,”* and precipitation.12
Each method of the synthesis process can directly affect the
properties of one material, such as structures including particle
size, crystal structure, morphology, and surface defects."
Among the various fabrication methods, precipitation is very
attractive for commercial development. The continuous
process with an easy up-scaling potential from the laboratory
experiments can be expected without loss in product quality."*
During the precipitation process, the use of polymeric additives
to carry out coprecipitation achieves the control of the
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precipitate with respect to its chemical composition, shape, and
'4~1% Various nanoparticles are relatively aggregated due to
their large surface area and high surface energy. Therefore, the
grain size must be reduced, and the dispersion must be
enhanced to suit the applications, especially in catalysis and
photovoltaics. Polyvinylpyrrolidone (PVP) can be used in
polymer-assisted coprecipitation as a surfactant to reduce the
size and aggregation.'® Moreover, the addition of PVP may
create some defects in ZnO that can benefit some
optoelectronic applications.

Recently, photocatalysis has been challenged in the green
synthesis of chemicals via biomass conversions using metal
oxides in the photocatalytic process. Biomass conversion has
attracted much attention as one of the promising technologies
to produce renewable chemicals and energy in the future.
Generally, biomass can be converted into chemicals via various

size.
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conventional technologies such as fast pyrolysis, steam
gasification, and supercritical conversion. However, they have
limitations, including the requirement of high energy
consumption, high temperature, high pressure, or high system
cost. There are also many steps to produce chemicals using
conventional processes. Photocatalysis is one of the greener
technologies because it utilizes energy from lamps or natural
sunlight with catalysts to synthesize chemicals under mild
conditions and room temperature. This information has been
added to the revised manuscript to clarify the points to the
readers.'”

Glucose is one of the monosaccharides found in the
structure of plant biomass. It is transformed into various
forms of high-value chemicals, such as gluconic acid, glucaric
acid, arabinitol, S-hydroxymethylfurfural, ethanol, H,, etc.'®
The photocatalytic glucose conversions using semiconductor
photocatalysts have also been gradually developed in the past
decade. H, and small-molecule gas productions via photo-
catalytic glucose oxidation got high attention.'”~*' The study
of the products from the photocatalytic conversion of $lucose
in the liquid phase was later developed and reported.'”"***~**
Titanium dioxide (TiO,) is the main photocatalyst that has
been frequently studied because it presents excellent photo-
catalytic activity, chemical stability, strong oxidizing ability,
nontoxicity, long durability, and transparency to visible light."®
Some new photocatalysts for the conversion of glucose are
BisO,Br,”> Bi,WO,,* CuO,” and Zn,_,Cd,S*” with various
modifications or complex synthesis systems. ZnO-based
photocatalysts have been attractive because they have
bandgaps and several properties similar to TiO,. Anyway,
ZnO can also express better photocatalytic performance since
the electron mobility of ZnO is 2 orders of magnitude higher
than that of TiO, contributing to high quantum efficiency.

There is still not much work that uses ZnO-based
photocatalysts for glucose conversion. In the literature, the
composite ZnO/cobalt tetra(2,3-bis(butylthio)maleonitrile)-
porphyrazine (CoPzSg) photocatalyst was found to be
employed for photocatalytic glucose conversion under
simulated sunlight irradiation. The result showed that the
ZnO/CoPzSy presented a high photocatalytic activity for
glucose conversion in pure water without additional acid or
base.”® In this contribution, pristine ZnO nanoparticles
without complex modification were successfully prepared by
simple coprecipitation using PVP as an additive for size
reduction, aggregation reduction, and the creation of some
unique defects in ZnO that can benefit photocatalytic
applications. The effects of calcination conditions on the
morphological appearance, crystal structure, and surface
defects of the resulting ZnO were investigated. The photo-
catalytic activities of ZnO nanoparticles without adding acid or
base in the reaction were first analyzed based on the
photooxidation reaction of conversion of glucose to high-
value products.

B EXPERIMENTAL SECTION

Materials. Zinc nitrate hexahydrate (Sigma-Aldrich,
Milwaukee, WI), polyvinylpyrrolidone (PVP) (Mw =~
1,300,000, Sigma-Aldrich), acetic acid 99.9% (Fluka, Stein-
heim, Germany), and ethanol 99.9% (QRCTM) were used to
prepare ZnO nanoparticles. All chemicals were analytical grade
and used as-purchased without further purification.

Synthesis of ZnO Nanoparticles. In a typical synthesis
procedure, ZnO nanoparticles were synthesized from the

method modified from ref 12. Zinc nitrate hexahydrate (9 g)
was added to mixed ethanol (45 mL) and acetic acid (18 mL).
The solution was stirred at room temperature for 15 min
before adding PVP (1 g), and the mixture was continuously
stirred for 60 min. The mixture solution was dried in an oven
at 100 °C overnight. The obtained ZnO powder was calcined
for 2 h in various temperatures at 400, 500, 600, 700, and 800
°C (called ZnO-400 to ZnO-800 °C, respectively).

Characterizations of Catalysts. The morphological
appearance of synthesized ZnO was characterized by scanning
electron microscopy (SEM, JEOL JSM $800). X-ray diffraction
(XRD, Siemens D5000) with Cu Ka radiation was used to
analyze the crystalline structure of ZnO. Thermogravimetric/
differential thermal analysis (TG/DTA, PerkinElmer Dia-
mond) was conducted to measure differential weight related to
the thermal property. The Brunauer—Emmett—Teller method
(BET) was used to estimate the surface area by N, adsorption
(Micromeritics ChemiSorb 2750). The obtained N, adsorp-
tion—desorption isotherms were used to calculate the total
pores and pore diameters using the Barrett—Joyner—Halenda
(BJH) method.”® Photoluminescence (PL, PerkinElmer LS
55) with 300 nm excitation was performed to study the charge
recombination of electron—hole pairs. Fourier transform
infrared spectroscopy (FT-IR, Nicolet Impact 400) was used
to identify the chemical functions of the synthesized materials.
X-ray photoelectron spectroscopy (XPS, Kratos Analytical
AMICUS, operated using Mg Ka X-rays) was carried out to
investigate the chemical states and structures of photocatalysts.

Photocatalytic Reaction. The photocatalytic activities of
synthesized ZnO were measured by converting glucose under
UV-A irradiation to generate value-added chemicals. The
glucose solution (100 mL, 30 mg/L) and ZnO photocatalyst
(0.05 g) were mixed and transferred to a photocatalytic
reactor. The solution was stirred for 30 min under dark
conditions to complete a homogeneous suspension and
complete adsorption of glucose on the ZnO surfaces to ensure
that the results of glucose conversion are based on only
photocatalysis. After that, photocatalysis was done by
stimulation with light from 15 W UV-A light (Philips
TLD1SW/0S, wavelength ~365 nm, six lamps) under
continuous stirring. The solution was sampled every 30 min
for 2 h. Glucose conversion and chemical product yields were
examined by high-performance liquid chromatography
(HPLC, Shimadzu, LC-20AD) equipped with a refractive
index detector (Shimadzu RID-10A). Separation was per-
formed via an Aminex HPX-87H column (300 X 7.8 mm) at
65 °C using S mM sulfuric acid as the mobile phase. Glucose
conversion and product yield were investigated according to
the methods described in refs 17 and 23.

B RESULTS AND DISCUSSION

Physical Properties of ZnO Nanoparticles. SEM
analysis was conducted to find the surface morphology of
ZnO nanoparticles prepared from the polymer-assisted
coprecipitation method with different calcination temper-
atures. The SEM image showed the homogeneity of ZnO
nanoparticles, which had a spherical shape in all samples.
These results resemble the previous study”” attributed to PVP
addition. Moreover, the agglomeration of the ZnO nano-
particles was found. The particle size of ZnO nanoparticles was
increased with an increase in the calcination temperature.
Because the aggregation of particles was formed during the
calcination, the high heating process led to faster nucleation
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Figure 1. SEM images of (a) ZnO-400 °C, (b) ZnO-500 °C, (c) ZnO-600 °C, (d) ZnO-700 °C, and (e) ZnO-800 °C (scale bars = 1 ym).

growth of ZnO nanoparticles, resulting in particle agglomer-
%31 The average aggregate size of the ZnO nanoparticles
presented in Figure 1 is estimated to be in the range between
0.46 and 1.20 pm using Image] software.

The formation and phase analyses of the prepared ZnO

ation.

nanoparticles were analyzed by Siemens DS000 XRD with Cu
Ka radiation (4 = 1.5418 A). The XRD patterns of ZnO

nanoparticles with different calcination temperatures are
shown in Figure 2. The XRD patterns contain peaks
corresponding to the reflection from the (100), (002),
(101), (102), and (110) crystal planes of ZnO. These peaks
correspond to the hexagonal wurtzite ZnO crystal system. The
peak intensity of ZnO nanoparticles at a high calcination
temperature is higher than other peaks. This is because the
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Figure 2. XRD patterns of ZnO nanoparticles calcined at various
temperatures.

increasing calcination temperature can enhance the ZnO
polycrystalline structure.”” Moreover, a broad peak around 26
=22.5° in all XRD patterns is not found, corresponding to the
peak of PVP crystalline.”” It can be confirmed that PVP did not
remain inside the ZnO nanoparticles. In addition, it can be
observed that the narrowing of peaks (101) of ZnO
nanoparticles increases with the calcination temperature due
to the improvement in crystallinity after the calcination.®'
Further, the crystallite size of ZnO nanoparticles at different
temperatures has been estimated from the full width at half-
maximum (fwhm) according to the Debye—Sherrer formula, as
shown in eq 1.

_ kA
Pcosd (1)

where k is the shape factor (0.94), A is the X-ray wavelength,
is the full width at half-maximum (fwhm), and 0 is the Bragg
angle.’* The crystallite sizes of all samples were estimated with
the (1 0 1) diffraction peak. The crystalline sizes of ZnO
nanoparticles at calcination temperatures of 400, 500, 600, 700,
and 800 °C were 34, 36, 38, 39, and 40 nm, respectively, as
shown in Table 1. Moreover, the specific surface area of ZnO
nanoparticles was found to decrease with increasing calcination
temperature because of the compact agglomeration of ZnO
nanoparticles. This decrease in surface area with increasing
calcination temperature is also supported by the increase in the
crystalline size. The range of specific surface area was 28—49
m*/g, as shown in Table 1.

Table 1. Summary of the Physical Properties of ZnO
Nanoparticles at Various Temperatures

XRD 26 of average

wurtzite surface total pore
(101) crystalline area pore diameter

photocatalyst  (degree)®  size (nm)® (m*/g) b (cc/g)b (nm)®
Zn0-400 °C 36.24 34 S1 0.143 24.31
Zn0-500 °C 36.24 36 49 0.146 24.10
Zn0-600 °C 36.24 38 45 0.138 23.80
Zn0-700 °C 36.24 39 44 0.141 23.61
Zn0-800 °C 36.24 NY 28 0.126 12.50

“Measured from XRD. *Measured from N, adsorption.

The elemental compositions and chemical states of Zn and
O in the synthesized ZnO nanoparticle with different
calcination temperatures were investigated using XPS, as
shown in Figure 3. The binding energy of the O 1s peak for
ZnO nanoparticles presented two sharps, centered at 531 and
533 eV, by fitting the experimental dot with two Gaussian
curves, as shown in Figure 3a—d. The component on the
binding energy located at 531 eV indicates the presence of the
O’ ions on the wurtzite structure of the hexagonal Zn** ion
array (Op). Meanwhile, the component on the binding energy
located at 533 eV attributes the oxygen vacancies of the ZnO
matrix (Oy).**® Figure 3e presents the ratio of the Oy/Oy, of
ZnO nanoparticles in different calcination temperatures. The
result showed that the ratio of Oy/O, increased with
increasing calcination temperature. It can be concluded that
a higher calcination temperature exhibits higher oxygen
vacancies. The high oxygen vacancies can induce high
photocatalytic activity.

Figure 4a shows the high-resolution Zn 2p XPS spectra of all
four samples with one peak at 1024 eV, ascribed to a spin—
orbital coupling for Zn 2p;/,. The Zn element of all samples
only exists in the Zn®** chemical state.’”** In addition, the
center peak of Zn 2p;,, was increased with increasing the
calcination temperature range of 500—700 °C because of the
ratio of Oy/Oy, as presented in Figure 4b.

To confirm the suitable calcination temperature for
removing PVP inside the ZnO nanoparticles, the ZnO
nanoparticles with PVP were examined. The TGA thermo-
grams of the dried ZnO powder with PVP and the temperature
scale for measurement from 50 to 800 °C are shown in Figure
S. The weight loss of ZnO powder with PVP decreased by
about 15% in the temperature range of 50—250 °C. This can
be attributed to the evaporation of water molecules. A
significant weight loss was observed in the thermal degradation
at the temperature range of 300—500 °C, assigned to the
decomposition of PVP. The final weight loss at the
temperature range of 500—800 °C can be ascribed to removing
carbon residues and forming nanocrystalline ZnO par-
ticles.>”*® From these results, it can be concluded that the
suitable calcination temperature is above 500 °C for complete
PVP removal.

FT-IR was used to confirm PVP removal inside ZnO
nanoparticles after calcination. The FT-IR spectra of the
calcined ZnO nanoparticles at 400 and 500 °C compared with
PVP were presented in the spectral range of 4000—500 cm™,
as shown in Figure 6. The result showed that the peak around
3440 cm™ is due to the O—H stretching vibration, associated
with the amounts of water on the ZnO surface, and the narrow
peak around 2950 cm™ corresponds to C—H vibrations. The
peak at 1664 cm™" for pure PVP, which corresponds to the
C=0O0 bond, is shifted to the peak at around 1660 cm™" for
ZnO after calcination at 400 and 500 °C. Moreover, the peak
intensity at 1664 cm™' decreased with increasing calcination
temperature. This indicated that the ZnO nanoparticle
calcined at 500 °C deprived PVP and carbon residual, while
the calcination temperature at 400 °C maintained some
content of PVP.*' Further, the peak near 1000 cm™*
corresponds to the metal—oxygen tension or Zn—O bond.
An increase in calcination temperature also increases the
intensity due to the high Zn—O bonding from the thermal
evolution.*”

Optical Properties of ZnO Nanoparticles. Photo-
luminescence (PL) spectroscopy was used to investigate the
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Figure 3. (a—d) XPS (O 1Is) spectra and (e) plot of the ratio of oxygen vacancy (Oy) to lattice oxygen (Or) of ZnO nanoparticles calcined at

various temperatures.
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Figure 4. (a) XPS (Zn 2p;,) spectra and (b) plot of the peak centers of ZnO nanoparticles calcined at various temperatures.

recombination of photogenerated electron and hole pairs. It
can also be used to study the defects and other impurity states
of the material. The PL spectra of the ZnO nanoparticles
prepared with different calcination temperatures recorded at a
300 nm excitation wavelength (4,,) are presented in Figure 7.
The PL spectra of ZnO nanoparticles showed two prominent

43668

emission peaks. The intense emission peak is located at 380
nm in the ultraviolet region, attributed to free-exciton
recombination in the near-band edge of ZnO. Another peak
appears in the visible region at 480 nm, attributed to the
oxygen and zinc vacancies (Vo/Vy,) on the ZnO surface.*>**
In addition, the PL intensity can be used to investigate the

https://doi.org/10.1021/acsomega.3c05183
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Figure S. TGA thermogram of the dried ZnO powder (with PVP) before calcination.
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Figure 7. PL spectra of ZnO nanoparticles calcined at various
temperatures.

recombination rates of electrons and holes. At a low relative PL
intensity of the ZnO nanoparticle calcined at 700 °C, the
lowest recombination rate of the electron and hole (better
optical properties) was observed. In contrast, the calcination
temperature decreased, resulting in a high PL intensity and a
high charge recombination rate. Moreover, the lowest PL
intensity in the visible region of the calcined ZnO nanoparticle
at 700 °C resulted in high oxygen vacancies. Wang et al. have
reported that the increased oxygen vacancies can improve the
charge separation efliciency and enhance the photocatalytic
performance.”

Green Chemical Synthesis via Photocatalytic Glucose
Conversions. Glucose conversion via photocatalysis uses the
photocatalytic activity of ZnO nanoparticles, as shown in
Figure 8. When irradiation is incident on the photocatalysts

H2 === "OH + "OH

Glucose

Chemicals + CO, + H,

ZnO Nanoparticle ~ H*+ "OH

Figure 8. Photocatalytic activity of ZnO nanoparticles on glucose
conversion.

with the photon energy at least equal to the energy bandgap,
electrons from the valence band are excited to the conduction
band, leaving positive holes (h*) in the valence band. The
photoinduced electrons and holes can migrate to the
photocatalyst surface. The holes undergo redox reactions
with the adsorbed water vapor to form the hydroxyl radical
('OH), while the electrons undergo redox reactions with the
adsorbed O, and generate superoxide anion radicals (O,7). 6
The superoxide anion radicals can further react to form
hydrogen peroxide (H,0,) and hydroxyl radicals. All
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generated radicals act as strong oxidation reagents to react with
glucose and conversely to be value-added chemicals.
Photocatalytic conversions of glucose with ZnO nano-
particles fabricated by polymer-assisted coprecipitation with
different calcination temperatures were performed under UV-A
irradiation (total power of 90 W), as presented in Figure 9.
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Figure 9. Photocatalytic conversions of glucose under UV irradiation
for 180 min with ZnO nanoparticles calcined at various temperatures.

The photocatalytic reaction was carried out without acid and
base in the reaction for 180 min with the temperature being
controlled at 25 °C. The initial glucose concentration was 1 g/
L in the presence of ZnO. An increase in the calcination
temperature induced a higher glucose conversion. The ZnO
nanoparticles calcined at 700 °C showed the highest glucose
conversion of 21.5%. The result is shown in Figure 9 due to the
good properties of the calcined ZnO nanoparticle at 700 °C,
such as high specific surface area, low recombination of
electrons and holes, and high oxygen vacancies. These
properties led to enhancing the photocatalytic activity for
glucose conversion. In addition, the glucose conversion
increased with an increase in the irradiation time. This
experiment found four value-added products: gluconic acid,
arabinose, xylitol, and formic acid. This result is related to a
previous report by Roongraung et al.”’

The yields of the four main products using ZnO calcined at
700 °C as a photocatalyst are shown in Figure 10. The result
indicated that the highest yields of the four main products were
found with increased irradiation time. The gluconic acid
showed the highest yield of 15% for 180 min compared with
other value-added products. At the same time, the formic acid,
arabinose, and xylitol presented the highest yields of 7, 1, and
0.5% at 180 min, respectively. These results confirm that the
ZnO nanoparticles enhance the high selectivity of carboxylic
acid products (gluconic acid and formic acid). Moreover, the
comparison of the conversion rate and glucose conversion of
ZnO nanoparticles with different calcination temperatures is
shown in Figure 11. The conversion rate was found to have a
trend similar to glucose conversion. The ZnO nanoparticles
calcined at 700 °C showed a conversion rate of 11.5 min™}, as
shown in Figure 11a. Furthermore, the glucose conversions in
each collecting time of ZnO at different calcination temper-
atures are shown in Figure 11b. It can be seen that the glucose
conversion was not much different in the first 30 min.
However, the conversion rate of ZnO calcined at 700 °C after
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Figure 10. Product yields of gluconic acid, formic aid, arabinose, and
xylitol produced from glucose conversions using ZnO nanoparticles
calcined at 700 °C.
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Figure 11. Comparison of (a) conversion rates and (b) glucose

conversions using ZnO nanoparticles calcined at various temper-
atures.

60 min observed the high glucose conversion compared with
other calcination temperatures. From all the results, it can be
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concluded that the ZnO nanoparticles prepared by polymer-
assisted coprecipitation are suitable to calcine at 700 °C. The
ZnO nanoparticles calcined at 700 °C show two critical
properties for photocatalytic activity, including surface area and
charge separation efficiency. These properties enhance high
photocatalytic activity because the reaction occurs on the
surface of ZnO nanoparticles, and the charge separation
efficiency can be extended to the photooxidation of glucose.

Compared with other reports, Colmenares and Magdziarz
studied the photocatalytic conversion of glucose with TiO,
photocatalysts.”” They found that the gluconic acid is the same
as in this work, but they also found glucaric acid, where there is
no signal detected of glucaric acid in this work. For other TiO,
photocatalysts, i.e., surfactant-assisted synthesized TiO,
particles,”” Ag-TiO, nanofibers,"®** zeolite-supported TiO,,**
and B/N and Ag/N codoped TiO,,"” the products found in
this work are the same, but the selectivity was different. With
increasing irradiation, high selectivity of carboxylic acid
products and increased product yield was found, as mentioned
above.

After chemical synthesis via photocatalytic conversion of
glucose, the glucose solution was centrifuged. The catalysts
could be separated from the solution using vacuum filter paper
supported by the filter glass with water soaking to dissolve all
glucose. The filtered catalysts showed the potential to be
reused after drying.

B CONCLUSIONS

The ZnO nanoparticles were successfully fabricated by the
polymer-assisted coprecipitation method. The temperature of
700 °C is the suitable calcination temperature for ZnO
nanoparticles because it presents better physical and optical
properties. The ZnO calcined at 700 °C showed a crystal
structure in hexagonal wurtzite with a high surface area (44
m?/g). Moreover, they had a high ratio of oxygen and zinc
vacancies, a common defect in ZnO nanoparticles. These
defects led to a high charge separation efficiency and enhanced
high photocatalytic glucose conversion. The ZnO nano-
particles calcined at 700 °C showed the highest glucose
conversion of 21.5% with a high yield of carboxylic acid
products (gluconic and formic acid). The gluconic acid
showed the highest yield of 15% for 180 min, while the
formic acid, arabinose, and xylitol presented the highest yields
of 7, 1, and 0.5% for 180 min, respectively. Moreover, the ZnO
nanoparticles calcined at 700 °C also showed the highest
conversion rate of 11.5 min~". This experiment demonstrates
that pure ZnO nanoparticles can convert glucose into value-
added products without the addition of acid or base in the
reaction.
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