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Abstract

Porous zinc oxide photocatalysts were successfully synthesized using carbon microsphere templating method. This study investigated 

the effect of carbon microsphere templates on the physicochemical properties and photocatalytic performance of ZnO in methylene 

blue degradation. Carbon microspheres were prepared via hydrothermal method and subsequently used as templates to obtain porous 

ZnO through wet impregnation route. The carbon templates exhibited a uniform spherical morphology with an average diameter of 

less than 1 µm and an amorphous structure, while the resulting ZnO showed a highly porous structure with good crystallinity, surface 

area of 9 m2 g−1, total pore volume of 0.034 cm3 g−1, pore size of 5.9 nm and a band gap of 3.17 eV. Photocatalytic tests revealed 

that ZnO degradation efficiency increased with UV irradiation time, reaching the highest value of 39.3 ± 0.2% at 150 min, and the 

reaction followed first-order kinetics with a rate constant of 0.0032 ± 0.0001 min−1. These results explained that carbon template-

assisted synthesis is a powerful, tunable approach for tailoring ZnO structure and provides a basis for developing a photocatalyst for 

environmental applications.
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1 Introduction
Methylene blue or 3,7-bis(dimethylamino)phenothiazin- 
5-ium chloride or methylthioninium chloride is an organic 
dye widely used in the textile, pharmaceutical, cosmetic, 
food and printing industries [1, 2]. Despite its widespread 
application, methylene blue exhibits toxic, carcino-
genic, mutagenic, stable, and non-biodegradable prop-
erties, thereby posing serious risks to human health and 
the environment  [3]. However, due to its distinct spec-
troscopic characteristic, stability and easily monitored, 
this compound commonly used as model pollutant in 
some research, particularly in photocatalysis research [4]. 
Based on this condition, the removal of methylene blue 
becomes a challenge. Various methods have been devel-
oped to remove methylene blue from the environment, 
such as biological treatment using enzymes and microor-
ganisms, adsorption, coagulation, filtration and advanced 
oxidation processes  [5]. Nowadays, the photocataly-
sis process has gained significant attention due to its 

environmental friendliness, efficiency, low cost and lack 
of secondary pollutants [6].

The photocatalysis method requires semiconduc-
tor materials (photocatalyst) to facilitate and accelerate 
photochemical reactions  [7]. Metal oxides such as ZnO, 
CuO, CeO, NiO, WO3, TiO2, SnO2 and Al2O3 have been 
studied as photocatalyst  [8,  9]. ZnO is considered supe-
rior because of its wide bandgap (3.37  eV), high elec-
tron mobility, thermal and chemical stability, high pho-
tosensitivity, low cost, environmentally friendly and easy 
preparation  [10,  11]. The photocatalytic performance of 
ZnO depends on several factors, including its morphol-
ogy [12]. The morphology of ZnO relates to its cross-sec-
tional and surface areas, which consequently affect the 
material's faces exposed to light, thereby influencing their 
photocatalytic performance [13]. Various ZnO morpholo-
gies have been synthesized, including nanotubes, nanow-
ires, nanorods, nanobelts and nanosheets [14]. Among the 
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various morphologies of ZnO porous nanostructures are 
favorable for numerous applications because of their high 
specific surface area [15]. 

Several methods have been developed to synthe-
size porous materials, including soft and hard template 
methods, electrochemical anodization, and direct assem-
bly  [16]. Among the available techniques hard templat-
ing offers some advantages such as higher stability, better 
control of size and morphology and good feasibility [17]. 
The  choice of template is a critical factor in hard tem-
plate synthesis methods [18]. In practice, there are several 
types of templates such as mesoporous silica template, 
carbon template and metal organic framework polymer 
template  [18]. Between the existing template, carbon 
microspheres have several advantages such as being envi-
ronmentally friendly and energy efficient [19]. In princi-
ple, the formation of the carbon microsphere structure 
occurs by the sequential reduction of carbohydrates 
under solvothermal conditions [20]. The environmentally 
friendly nature of carbon microspheres enhances their 
value as templates for synthesizing porous ZnO. Research 
on porous ZnO synthesized via carbon microsphere tem-
plates for methylene blue degradation remains limited. 
Hence, this study focused on synthesizing and character-
izing porous ZnO using carbon microsphere template and 
evaluating its photocatalytic performance in methylene 
blue degradation.

2 Materials and methods
2.1 Materials
The materials used in this research consisted of fructose 
(Merck), ethanol (Sigma Aldrich), zinc nitrate tetrahy-
drate (Zn(NO3)2·4H2O; Sigma Aldrich), methylene blue 
(Merck), and distilled water. All chemicals were p.a. (pro 
analysis) reagents and used without further purification.

2.2 Methods
2.2.1 Synthesis carbon microsphere template
Carbon microspheres were synthesized via hydrothermal 
method. 8.7 g of fructose was dissolved in 100 mL of dis-
tilled water and transferred into teflon-lined stainless steel 
autoclave (200 mL, Alish Tech, Indonesia). The autoclave 
was sealed and heated at 180  °C for 4  h. The resulting 
suspension was cooled to room temperature, followed by 
centrifugation. The obtained solid was washed with dis-
tilled water and ethanol several times. The solid product 
was dried at 80 °C overnight and continued with grinding.

2.2.2 Synthesis of porous ZnO
2  g Zn(NO3)2·4H2O was dissolved in 40  mL of distilled 
water and 1 g carbon microsphere was dispersed in 20 mL  
distilled water. The two solutions were mixed and stirred 
at room temperature for 5 h, followed by aging for 24 h. 
The  mixture was centrifuged and the solid product was 
washed several times with distilled water. The product 
was calcined at 500 °C for 2 h. The resulting white solid 
was cooled to room temperature. ZnO was also synthe-
sized without using carbon microsphere template (ZnO 
Ref) for comparison.

2.2.3 Evaluation of the photocatalytic performance of 
porous ZnO
A series of photocatalytic studies was conducted to eval-
uate the photocatalytic performance of porous ZnO for 
methylene blue degradation. The first step was the prepa-
ration of 100  mg  L−1 methylene blue stock solution. 
The second step was preparation of standard calibration 
curve by diluting methylene blue stock solutions to 0, 1, 2, 
3, 4, and 5 mg L−1, followed by absorbance measurement.

Photocatalytic degradation efficiency of porous ZnO 
was evaluated by adding 25 mg porous ZnO into 50 mL 
of 5  mg  L−1 methylene blue solution. The mixture was 
stirred in dark place for 30  min to ensure uniform dis-
persion. This dark period time refers to research con-
ducted by Wang  et  al.  [21]. After that, the mixture was 
placed into UV reactor and irradiated for 30, 60, 90, 120, 
and 150 min. The absorbance of the solutions was mea-
sured using a  UV-Vis spectrophotometer (PharmaSpec 
UV-1700, Japan), and their concentration was determined. 
The photocatalytic degradation efficiency tests were con-
ducted in triplicate. The  control solution was analyzed 
under the same conditions, but without catalyst. The deg-
radation efficiency of porous ZnO catalyst for methylene 
blue degradation was calculated using Eq. (1) [22]: 

Degradation efficiency %� � � �
�

C C
C

t0

0

100% 	 (1)

where C0 is the initial concentration of the methylene blue 
solution and Ct is the concentration after irradiation for t min.

The kinetic rate constant of methylene blue degrada-
tion with porous ZnO was determined using first-order rate 
equation [23]. The rate constant was calculated with Eq. (2): 
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where k is degradation rate constant (min−1), and t is the 
irradiation time. The reaction rate constant was obtained 

by finding the gradient of the ln
C
Ct
0  vs. t plot. 

3 Results and discussion
3.1 Carbon microspheres
3.1.1 Fourier transform infrared characterization
Carbon microspheres were characterized by Fourier 
transform infrared (FTIR; Bruker Alpha, Germany) to 
determine the functional group present in the material. 
The result is depicted in Fig. 1.

The FTIR spectrum of the carbon microspheres shows 
a broad band at 3340  cm−1 corresponding to the O–H 
stretching vibration of the carboxylate group. The band 
at 2920 cm−1 is attributed to the asymmetric C–H stretch-
ing vibration of the aliphatic group. The strong band at 
1662 cm−1 represents the C=O stretching vibration, whereas 
the band at 1514 cm−1 is the characteristic band of pentag-
onal heteroaromatic rings. The bands in the range 964–
1190 cm−1 region are assigned to C–O stretching vibration 
and O–H bending. The band at 766 cm−1 indicates the wag-
ging vibration of hydrogen adsorbed on the pentagon ring 
with an unsubstituted CH=CH group  [24–26]. Oxygen-
containing functional groups on carbon microspheres 
such as hydroxyl, carbonyl, and carboxyl act as coordina-
tion sites for Zn2+ ions (ZnO precursor) during the synthe-
sis [27]. These interactions influence the formation of the 
porous structure in ZnO after calcination.

3.1.2 Characterization by X-ray diffraction
The X-ray diffraction (XRD) was performed on an X-ray 
diffractometer (Bruker D2 Phaser, Germany). The diffrac-
togram of carbon microsphere is depicted in Fig. 2.

The diffractogram shows a broad peak at 2θ = 23°, indi-
cating the (002) plane of hexagonal lattice diffraction of 
graphite with amorphous structure  [28]. The crystallite 

size was calculated using the Debye-Scherrer equa-
tion [29], and the result was 0.78 nm.

3.1.3 Characterization by scanning electron microscopy
Scanning electron microscopy (SEM) characterization 
was performed using scanning electron microscope (JSM-
6510LA, JEOL Ltd., Japan) to investigate the morpholog-
ical appearance of the synthesized carbon microspheres. 
SEM image of carbon microsphere at 10000× magnifica-
tion is shown in Fig. 3.

Based on the SEM results, the carbon microspheres 
have uniform spherical morphology with a smooth surface 
and an average diameter of less than 1 µm. Moreover, the 
SEM image displayed that the existing spherical particles 
are well dispersed. The uniform spherical shape facilitates 
homogeneous coating or adsorption of Zn2+ ions during 
the precursor impregnation, leading to more controlled 
nucleation of ZnO. Additionally, the good dispersion of 
the spheres helps ensure the uniform template distribution 
throughout the precursor matrix, which contributes to the 
formation of a porous ZnO network after calcination.

Fig. 3 Carbon microsphere SEM image

Fig. 2 Diffractogram of carbon microsphere

Fig. 1 FTIR spectrum of carbon microspheres
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3.2 Porous ZnO
3.2.1 Fourier transform infrared characterization
The FTIR characterization was performed to determine the 
functional groups in porous ZnO and evaluate the impact 
of the carbon microsphere template in ZnO synthesis, par-
ticularly regarding the wavenumber shifts. FTIR spectra of 
ZnO Ref and porous ZnO are depicted in Fig. 4.

The FTIR spectra of ZnO Ref and porous ZnO exhibit 
distortion in the low wavenumber region; however, peaks 
at 418–470  cm−1 and 428–484  cm−1, which correspond 
to the Zn–O stretching vibration, are still observed  [20]. 
The FTIR spectra show that the Zn–O absorption band in 
porous ZnO appears at a higher wavenumber than in ZnO 
Ref, which may be attributed to residual carbon in porous 
ZnO. Carbon is a lighter atom than Zn, causing the Zn–O 
bond stretching frequency shifting to higher value [30, 31].

3.2.2 XRD characterization
XRD characterization was performed to determine the 
crystallinity of the materials and assess the effect of car-
bon microsphere modification on ZnO. The diffracto-
grams of ZnO Ref and porous ZnO are shown in Fig. 5.

The diffractograms of ZnO Ref and porous ZnO display 
several sharp peaks, confirming that both materials possess 
a structure with a high degree of crystallinity. The peaks 
appear at 2θ = 31.79; 34.43; 36.26; 47.56; 56.61; 62.87; 67.96 
for ZnO Ref and 31.77; 34.42; 36.25; 47.54; 56.60; 62.85; 
67.95 for porous ZnO. According to JCPDS no. 36-1451, 
these peaks correspond to the hexagonal wurtzite phase of 
ZnO, associated with (100), (002), (101), (102), (110), (103), 
and (112) lattice planes [32]. ZnO Ref and porous ZnO show 
no significant difference, indicating that the modification 
with carbon microspheres does not significantly alter the 
crystal structure of ZnO. The crystallite sizes from three 
main peaks were calculated using Debye-Scherrer equa-
tion, and the results are summarized in Table 1.

Table 1 shows that the crystallite size of porous ZnO 
is smaller than of ZnO Ref. These results indicate that 
employing carbon microsphere templates in ZnO synthe-
sis reduces the crystallite size.

3.2.3 SEM-EDX mapping
Scanning electron microscopy coupled with energy dis-
persive X-ray spectroscopy (SEM-EDX) mapping was 
performed performed using scanning electron micro-
scope (JSM-6510LA, JEOL Ltd., Japan) to examine the 
morphological appearance, elemental composition and 
elemental distribution of porous ZnO. The SEM charac-
terization result of porous ZnO at 10000× magnification 
is presented in Fig. 6.

SEM analysis confirms that the ZnO modified with car-
bon microspheres has porous morphology with varying size 
of cavities. The thermal decomposition of the carbon tem-
plate leaves behind hollow regions, resulting in a porous 
architecture. The results of the EDX and mapping analysis 
of porous ZnO are listed in Table 2 and Fig. 7, respectively. 

EDX analysis exhibits that the composition of Zn and O 
on porous ZnO are 83.40 and 16.60 mass%, respectively. 
The mapping results indicate that the Zn and O elements 
are equally distributed on the material's surface. 

Table 1 Crystallite size of ZnO Ref and porous ZnO

Sample Lattice plane Crystal size (nm)

ZnO Ref

(100) 33.51

(002) 34.81

(101) 30.69

Porous ZnO

(100) 32.83

(002) 33.17

(101) 28.97Fig. 5 Diffractogram of ZnO Ref and porous ZnO

Fig. 4 FTIR spectra of ZnO Ref and porous Zn
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3.2.4 Surface area and porosity
The specific surface area, total pore volume and pore size 
of materials are tabulated in Table  3. The measurements 
were carried out using Surface Area and Porosity Analyzer 
(Micromeritics Tristar II 3020, USA) employing N2 as the 
probe gas and temperature of the measurement −196  °C. 
Brunauer-Emmett-Teller (BET) model was applied to deter-
mine the specific surface area (A), while the Barrett-Joyner-
Halenda (BJH) based on desorption branch of the isoterm 
method was used to calculate total pore volume. The pore 
size (D) was calculated from BJH desorption data using 
relationship D = 4V/A, where V is the total pore volume.

This characterization shows that the ZnO prepared 
using carbon sphere template exhibits higher surface area, 
total pore volume, and pore size than ZnO Ref. A larger 
pore size enhances the diffusion rate of adsorbate in mate-
rials, while a higher surface area and pore volume increase 
the adsorption capacity for adsorbate [33, 34].

Table 2 EDX result of porous ZnO

Element Mass % Atom %

Zn 83.40 55.14

O 16.60 44.86

Fig. 6 SEM image of porous ZnO

Fig. 7 SEM image and elemental mapping of porous ZnO: (a) Zn and O elemental map, (b) SEM image, (c) Zn elemental map, and (d) O elemental map
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3.2.5 UV-Vis diffuse reflectance spectroscopy analysis
UV-Vis diffuse reflectance spectroscopy (DRS) character-
ization was performed using UV-Vis Spectrophotometer 
(Analytik Jena Specord 200 Plus, Germany) to determine 
the bandgap energy values of ZnO Ref and porous ZnO. 
The UV-Vis DRS spectra of ZnO Ref and porous ZnO are 
depicted in Fig. 8.

The reflectance values were used to determine the 
indirect bandgap using the Kubelka-Munk equation  [35]. 
The  bandgap value of ZnO Ref and porous ZnO were 
obtained by plotting the square of the Kubelka-Munk func-
tion (F(R)2) against bandgap energy Eg as shown in Fig. 9. 

The bandgap value of ZnO Ref and porous ZnO derived 
from the plot are listed in Table 4.

Table 4 shows that porous ZnO has bandgap value of 
3.17 eV which indicates that this material is active under UV 
light. Moreover, porous ZnO has a slightly smaller band-
gap value than ZnO Ref. The change in bandgap value may 
be attributed to crystal defects in porous ZnO as a result 
of structural modification with carbon microspheres [36]. 
Reducing the band gap value generally increases the light 
absorption and electron excitation capabilities, which can 
help improve photocatalytic activity [37].

3.2.6 Photocatalytic performance test of porous ZnO
The results of the degradation efficiency test of methylene 
blue using porous ZnO catalyst and without catalyst (stan-
dard) at different times are presented in Fig. 10.

Fig. 10 shows that the degradation efficiency increases 
with longer irradiation time when porous ZnO cata-
lyst is used as catalyst. In this study, no measurable sig-
nal detected during dark period and the highest degra-
dation efficiency of porous ZnO (39.3%) was obtained at 
150 min of irradiation and the kinetic study shows that the 
kinetic constant value of methylene blue degradation with 
porous ZnO catalyst under UV irradiation conditions is 
0.0032 ± 0.0001 min−1. The comparison of methylene blue 
degradation efficiency between this research and the other 
research listed in Table 5 [38–41].

This comparison highlights that the porous ZnO exhib-
its low catalytic performance. This result can be attributed 
to its wide band gap of 3.17 eV, which restricts light absorp-
tion to a narrow UV region and thereby limits the num-
ber of photons available to drive photocatalytic reactions. 

Table 3 Surface area and porosity characterization result

Materials Specific surface area 
(m2 g−1)

Total pore volume 
(cm3 g−1)

Pore size 
(nm)

ZnO Ref 3 0.008 4.2

Porous ZnO 9 0.034 5.9

Table 4 Bandgap values of ZnO Ref and porous ZnO

Materials Bandgap value (eV)

ZnO Ref 3.20

Porous ZnO 3.17

Fig. 10 Degradation efficiency of methylene blue (MB) with porous 
ZnO and without (standard)Fig. 9 Indirect bandgap plot of ZnO Ref and porous ZnO

Fig. 8 UV-Vis DRS spectra of ZnO Ref and porous ZnO
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In addition, a band gap in this range is commonly associ-
ated with rapid electron–hole recombination, causing many 
charge carriers to recombine before participating in surface 
redox processes. These factors collectively hinder the over-
all photocatalytic activity of porous ZnO [42]. In addition, 
the morphology and porosity of ZnO also play an import-
ant role in determining photocatalytic activity. The porous 
architecture generally increases surface area and enhances 
dye adsorption, which can facilitate a  higher interaction 
frequency between methylene blue molecules and active 
sites. These enhanced interactions lead to improved photo-
catalytic performance [43]. However, despite this morpho-
logical advantage, the limited photon absorption and high 
recombination rate remain dominant factors constraining 
photocatalytic efficiency of the porous ZnO synthesized in 
this work.

4 Conclusions
Porous ZnO was successfully synthesized using carbon 
microspheres as templates. The template-assisted method 

enabled the formation of porous ZnO morphology with 
reduced crystallite size, uniform elemental distribution, 
enhanced textural properties (surface area, total pore 
volume, and pore size), and slightly narrower band gap 
(3.17 eV) compared to ZnO Ref. The photocatalytic tests 
showed that the degradation efficiency of porous ZnO 
against methylene blue increased with UV irradiation time, 
reaching the highest value 39.3 ± 0.2% at 150 min with a 
kinetic constant of 0.0032 ± 0.0001 min−1. This study pro-
vides valuable insight into the use of carbon microspheres 
as a sustainable and effective template for producing porous 
ZnO. Although the photocatalytic efficiency is modest, the 
findings establish a basis for future optimization.
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Table 5 Comparison of methylene blue degradation efficiency and rate constant of ZnO photocatalyst

Catalyst Light source Radiation time 
(min)

Degradation efficiency 
(%) Reference

Porous ZnO synthesized with carbon microsphere template UV radiation 150 39.3 This work

Porous ZnO Light Emitted Diode 120 2.5 [38]

ZnO nanoparticle prepared by sol gel method UV irradiation 180 81 [39]

ZnO nanoparticle prepared by precipitate method UV irradiation 180 92.5 [39]

Bioreduced ZnO nanoparticle Sunlight 90 94.07 [40]

ZnO nanocrystalline UV irradiation 100 99 [41]
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