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ABSTRACT

Zn0O and ZnO:Ce@(0-8)%GO nanocomposites were synthesized hydrothermally and
characterized by XRD, FT-IR, PL, EDS, and UV—-Vis—DRS. The materials retained the wurtzite
ZnO structure with crystallite sizes of 28—38 nm. Ce doping and GO incorporation reduced the
band gap from 3.15 to 2.78 eV and significantly suppressed electron—hole recombination, as
evidenced by PL quenching. Under visible-light irradiation, ZnO:Ce@8%GO achieved 98.60%
degradation of DR152 after 210 min, compared with 79.69% for pristine ZnO, with a reaction rate
2.94 times higher. The composite also retained 83.71% of its activity after five cycles,
demonstrating good stability and the synergistic enhancement of photocatalytic performance by
Ce and GO.
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1. INTRODUCTION

Zinc oxide (ZnO) is a semiconductor oxide with high chemical stability, large exciton binding
energy (~60 meV), strong UV—visible absorption, low cost, and environmental friendliness [1-8].
However, its relatively wide band gap (~3.37 eV) and rapid recombination of photogenerated
electron—hole pairs limit its photocatalytic efficiency [9-15]. Graphene oxide (GO), owing to its
high surface area, enhanced electrical conductivity, and abundant oxygen-containing functional
groups, can effectively improve charge transfer, suppress carrier recombination, and provide
anchoring sites for metal oxide nanoparticles, thereby enhancing photocatalytic performance under
solar irradiation [1, 3, 5, 6].

To overcome the intrinsic limitations of ZnO, various approaches have been developed,
including coupling with other metal oxides and doping with metal ions from the d-, s-, and f-block
elements [1-15]. These modifications can promote charge separation, increase oxygen-vacancy
concentrations, and extend light absorption. For example, Songkot Utara et al. synthesized Zn-
doped CeO-/rGO nanocomposites with high surface area, reduced band gap, and abundant oxygen
vacancies [3]. Moro Haruna et al. reported that Ce—ZnO-rGO nanocomposites achieved ~92%
degradation of bromothymol blue under visible light owing to band-gap narrowing (~2.81 eV) [5].
Similarly, Ce-doped ZnO/rGO prepared by Patil and Nandibewoor exhibited excellent
electrochemical sensing performance [6], while GO—ZnO/Mn20s composites showed a narrow
band gap (~1.6 eV) and 98.75% degradation of malachite green under simulated sunlight [9].

Overall, ZnO-based nanocomposites offer tunable band structures, improved charge separation,
and enhanced surface activity, making them promising materials for photocatalysis and
environmental remediation. In this context, the present study focuses on the hydrothermal
synthesis of ZnO:Ce@GO nanocomposites, their physicochemical properties, and their
photocatalytic performance toward the degradation of Disperse Red 152 in aqueous solution.
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2. EXPERIMENTAL

2.1. Chemicals, materials, and instrumentation

ZnO and ZnO:Ce@(0-8)%GO nanocomposites were synthesized by a hydrothermal method
using Zn(NOs)2, Ce(SO4)24H20, NHs, and graphene oxide (GO), followed by filtration, washing,
and calcination at 400 °C for 2 h. Their structural and optical properties were characterized by
XRD, FT-IR, PL, UV-Vis-DRS, and EDS, while dye absorbance was determined using a UV—
1700 spectrophotometer.

Photocatalytic experiments were carried out under simulated visible light irradiation generated
by a 300 W xenon lamp. A UV-cut filter (A > 400 nm) was employed to eliminate ultraviolet
radiation and ensure visible-light-driven photocatalysis. The light source was positioned 10 cm
above the reaction vessel, and all experiments were conducted in a dark chamber to prevent
interference from ambient light.

2.2. Photocatalytic degradation of Disperse Red 152

Photocatalytic degradation of Disperse Red 152 (DR152) was performed by dispersing 25.0
mg of catalyst in 50 mL of DR152 solution (30.0 mg-L™") containing 0.1 mL of 30% H202 in a 100
mL glass beaker. The suspension was stirred in the dark for 90 min to establish adsorption—
desorption equilibrium, followed by visible-light irradiation for up to 210 min. All experiments
were conducted in a dark chamber to eliminate interference from ambient light.

After treatment, the suspensions were centrifuged at 4000 rpm for 3 min, and the supernatants
were analyzed by UV-Vis spectroscopy. The maximum absorbance of DR152 was observed at
528 nm. The degradation efficiency (%H) was calculated using Eq. (1), where Ao and A are the
absorbance values at the initial time and irradiation time ¢ (min), respectively.
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3. RESULTS AND DISCUSSION

3.1. X-ray diffraction analysis of ZnO and ZnO:Ce@GO materials

Observation of the X-ray diffraction patterns in Figure 1 reveals that both ZnO and
Zn0:Ce@(0-8)%GO materials exhibit well-defined diffraction peaks at 20 =~ 31.71°, 34.35°,
36.21°, 47.48°, 56.51°, 62.78°, 66.32°, 67.87°, and 69.04°, which can be indexed to the (100),
(002), (101), (102), (110), (103), (200), (112), and (201) crystallographic planes of the hexagonal
wurtzite ZnO structure, in good agreement with the standard JCPDS card No. 036-1451 [1-5].

As shown in Figure 1b, the GO sample exhibits a characteristic (001) diffraction peak at 20 =
12.29° (doo: = 0.8 nm), confirming the presence of graphene oxide. Additional peaks at 26.47° and
43.61° correspond to the (002) and (100) planes of reduced graphene oxide (rGO), indicating
partial thermal reduction of GO during calcination at 400 °C [1, 3, 6]. The coexistence of GO and
rGO is expected to enhance electrical conductivity and facilitate electron transport, thereby
improving charge separation.

Upon Ce doping and GO incorporation, the ZnO diffraction peak near 20 =~ 36° shifts slightly
toward higher angles, indicating lattice modification caused by Ce—GO interactions. Although the
wurtzite ZnO structure remains unchanged, the crystallite size increases from 28.24 to 38.46 nm,
accompanied by a slight reduction in lattice parameters and unit-cell volume, with deviations of
+0.52-3.02% relative to standard ZnO (47.62 A%) [4—8]. As shown in Table 1, the unit-cell volume
decreases from 49.056 to 47.866 A3, whereas the crystallite size increases from 28.24 to 38.46 nm.
These trends are consistent because unit-cell volume reflects atomic-scale lattice distortion, while
crystallite size represents the growth of diffraction domains. The observed lattice contraction is
likely related to oxygen-vacancy formation, internal strain, strong ZnO—GO interactions, and grain
growth during calcination at 400 °C.
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Figure 1. XRD patterns and Gaussian peak fitting of GO, ZnO, and ZnO:Ce@(0-8)%GO.
Table 1. Average crystallite size (D) of GO, ZnO, and ZnO:Ce@x%GO (x = 0-§).

Crystal plane (101) Crystal plane (100) Lattice parameters
Diffraction | FWHM | D | Diffraction | FWHM | D | a(A) |c(A) [V (A%)
angle20 (®)| (°) |(nm)|angle26(®)| (°) |(nm)
GO - - - 43.61284 |0.32352|26.45| - - -
Zn0O 35.83903 |0.29564 |28.24 - - - 13.29505.2172/49.056
Zn0:Ce 36.09207 |0.23853[35.03 - - - 13.26615.2172/48.198
Zn0:Ce@?2%GO| 36.12195 |0.22593 |36.98| 43.60365 |0.25767 |33.21]3.2627 |5.2172|48.098
7Zn0:Ce@8%GO| 36.19218 |0.21733 |38.46| 43.61453 |0.32613 |26.24| 3.2548 |5.2172|47.866
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Figure 2. FT-IR spectra of GO, ZnO, and
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Figure 3. PL spectra of ZnO nanoparticles
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Figure 2 presents the FT-IR spectra of the materials in the range 4000 - 400 cm ™. Characteristic
Zn—0 and O—Zn—O vibrations appear at ~ 436 - 510 cm™" and ~ 609 - 797 cm™', respectively, while
the broad band at ~3437 cm™' is assigned to surface —OH groups from adsorbed water [10-14].
Compared with pristine ZnO, ZnO:Ce@(0-8)%GO shows slight peak shifts, indicating
interactions among ZnO, Ce, and GO. The bands at ~1384 cm™ (C-C), 1031 - 1118 cm™* (C-0),
and 1633 - 1670 cm™ (C=0) further confirm the successful incorporation of GO and its oxygen-
containing functional groups [1, 5, 15].

3.3. Photoluminescence spectra of the materials

Figure 3 presents the PL spectra of ZnO and ZnO:Ce@(0-8)%GO (A<sub>exc</sub> = 277
nm). Pristine ZnO shows strong emissions at ~573 and ~635 nm, attributed to intrinsic defects
such as oxygen vacancies and surface states. Ce doping markedly reduces the PL intensity,
indicating suppressed radiative recombination through charge trapping. The ZnO:Ce@8%GO
sample exhibits the weakest emission due to efficient electron transfer from ZnO to GO. The
decreasing PL intensity (ZnO > ZnO:Ce > ZnO:Ce@8%GO0O) confirms the synergistic role of Ce
and GO in enhancing charge separation and promoting ROS generation for photocatalysis [9—12].

3.4. Optical properties and band gap energy of the materials
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Figure 4. (a) UV-Vis—Drs and (b) Tau’c plots of GO, ZnO and ZnO:Ce@(0-8)%GO.

The UV—-Vis—DRS spectra (Figure 4a) show a red shift of the absorption edge from ~394 to
446 nm after Ce and GO incorporation, extending light absorption into the visible region. Tauc
analysis (Figure 4b) indicates that the band gap decreases from 3.15 to 2.78 eV, consistent with
previous studies [3-8]. This behavior is attributed to Ce 4f states and improved charge transfer
through GO, which together enhance visible-light photocatalytic activity.

3.5. Photocatalytic degradation of Disperse Red 152 (DR152) over ZnO and ZnO:Ce@(0—
8)% GO photocatalysts

Figures 5(a—c) present the UV—Vis absorption spectra and concentration changes of DR152
during photocatalytic degradation over ZnO and ZnO:Ce@8%GO. The ZnO:Ce@8%GO samples
exhibit significantly improved efficiency compared with pristine ZnO, increasing from 79.69% to
98.60%, demonstrating the synergistic effect of Ce*" doping and GO hybridization.

Figures 6(a, b) show the variation of DR152 concentration with irradiation time and the
corresponding pseudo—first—order kinetic plots for ZnO and ZnO:Ce@8%GO. The apparent rate
constants are 6.120x107 and 1.777x1072 min', respectively, indicating that the activity of
Zn0O:Ce@8%GO is about 2.94 times higher than pristine ZnO under visible light. These results
confirm the synergistic effect of Ce** and GO in enhancing charge separation and ROS generation
("Oz7, "OH), thereby improving the photocatalytic degradation of DR152 [10-15].
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Figure 6. Photocatalytic degradation of DR152: (a) C/Co variation and (b) kinetic plots.
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According to XRD analysis (Section 3.1), although the crystal size increased from 28.24 nm to
38.46 nm, which is usually accompanied by a decrease in specific surface area, the photocatalytic
activity of the nanocomposites was still significantly improved. This is not at all contradictory,
because: (i) Photocatalytic performance is primarily determined by the charge separation
efficiency and not solely by the surface area; (ii) PL results confirm strong inhibition of electron—
hole recombination; (iii) The narrowing of the band gap (3.15 — 2.78 eV) increases the absorption
of visible light and (iv) GO acts as an electron conduction pathway.
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Figure 7. (a) EDS spectra and (b) XRD pattern of ZnO:Ce@8%GO after five cycles.

The EDS spectrum (Figure 7 al) confirms that the original ZnO:Ce@8%GO sample contains
only four main elements: Zn, O, C, and Ce, with a total mass of 100%. The element distribution
image (Figure 7 a2) further demonstrates the uniform spatial distribution of Zn, O, C, and Ce.
These results confirm the composition and uniform distribution in the structure of the
Zn0:Ce@GO photocatalyst.

After 5 cycles of use, the ZnO:Ce@8%GO nanocomposite maintained a photocatalytic
degradation efficiency of 83.71% for DR152 dye. The XRD patterns of ZnO:Ce@8%GO initial
and after five cycles (Figure 7b) exhibits diffraction peaks consistent with the hexagonal wurtzite
ZnO structure (JCPDS No. 00-036-1451). No new crystalline phases or impurity peaks are
observed, indicating structural stability during photocatalytic reactions. The peak positions remain
nearly unchanged, suggesting that the lattice structure is preserved after repeated use. Slight
variations in peak intensity may be attributed to minor surface adsorption effects. Overall, the
material maintains its crystallinity and phase integrity after cycling.

Table 2. Comparison of the efficiency and dye treatment conditions of ZnO.:Ce@8%GO
nanocomposites with some related materials.

Material Organic colorants | Efficiency | Lighting conditions Ref.
Ce-ZnO/rGO Bromothymol blue 92.00% Visible [5]
GO-ZnO/Mn.0Os | Malachite green 98.75% Sunlight [9]
Pr-ZnO Organic pollutants 95.00% Visible [13]
Zn0:Ce@GO Disperse red 152 98.60% Visible This work

4. CONCLUSIONS

ZnO and ZnO:Ce@(0-8)%GO nanocomposites were synthesized hydrothermally with
crystallite sizes of 28—38 nm. Structural analyses confirmed the wurtzite ZnO phase and successful
incorporation of Ce and GO. The absorption edge red-shifted from 394 to 446 nm, accompanied
by band-gap narrowing from 3.15 to 2.78 eV. Significant PL quenching indicated enhanced charge
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separation and reduced electron—hole recombination. Consequently, ZnO:Ce@8%GO achieved
98.60% degradation of Disperse Red 152 within 210 min, with a reaction rate 2.94 times higher
than that of pristine ZnO and 83.71% efficiency after five cycles. These results demonstrate the
synergistic effect of Ce and GO in improving visible-light photocatalytic performance.
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academic year at Thai Nguyen University of Education.
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TOM TAT
Vit liéu nanocomposite ZnO:Ce@GO tién tién nham ting cwong hoat tinh quang xiic tac
phan hily thuoc nhu¢m Disperse Red 152 dwéi anh sang kha kién

Cic vt liéu nano tong hop ZnO va ZnO:Ce@(0-8)%GO duwoc tong hop bang phirong
phap thiy nhi¢t va duoc dac trung bang XRD, FT-IR, PL, EDS va UV-Vis—DRS. Cdc vit
liéu ndy van gii cau triic wurtzite ciia ZnO voi kich thuce tinh thé fir 28-38 nm. Viéc pha
tap Ce va két hop GO da lam giam khodng cach viing cam tir 3,15 xudng 2,78 eV va tkc ché
ddng ké sw tdi két hop electron- 16 trong, dwoc chimg minh bang sw ddp tdit PL. Du6i bike xa
dnh sang nhin thay, ZnO: Ce@8%GO dat dwoc hi¢u qua phan iy DR152 la 98,60% sau
210 phut, so voi 79,69% doi v6i ZnO nguyén chat, véi toc dé phan tmg cao hon 2, 94 lan.
Vat lieu tong hop nay ciing git duoc 83,71% hoat tinh sau nam chu ky, chirng to do o on dinh
10t va sw tang cuwong hiép dong hiéu sudt quang xiic tac boi Ce va GO.

Tir khoa: ZnO:Ce@GO; Nanocomposite; Hidu ting hiép ddng; Quang xiic tic; Disperse Red 152.
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