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Abstract 

The photocatalytic dehydrogenative coupling of methanol to produce the high-value-added chemical 

ethylene glycol (EG) has garnered widespread attention owing to its environmental benignity and 

mild reaction conditions. The ternary metal sulfide Zn2In2S5(ZIS), by virtue of its unique 

stoichiometric ratio, demonstrates a high intrinsic selectivity for the activation of the α-C-H bond in 

methanol. However, pristine ZIS faces the challenge of rapid recombination of photogenerated 

electron-hole pairs, which severely restricts its photocatalytic efficiency. In this study, the conductive 

polymer polyaniline (PANI) was successfully coupled with the ZIS photocatalyst via a simple one-

step hydrothermal polymerization method to fabricate a series of PANI/ZIS nanocomposite 

photocatalysts. Systematic evaluation results indicate that the optimal catalyst, 7.5%-PANI/ZIS, 

exhibits exceptional catalytic performance under visible light, achieving an ethylene glycol 

generation rate as high as 4.87 mmol/g/h, representing a 6.76-fold enhancement over pristine ZIS (0.72 

mmol/g/h). The significant performance enhancement is attributed to the synergistic effects of PANI 

and ZIS, which formed Type-II heterojunction effectively promotes the separation and transport of 

photogenerated charges and significantly reduces the charge transfer resistance. This research 

provides new insights into interfacial engineering based on conductive polymers and is of significant 

scientific importance for the high-value utilization of C1 small molecules. 

Keywords: photocatalytic; coupling; heterojunction; polyaniline; Zn2In2S5 

 

1. Introduction 

In recent years, developing green chemical synthesis routes driven by solar energy has become 

a key scientific priority for addressing energy and environmental challenges[1–3]. Among numerous 

photocatalytic applications, the high-value utilization of abundant and widely sourced C1 small 

molecules, such as methanol, particularly their selective conversion into C2+ chemicals, offers 

significant potential but also presents considerable challenges[4–6]. Particularly, the photocatalytic 

dehydrogenative coupling of methanol for the direct synthesis of ethylene glycol (EG) is considered 

a highly attractive atom-economical reaction route due to its 100% atom economy, offering a 

sustainable alternative to traditional industrial processes that are reliant on fossil fuels and are highly 

energy-intensive[6–8]. 

Ternary metal sulfides, especially the zinc-indium-sulfide (Zn-In-S, ZIS) system, have attracted 

significant research interest in the field of photocatalysis owing to their tunable band structure and 

excellent visible light absorption capabilities[9–11]. However, the performance of pristine ZIS 

materials as photocatalysts is often limited by the severe recombination of photogenerated charges, 

which greatly restricts their quantum efficiency and application potential[12]. Recent studies have 

further revealed that the stoichiometric ratio of the ZIS system has a decisive impact on its catalytic 
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selectivity: for instance, ZnIn2S4 tends to oxidize methanol to formaldehyde, whereas Zn2In2S5 

exhibits high selectivity towards ethylene glycol, indicating its unique ability to preferentially 

activate C-H bonds[13,14]. Nonetheless, to fully exploit the potential of Zn2In2S5, it is imperative to 

address the core bottleneck of the rapid recombination of its photogenerated electron-hole pairs[15]. 

Consequently, various strategies have been employed to enhance its photocatalytic performance, 

such as constructing heterojunctions and loading cocatalysts, such as metals or metal compounds[16–

20]. 

Coupling with visible-light-responsive conductive polymers is one of the effective strategies to 

achieve efficient charge transfer and strong photo-responsiveness in materials[21–23]. Polyaniline 

(PANI), as a typical p-type conductive polymer, possesses excellent electrical and optical properties 

and is environmentally friendly[24,25]. Compositing PANI with n-type semiconductors allows for 

the construction of p-n heterojunctions. The built-in electric field formed at the interface can greatly 

promote the effective separation and directional migration of photogenerated electron-hole 

pairs[26,27]. Previous studies have successfully coupled various semiconductor materials (e.g. 

WS2[28], BiOBr[29], BiVO4[30]) with PANI, applying them in fields such as photocatalytic 

degradation and photoelectrochemical water splitting, and have confirmed the advantages of this 

structure in enhancing charge separation efficiency. For the methanol conversion reaction, efficient 

charge separation is critical for improving photocatalytic activity. By accelerating the separation of 

electrons and holes, the lifetime of charge carriers can be effectively prolonged, thus providing more 

active species for the surface catalytic reaction and ultimately improving the overall efficiency of 

methanol conversion to ethylene glycol[31]. Therefore, combining PANI with Zn2In2S5 aims to utilize 

the heterojunction effect to optimize light absorption capacity and regulate charge dynamics, to 

significantly enhance photocatalytic performance. 

This study aims to couple the conductive polymer PANI with the Zn2In2S5 photocatalyst, which 

possesses high C-H activation selectivity, via a simple hydrothermal method. We systematically 

investigated the performance of the prepared PANI/Zn2In2S5 nanocomposites in the photocatalytic 

conversion of methanol to ethylene glycol under visible light irradiation. The results indicate that the 

photocatalytic activity of the composite for the conversion of methanol to ethylene glycol is 

significantly superior to that of pristine Zn2In2S5. The enhancement in performance is attributed to 

the synergistic effects of PANI: it not only broadens the visible light absorption range but, more 

importantly, the formed Type-II heterojunction effectively promotes the separation and transport of 

photogenerated charges. This research provides new insights into the development of novel 

nanomaterials for applications in clean energy acquisition and the high-value utilization of C1 

chemicals. 

2. Materials and Methods 

2.1. Reagents and instruments 

All reagents used in the experiment were of analytical grade, except for methanol and ethylene 

glycol, which were of chromatographic grade. Zinc acetate hexahydrate (Zn(CH3COO)2·6H2O), 

indium(III) chloride tetrahydrate (InCl3·4H2O), thioacetamide (TAA), aniline monomer (C6H7N), and 

Sodium sulfate (Na2SO4) were purchased from Shanghai Titan Scientific Co, Ltd. Methanol (CH3OH), 

anhydrous ethanol (CH3CH2OH), ethylene glycol (C2H6O2) and hydrochloric acid (HCl) were all 

purchased from Sinopharm Chemical Reagent Co, Ltd. All chemicals were used as received without 

further purification. All aqueous solutions were prepared using high-purity deionized water. 
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2.2. Preparation of Photocatalysts 

2.2.1. Preparation of Zn2In2S5 

Zn2In2S5 (ZIS) nanomaterials were synthesized via a hydrothermal method. Specifically, 0.439 g 

(2 mmol) of zinc acetate hexahydrate (Zn(CH3COO)2·6H2O) and 0.596 g (2 mmol) of indium(III) 

chloride tetrahydrate (InCl3·4H2O) were dissolved together in a mixed solution of 30 mL deionized 

water and 30 mL anhydrous ethanol. The mixture was magnetically stirred at room temperature for 

30 min to form a homogeneous solution. Subsequently, 0.371 g (2 mmol) of thioacetamide (TAA) was 

added, followed by an additional 30 min of stirring and ultrasonication to ensure thorough precursor 

mixing. The resulting solution was transferred into a 100 mL Teflon-lined autoclave, sealed, and 

maintained at 160 °C in an oven for 24 h. After the reaction concluded, the autoclave was allowed to 

cool naturally to room temperature, and the resulting yellow product was collected. The product was 

isolated by centrifugation (10000 rpm, 5 min) and subsequently washed three times with deionized 

water and anhydrous ethanol, respectively. Finally, the product was dried in a vacuum oven at 60 °C 

for 24 h and then thoroughly ground to obtain a yellow ZIS powder. 

2.2.2. Preparation of PANI 

Polyaniline (PANI) was synthesized via a chemical oxidative polymerization method. First, 

aniline monomer and hydrochloric acid were added to 500 mL of deionized water to achieve final 

concentrations of 0.05 M and 0.5 M, respectively. The mixture was vigorously stirred in an ice-water 

bath (approximately 1 °C) for 5 h. Subsequently, an aqueous solution of 0.05 M ammonium persulfate 

was slowly added dropwise to this mixture, and stirring was continued at this temperature. Upon 

completion, the resulting polyaniline precipitate (hydrochloric acid-doped form) was collected by 

filtration and washed thoroughly with deionized water and ethanol to remove impurities. Finally, 

the product was dried in a vacuum oven at 70 °C for 24 h and ground to yield a black PANI powder. 

2.2.3. Preparation of PANI/Zn2In2S5 

PANI/Zn2In2S5 composite materials were prepared via a one-step hydrothermal method. First, 

0.439 g (2 mmol) of Zn(CH3COO)2·6H2O and 0.54 g (2 mmol) of InCl3·4H2O were dissolved in a mixed 

solvent of 30 mL deionized water and 30 mL anhydrous ethanol, followed by magnetic stirring for 

30 min. Then, 0.371 g (2 mmol) of TAA was added, and the mixture was continuously stirred and 

ultrasonicated for 30 min. Subsequently, a designated mass of PANI powder was added to the 

precursor solution, and the mixture was subjected to an additional 30 min of ultrasonication and 30 

min of magnetic stirring to ensure uniform PANI dispersion. The final suspension was transferred 

into a 100 mL Teflon-lined autoclave and maintained at 160 °C for 24 h. Upon completion, the product 

was isolated by centrifugation, washed (three times each with deionized water and ethanol), and 

dried under vacuum (60 °C, 24 h), yielding a dark green powder of the PANI/ZIS composite 

photocatalyst. By varying the mass of PANI added, a series of composite materials with theoretical 

PANI to Zn2In2S5 mass ratios of 2.5%, 5.0%, 7.5%, and 10.0% were prepared, denoted as 2.5%-

PANI/ZIS, 5.0%-PANI/ZIS, 7.5%-PANI/ZIS, and 10.0%-PANI/ZIS, respectively. For comparison, a 

pure ZIS sample was prepared via the identical procedure but without the addition of PANI. 

2.3. Photocatalytic experiments 

The photocatalytic coupling of methanol to ethylene glycol was evaluated in a sealed quartz 

tube reactor (Volume: 20 mL; Inner Diameter: 16 mm). Typically, the height of the reaction solution 

was 19 mm. A 300 W Xenon lamp served as the light source. In a typical procedure, 10 mg of the 

catalyst was ultrasonically dispersed in a mixture of 4.0 mL of methanol and 1.0 mL of water. 

Subsequently, the reactor was evacuated and backfilled with nitrogen; this cycle was repeated three 

times to ensure thorough oxygen removal. The photocatalytic reaction was conducted for 4 h. After 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 December 2025 doi:10.20944/preprints202512.2370.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.2370.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 14 

 

the reaction, the liquid-phase product, ethylene glycol, was analyzed using a gas chromatograph 

(Shimadzu GC-2014) equipped with an INERTCAP FFAP column (0.32 mm × 30 m). 

2.4. Electrochemical Measurements 

All electrochemical measurements were conducted using a CHI 660E electrochemical 

workstation (Shanghai Chenhua Instrument Co., Ltd.) in a standard three-electrode system under 

illumination from a 300 W Xenon lamp. To prepare the working electrode, 10 mg of the catalyst 

sample was ultrasonically dispersed in 1 mL of a solution containing 970 μL of ethanol and 30 μL of 

Nafion solution (0.3 wt%). An aliquot of 100 μL of this suspension was then uniformly drop-coated 

onto an FTO conductive glass (1×2 cm) and dried in an oven at 60 °C for 1 h. During the 

measurements, a platinum plate and an Ag/AgCl electrode served as the counter and reference 

electrodes, respectively. All tests were performed in a 0.5 M Na2SO4 aqueous solution. 

Electrochemical Impedance Spectroscopy (EIS) measurements were performed over a frequency 

range from 0.1 Hz to 10⁶ Hz. Mott-Schottky analyses were conducted in the potential range of -1.0 V 

to +1.0 V (vs. Ag/AgCl) at frequencies of 500, 1000, and 1500 Hz. 

3. Results 

3.1. Structural characterization of catalysts 

Figure 1a illustrates the hydrothermal synthesis of Zn2In2S5 (ZIS). First, zinc acetate (Zn(Ac)2), 

indium trichloride (InCl3), and thioacetamide (CH3CSNH2), serving as precursors, were dissolved in 

a mixed solvent of water and ethanol. The solution was then subjected to stirring and ultrasonication 

to ensure uniform dispersion. The resulting suspension was transferred into a Teflon-lined stainless-

steel autoclave and maintained at 160 °C for 24 h. Upon completion, the product was collected via 

centrifugation, washing, and drying, yielding the final Zn2In2S5 material. 

To investigate the crystal structure of the materials, X-ray diffraction (XRD) analyses were 

conducted (Figure 1b). The pattern for pure ZIS displays diffraction peaks at 2θ ≈ 21.5°, 27.8°, 47.3°, 

and 51.5°, which are indexed to the (006), (102), (110), and (202) crystal planes of hexagonal ZIS, 

respectively[12,13,15,19]. This confirms that the target ZIS product was successfully synthesized. 

Pure polyaniline (PANI) exhibits several broad diffraction peaks (e.g., a characteristic peak in the 2θ 

range of 20-30°)[32], indicative of its semi-crystalline nature[33]. For the PANI/ZIS composite 

materials with varying PANI loading amounts (2.5%, 5.0%, 7.5%, and 10.0%), the main diffraction 

peaks of ZIS remain clearly observable, suggesting that ZIS retained its original crystal structure 

throughout the compositing process. 

Figure 1c presents the Fourier Transform Infrared (FTIR) spectra of the prepared samples. Pure 

PANI exhibits distinct characteristic peaks at approximately 1560 cm-1 and 1480 cm-1, attributed to the 

C=C stretching vibrations of the quinoid and benzenoid rings, respectively[22,24]. Concurrently, 

absorption peaks at 1290 cm-1 (C-N stretching vibration) and 1120 cm-1 (N=Q=N quinoid ring 

vibration) are also clearly visible[34,35]. In the spectra of the PANI/ZIS composites, all the 

aforementioned characteristic peaks of PANI are discernible, and their intensities progressively 

increase with higher PANI content. This demonstrates that PANI was successfully integrated with 

ZIS. 
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Figure 1. (a) Schematic representation of ZIS synthesis via the hydrothermal method; (b) XRD patterns of ZIS, 

PANI and x%-PANI/ZIS; (c) FT-IR spectroscopy of ZIS, PANI and x%-PANI/ZIS. 

To further characterize the micro-morphology and structure of the materials, Scanning Electron 

Microscopy (SEM) and Transmission Electron Microscopy (TEM) analyses were performed (Figure 

2). As shown in Figure 2a and 2c, pure ZIS exhibits a structure composed of agglomerated 

nanoparticles. Upon PANI incorporation, the SEM image of the 7.5%-PANI/ZIS sample (Figure 2b) 

displays a similar agglomerated morphology, albeit with an increased degree of particle aggregation, 

resulting in a more compact structure. This indicates that PANI loading led to a more densely packed 

surface morphology for the catalyst. The High-Resolution Transmission Electron Microscopy 

(HRTEM) image (Figure 2e) further elucidates the crystalline nature of pure ZIS, displaying clear 

lattice fringes with a 0.32 nm spacing, which corresponds to the (102) crystal plane of ZIS[12,36]. 

Crucially, the HRTEM image of the 7.5%-PANI/ZIS composite (Figure 2f) clearly reveals the (102) 

plane of ZIS in intimate contact with amorphous PANI, establishing a distinct heterojunction 

interface. This confirms the successful formation of a heterojunction after the integration of PANI and 

ZIS[37,38]. This is further substantiated by the EDS elemental mapping (Figure 2g-l), which clearly 

shows that the constituent elements of ZIS (Zn, In, S) and PANI (C, N) are uniformly co-localized on 

the nanoparticles. Such an intimate interfacial architecture is crucial for promoting the separation and 

transport of photogenerated charges[37]. 
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Figure 2. SEM images of (a) ZIS and (b) 7.5%-PANI/ZIS; TEM images of (c) ZIS and (d) 7.5%-PANI/ZIS; HRTEM 

images of (e) ZIS and (f) 7.5%-PANI/ZIS; (g) HAADF-STEM image and EDS mapping images of (h) Zn, (i) In, (j) 

S, (k) C, and (l) N. 

The surface chemical composition and chemical states of the synthesized catalysts were 

analyzed using X-ray Photoelectron Spectroscopy (XPS) (Figure 3). The XPS survey scan (Figure 3a) 

indicates that the pure ZIS sample is primarily composed of Zn, In, and S elements. For the 7.5%-

PANI/ZIS composite, C 1s and N 1s signals were clearly detected alongside the constituent elements 

of ZIS, providing strong evidence that PANI was successfully integrated with the ZIS surface. To 

probe the electronic interaction between PANI and ZIS, high-resolution XPS spectra were analyzed. 

As shown in Figure 3b, the Zn 2p spectrum exhibits a spin-orbit doublet corresponding to Zn 2p3/2 

and Zn 2p1/2[39]. For pure ZIS, these two peaks are located at 1022.3 eV and 1045.3 eV; in the 7.5%-

PANI/ZIS composite, they shifted positively to 1022.5 eV and 1045.5 eV. Similarly, the In 3d spectrum 

(Figure 3c) also presents the In 3d5/2 and In 3d3/2 doublet[40], with binding energies shifting positively 

from 445.04 eV and 452.5 eV (pure ZIS) to 445.07 eV and 452.6 eV. In contrast, the S 2p spectrum 

(Figure 3d), deconvoluted into S 2p3/2 and S 2p1/2 peaks[41], exhibited a negative shift from 161.8 eV 

and 163.0 eV (pure ZIS) to 161.7 eV and 162.9 eV. These systematic shifts in the binding energies of 

all relevant elements indicate the formation of an intimate heterojunction interface between ZIS and 

PANI, implying significant charge transfer and redistribution[42]. The high-resolution C 1s spectrum 

of 7.5%-PANI/ZIS (Figure 3e) was deconvoluted into three peaks attributed to C-C/C-H (284.8 eV), 

C-N (286.3 eV), and a π-π satellite peak (288.9 eV)[22,43]. Concurrently, the presence of the N 1s 

spectrum (Figure 3f) further verifies the incorporation of PANI. 
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Figure 3. XPS spectra of ZIS and 7.5%-PANI/ZIS: (a) Survey, (b) Zn 2p, (c) In 3d, (d) S 2p, (e) C 1s, (f) N 1s. 

3.2. Photoelectric properties of composite photocatalysts 

The optical properties of the materials were investigated using UV-visible diffuse reflectance 

spectroscopy (UV-vis DRS) and Tauc plots (Figure 4a-c). As shown in Figure 4a, pure ZIS exhibits an 

absorption cutoff edge at approximately 500 nm, whereas pure PANI shows strong absorption over 

the entire 200-800 nm visible light region. In comparison with pure ZIS, all PANI/ZIS composites 

demonstrate significantly enhanced absorption in the visible spectrum above 500 nm, accompanied 

by a redshift of the absorption edge. This indicates that the introduction of PANI effectively 

broadened the photoresponsive range of the catalyst. As calculated from the Tauc plots [(αhv)² vs. 

hv][43] (Figure 4b, 4c), the band gaps (Eg) of pure ZIS and PANI are 2.57 eV and 2.31 eV, respectively. 

Following composite formation, the Eg of the composites gradually narrows with increasing PANI 

content, decreasing to 2.45 eV for 7.5%-PANI/ZIS. This enables the catalyst to absorb longer-

wavelength visible light, facilitating the excitation of more photogenerated charge carriers[44]. 

 

Figure 4. (a) UV-vis DRS of ZIS, PANI and x%-PANI/ZIS; Tauc plots of (αhν)2 vs. (hν) for (b) ZIS and x%-

PANI/ZIS, (c) PANI; Mott-Schottky plots of (d) ZIS, (e) PANI and (f) 7.5%-PANI/ZIS (pH = 6.8); (g) PL spectra, 

(h) photocurrents and (i) EIS of ZIS and 7.5%-PANI/ZIS. 
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To elucidate the charge separation mechanism, the band positions of the materials were 

determined using Mott-Schottky (M-S) measurements (Figure 4d-f). The M-S plots for both ZIS 

(Figure 4d) and 7.5%-PANI/ZIS (Figure 4f) exhibit positive slopes, indicating they are n-type 

semiconductors[45]. Their flat-band potentials (Efb) were determined to be -0.68 V vs. Ag/AgCl (−0.48 

V vs. NHE) and -0.65 V vs. Ag/AgCl (−0.45 V vs. NHE), respectively. In contrast, PANI (Figure 4e) 

displays the characteristics of a p-type semiconductor[46], with an Efb of approximately +1.35 V vs. 

Ag/AgCl (1.55 V vs. NHE). Considering that the conduction band (CB) potential of an n-type 

semiconductor is typically 0.1 V more negative than its Efb[47], the CB potentials for ZIS and 7.5%-

PANI/ZIS were estimated to be -0.58 V and -0.55 V (vs. NHE), respectively. For a p-type 

semiconductor, the valence band (VB) potential is usually 0.1 V more positive than its Efb[48]; thus, 

the VB potential of PANI is 1.65 V (vs. NHE). Based on the band structure formula (Evb = Ecb + Eg), the 

Evb for ZIS and 7.5%-PANI/ZIS were calculated to be 1.99 V and 1.90 V, respectively, while the Ecb for 

PANI is -0.66 V. 

To evaluate the charge carrier dynamics, a series of photoelectrochemical tests were conducted 

(Figure 4g-i). First, the photoluminescence (PL) spectrum (Figure 4g) reveals a strong fluorescence 

emission peak for pure ZIS at ~565 nm, indicating severe recombination of its photogenerated 

electron-hole pairs[49]. Upon PANI incorporation, the fluorescence intensity of all samples was 

significantly quenched, with 7.5%-PANI/ZIS showing the lowest intensity. This demonstrates that 

PANI substantially suppresses carrier recombination[22,50]. Transient photocurrent responses 

(Figure 4h) further corroborate this finding: all PANI/ZIS composites exhibit higher photocurrent 

densities than pure ZIS, indicating that PANI promotes the effective separation and migration of 

photogenerated charges[51]. Finally, Nyquist plots derived from Electrochemical Impedance 

Spectroscopy (EIS) (Figure 4i) show that pure ZIS possesses the largest charge transfer resistance 

(largest semicircle arc radius), whereas the resistance of all PANI/ZIS composites is significantly 

reduced (7.5%-PANI/ZIS being the smallest)[52]. In summary, the heterostructure formed between 

PANI and ZIS establishes an efficient charge transport pathway, significantly promoting the 

separation and migration of photogenerated carriers[53,54]. This is the key factor underlying their 

enhanced photocatalytic performance.. 

3.3. Nitrogen adsorption-desorption analysis 

To examine the specific surface area and pore structure of the materials, nitrogen adsorption-

desorption analysis was performed (Figure 5). As shown in Figure 5a, both pure ZIS and 7.5%-PANI/ZIS 

exhibit typical Type IV isotherms accompanied by H3-type hysteresis loops, indicating that both materials 

possess mesoporous structures [55]. Based on the Brunauer-Emmett-Teller (BET) method, the specific 

surface area of pure ZIS was calculated to be 90.599 m2/g. After compositing with PANI, the specific 

surface area of 7.5%-PANI/ZIS slightly decreased to 85.554 m2/g. The corresponding pore size distribution 

(Figure 5b) reveals that both materials have similar mesopore sizes, primarily concentrated in the 3-4 nm 

range. This minor difference in specific surface area suggests that the significant enhancement in catalytic 

performance is not primarily governed by changes in physical structure, but should be attributed to 

improvements in the electronic properties of the material. 

 

Figure 5. (a) Nitrogen adsorption-desorption isotherms; (b) The pore size distributions for ZIS, 7.5%-PANI/ZIS. 
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3.4. Photocatalytic activity of composite catalyst 

To evaluate the impact of PANI integration on the photocatalytic methanol coupling 

performance of ZIS, the ethylene glycol (EG) generation rates of the catalyst series were evaluated 

(Figure 6a). Pure ZIS exhibited an EG generation rate of only 0.72 mmol/g/h, a result attributed to its 

severe photogenerated charge recombination. Upon integration with PANI, the activity of all samples 

was significantly enhanced. The EG generation rate showed a volcano-type trend as a function of 

PANI loading, peaking at 4.87 mmol/g/h for the 7.5%-PANI/ZIS sample, representing a 6.76-fold 

enhancement over pure ZIS. This suggests that while an appropriate amount of PANI incorporation 

greatly promotes catalytic activity, excessive PANI loading (10.0%) may shield ZIS active sites or 

cause a light-screening effect, diminishing the activity (3.41 mmol/g/h). 

Time-dependent experiments (Figure 6b) revealed that the EG yield of 7.5%-PANI/ZIS increased 

linearly over 5 hours of illumination, with a total yield significantly higher than that of pure ZIS, 

confirming the efficient and stable nature of the composite's catalytic process. 

To further examine catalyst durability, the stability of the optimal 7.5%-PANI/ZIS sample was 

assessed. First, cycling stability tests (Figure 6c) showed that the catalyst retained 80.5% of its initial 

activity after 5 consecutive cycles (totaling 25 hours of illumination), demonstrating its excellent 

operational stability. Furthermore, post-reaction XRD analysis was conducted to verify structural 

integrity (Figure 6d). The diffraction peak positions and intensities of the post-reaction sample 

remained essentially unchanged compared to the fresh catalyst, with no significant structural 

degradation observed. This result confirms that the PANI/ZIS composite material maintained its 

structural integrity during the photocatalytic process, which is crucial for its long-term catalytic 

retention. 

 

Figure 6. (a) EG generation rates of ZIS and x%-PANI/ZIS (x = 2.5, 5.0, 7.5, 10.0); (b) Time-dependent EG yield 

over ZIS and 7.5%-PANI/ZIS; (c) Cyclic catalytic experiments over 7.5%-PANI/ZIS; (d) XRD patterns of 7.5%-

PANI/ZIS before and after the photocatalytic reaction. 

3.5. Photocatalytic mechanism 

To elucidate the intrinsic mechanism underlying the enhanced photocatalytic activity of the 

PANI/ZIS composite, a Type-II heterojunction model is proposed (Figure 7). According to the Tauc 

plots (Figure 4b-c) and Mott-Schottky analysis (Figure 4d-f), the conduction band (CB) and valence 

band (VB) potentials of n-type ZIS were determined to be -0.58 V and +1.99 V, respectively, while 
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those of p-type PANI were -0.66 V and +1.65 V (vs. NHE). This staggered band alignment (where E(CB, 

PANI) < E(CB, ZIS) and E(VB, ZIS) > E(VB, PANI) defines a typical Type-II heterojunction. 

 

Figure 7. Schematic diagram of the Type-II heterojunction charge transfer mechanism for photocatalytic 

methanol to ethylene glycol conversion over the PANI/ZIS composite. 

Upon visible light excitation, this band alignment thermodynamically drives the migration of 

photogenerated electrons from the CB of PANI to the CB of ZIS, while holes migrate from the VB of 

ZIS to the VB of PANI. This process promotes efficient spatial separation of photogenerated carriers, 

leading to the accumulation of electrons on ZIS and holes on PANI. This proposed charge separation 

pathway is supported by the significant PL quenching, the substantially enhanced photocurrent 

response, and the reduced charge transfer resistance observed via EIS. This effective suppression of 

electron-hole recombination ensures that sufficient charge carriers are available to participate in the 

subsequent surface redox reactions. 

Accordingly, a detailed reaction pathway for the selective conversion of methanol to ethylene 

glycol is proposed as follows:  

Carrier Generation and Separation: 

PANI/ZIS + hv → h+(VB, PANI) + e-(CB, ZIS) (1)

Methanol Oxidation: Holes accumulated in the VB of PANI abstract an α-H from methanol, 

generating hydroxymethyl radicals (·CH2OH).  

CH3OH + h+ → H+ + ·CH2OH (2)

Formation of Ethylene Glycol: Two hydroxymethyl radicals couple to form the target product, 

ethylene glycol. 

2·CH2OH → HOCH2CH2OH (3)

Proton Reduction: Concurrently, electrons accumulated on the CB of ZIS reduce protons in the 

system to produce H2. 

2H++ 2e- → H2 (4)

4. Conclusions 

In this study, PANI/ZIS nanocomposite photocatalysts were successfully prepared via a facile 

hydrothermal method. Characterization results confirmed the formation of an intimate 
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heterojunction interface between PANI and ZIS. Compared to pure ZIS, the composite material 

exhibited a broader visible light absorption range and significantly enhanced photogenerated charge 

separation efficiency. In the photocatalytic conversion of methanol to ethylene glycol, the optimal 

7.5%-PANI/ZIS catalyst demonstrated exceptional catalytic activity, achieving an ethylene glycol 

generation rate as high as 4.87 mmol/g/h—a 6.76-fold enhancement over pure ZIS. Furthermore, it 

maintained excellent stability over 5 cycling tests. The remarkable enhancement in performance is 

attributed to the formation of a Type-II heterojunction between n-type ZIS and p-type PANI; this 

band structure greatly facilitates the separation and migration of photogenerated electrons and holes. 

This work provides a valuable strategy for designing efficient composite photocatalysts for the high-

value utilization of C1 small molecules. 
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PL 

Conduction Band 
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