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Abstract 

 

A novel carbon xerogel/ZnO/BaSnO3 photocatalyst was developed, characterized, and 

evaluated for the photodegradation of salicylic acid (SA) under solar and visible radiation. 

The development of the proposed photocatalyst involved the investigation of multiple 

synthesis parameters, aiming to optimize the photocatalytic activity of the ternary system. 

The best photocatalytic efficiency was obtained at 5 % w/w BaSnO3, 0.375 g of added 

tannin, and calcination temperature of 600 °C, yielding the 0.375CX/ZnO/BaSnO3 5 % 

600 °C photocatalyst. After thorough characterization, it was concluded that the ternary 

materials are composed of a mixture of crystalline ZnO and BaSnO3 structures and carbon 

xerogel (CX). Additionally, the ternary materials displayed significant capacity to absorb 

visible radiation, mostly due to CX addition. Morphology-wise, the 

0.375CX/ZnO/BaSnO3 5 % 600 °C was composed of nodular and polyhedral nanometric 

particles, displaying higher surface area when compared to materials without CX. 

Through chronoamperometry and electrochemical impedance spectroscopy, it was 

determined that the optimized ternary material achieved the highest photocurrent 

generation and lowest charge transfer resistance among the materials evaluated, 

indicating a superior photocatalytic activity. Photocatalytic tests demonstrated the 

superiority of the ternary system in the degradation of SA under solar and visible light 

irradiation, achieving 93 % and 52.3 % degradation after 5 h, respectively. The superior 

mineralization of SA (72.2 %) achieved by the optimized ternary material under solar 

radiation further demonstrated its increased efficacy. The suppression methodology 

allowed for the identification of the hydroxyl radical as the major active species in the SA 

degradation. A Z-type heterojunction was proposed for the ternary system, based on the 

staggered band alignment between ZnO and BaSnO3 and the role of CX as a solid-state 

mediator, possibly leading to effective charge separation and enhanced redox activity. 

Phytotoxicity tests showed favorable Lactuca sativa growth in SA solutions treated with 

0.375CX/ZnO/BaSnO3 5 % 600 °C (especially under solar radiation), indicating reduced 

toxicity. 

 

Keywords: Carbon xerogel/ZnO/BaSnO3, Heterogeneous photocatalysis, Salicylic acid, 

Z-type heterojunction 
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1. Introduction 

 

The contamination of aquatic ecosystems by emerging pollutants (EPs) is an 

escalating environmental concern, primarily driven by the intensification of industrial 

activities and urban development [1]. This class of compounds, which includes 

pharmaceuticals and personal care products (PPCPs), industrial chemicals, and pesticides, 

has been increasingly detected in diverse water bodies globally. This accumulation is 

attributed to their recalcitrant nature and the limited removal efficiency of conventional 

water and wastewater treatment plants [1–5]. The subclass of PPCPs, which encompass 

drugs to prevent and treat human/animal diseases and products to improve human quality 

of life, presents a greater risk/toxicity to biota compared to other pollutants, such as 

pesticides and dyes, as their acquisition is mostly accessible to general population,  which 

in turn renders supply control a difficult task. This factor, combined with their recalcitrant 

properties and indiscriminate discharge, makes their degradation/treatment a challenging 

endeavor [1–3,6]. 

Salicylic acid (SA), also known as 2-hydroxybenzoic acid, is classified as an EP 

among PPCPs and can be found in elevated concentration in natural water bodies, being 

one of the most commonly detected anti-inflammatory and analgesic drugs in 

groundwater (aquifers) [6,7]. Its occurrence can be linked to both the metabolization of 

acetylsalicylic acid and the disposal of cosmetics and food products. When consumed in 

large quantities, SA can cause a diverse range of symptoms, such as vomiting, abdominal 

pain, acidosis, and seizures [8,9]. Therefore, efficient degradation of salicylic acid is 

crucial to minimize its negative impacts on both the environment and human health. 

In this context, heterogeneous photocatalysis emerges as a promising advanced 

oxidation technique, showing effectiveness in converting toxic pollutants into non-toxic 

compounds [10]. In this method, the absorption of irradiated photons by a semiconductor 

will lead to the excitation of electrons (e-) from the valence band (VB) to the conduction 

band (CB), generating a hole (h+) in the VB and an excess of electrons in the CB [8,11,12]. 

The presence of such electron-hole pairs in an aqueous system leads to the occurrence of 

redox chemical reactions and the subsequent generation of active radicals (such as OH• 

and O2
•-), which are able to drive the degradation of organic pollutants into non-toxic 

molecules, such as water and carbon dioxide [12,13]. 

Currently, titanium dioxide (TiO2) is the most widely employed photocatalyst due 

to its low production cost, non-toxicity, and chemical stability; however, it experiences 

Jo
urn

al 
Pre-

pro
of



4 
 

rapid recombination of photogenerated charges due to strong Coulombic forces, along 

with a low specific surface area and limited absorption in the visible spectrum, hindering 

its efficacy in real-life applications [14–18]. ZnO has emerged as a potential substitute, 

offering similar characteristics in terms of cost, toxicity, and chemical stability [14–16]. 

Furthermore, ZnO presents some advantages: it absorbs a larger fraction of UV radiation 

(with a bandgap energy of 3.2 eV) and has better electron mobility, which implies reduced 

electrical resistance and more efficient electron transfer, leading to decreased 

electron/hole pair recombination [14,16,19,20]. However, the large bandgap of zinc oxide 

leads to limited absorption of visible light, making its application under natural light 

ineffective [14,19]. Additionally, ZnO is susceptible to photo corrosion under UV 

radiation and displays elevated recombination rates, although lower than those found for 

TiO2 [21,22]. 

To address these limitations, a range of techniques can be implemented, including 

the structural modification of semiconductors, as well as the control of their morphology, 

surface defects, and interface properties through advanced engineering approaches. For 

instance, features such as semiconductor particle and crystallite sizes can impact the 

recombination rate of photogenerated charges (in nanoscale materials, for example, the 

reduced distance for photogenerated charge carriers to travel can lead to a decrease in 

recombination rates, thereby enhancing the efficiency of charge separation and transport) 

[23–25].  

In this context, the formation of heterojunctions between semiconductors has 

shown promising results in overcoming many of the challenges associated with the low 

efficiency of single-component photocatalysts [26]. For instance, the use of perovskites 

for the formation of efficient heterojunctions has attracted significant interest from the 

scientific community, due to the possibility of more efficient charge transport, given their 

stable three-dimensional (AO6) structure [27,28]. The use of barium stannate (BaSnO3, 

with perovskite structure) emerges as a promising strategy to create efficient 

heterojunctions in conjunction with ZnO, aiming at the enhancement of its photocatalytic 

properties. In addition to its high photosensitivity, chemical stability, and low cost, 

BaSnO3 has a suitable electronic structure for the creation of a staggered band alignment 

with ZnO and exhibits high charge mobility, contributing to photocatalytic efficiency of 

the proposed heterojunction [15,29–34]. Additionally, the addition of solid-state 

mediators, such as carbon xerogel (CX) produced from black acacia tannin, to the 

ZnO/BaSnO3 system can bring additional benefits. Tannin-based carbon xerogel is a 
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reportedly low-cost material, derived from a renewable source, and possesses high 

stability, excellent electrical conductivity, and high specific surface area. These properties 

may lead to facilitated charge transfer and an increased interface available for the 

photocatalytic mechanism to occur. Additionally, the application of carbon-based 

materials as solid-state mediators has been reported to stabilize the Z-scheme 

heterojunction between semiconductors, favoring the redox potential of the system 

[14,35,36]. 

 Therefore, this work aims to develop the CX/ZnO/BaSnO3 hybrid photocatalyst 

as a promising strategy to increase the quantum efficiency of the photodegradation of EPs 

(with a focus on SA) through heterogeneous photocatalysis under visible and simulated 

solar radiation. The integration of the proposed materials may lead to the development of 

a more efficient, cost-effective, and environmentally sustainable photocatalytic system, 

facilitating the reduction of water body contamination and promoting the protection of 

both environmental ecosystems and human health. 
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2. Materials and methods 

 

2.1. Synthesis 

 

2.1.1. Synthesis of BaSnO3 

 

The methodology used for the preparation of BaSnO3 was adapted from the one 

employed by Pandian and Sivakumar (2023), utilizing the coprecipitation method under 

ambient conditions followed by high-temperature calcination [37]. Initially, 2.38 g of 

Ba(NO3)2 (Vetec Química Fina Ltd.) was dissolved in 50 mL of deionized water (solution 

A). Similarly, 3.4 g of SnCl2.2H2O (Dinâmica Química Ltd.) was added to 50 mL of 

deionized water (solution B). Both solutions were kept under magnetic stirring until 

complete dissolution of the salts was observed. Following the solubilization step, solution 

A was added to solution B, creating solution C. In another beaker, 3 g of NaOH (Synth) 

was dissolved in 50 mL of deionized water (solution D). After the complete dissolution 

of the NaOH, solution D was added to solution C under constant stirring to precipitate the 

material. This solution was then transferred to a closed container and left without agitation 

for 24 h, after which the resulting precipitate was filtered, washed with deionized water 

until neutral pH, dried in an oven at 80 °C until constant mass, ground and sieved using 

a 325-mesh sieve (45 mm). Finally, the white-colored powder obtained was calcined at 

the temperature of 900 °C for 3 h in a tubular furnace to acquire the desired material 

(BaSnO3). 

 

2.1.2. Synthesis of ZnO 

 

Firstly, 17.76 g of Zn(NO3)2.6H2O (Synth) was dissolved in 50 mL of deionized 

water (solution A) and 7.26 g of KOH was dissolved in 50 mL of deionized water 

(solution B). After dissolution, solution B was added to solution A. Subsequently to the 

precipitation, the obtained material was washed until neutral pH, dried in an oven at 80 

°C until a constant mass was observed, ground, and sieved through a 325 mesh sieve (45 

mm). The calcination process was carried out at 600 °C for 30 min under a N2 atmosphere 

in a muffle furnace. 
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2.1.3. Synthesis of CX/ZnO/BaSnO3, CX/ZnO and ZnO/BaSnO3 composites 

 

 The synthesis methodology of the ternary materials was adapted from the one 

proposed by Moraes et al. (2024), where tannin was used in the presence of ZnO for the 

formation of the carbon xerogel [38]. Initially, 17.76 g of Zn(NO3)2.6H2O (Synth) were 

dissolved in 30 mL of deionized water (solution A) and a known amount of tannin 

(Phenotan AP provided by Tanac S.A.) was dissolved in 20 mL of deionized water 

(solution B). After dissolution, solution B was added to solution A, forming solution C. 

Subsequently, a known amount of previously synthesized BaSnO3 was dispersed in 

solution C under the action of an ultrasonic bath (CRISTÓFOLI 50/60 Hz). After 

complete dispersion of BaSnO3 in solution C, a previously prepared solution D with 7.26 

g of KOH (Neon) and 50 mL of deionized water was added, still under the action of the 

ultrasonic bath, for the precipitation of the ternary material. The precipitate was then 

washed with deionized water until reaching neutral pH, dried in an oven at 80 °C until 

constant mass, ground, and sieved through a 325 mesh sieve (45 mm). The resulting 

materials were calcined at known temperatures for 30 min in a muffle furnace with a 

heating rate of 10 °C min-1 under N2 atmosphere. The steps involved in the synthesis 

process can be better understood in the scheme proposed in Figure 1. 

 

 

Fig. 1 - Synthesis procedure used for the production of photocatalysts based on CX/ZnO/BaSnO3 

 

The optimization of the CX/ZnO/BaSnO3 hybrid photocatalyst was performed 

through the modification of various synthesis parameters. All syntheses adhered to the 

same methodology described previously, where the parameters were evaluated in the 

following sequence: variations in the amounts of BaSnO3 used, variations in the tannin 

content employed, and variations in the calcination temperature. The specific parameters 

for each synthesis are detailed in Table 1. The materials described here adhere to the 
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following notation: mgCX/ZnO/BaSnO3 t % T ºC, where: mg represents the mass of tannin 

added for the formation of CX/ZnO/BaSnO3, t % denotes the mass percentage of BaSnO3 

relative to ZnO, and T ºC indicates the calcination temperature in degrees Celsius. 

 

Tab. 1 - Specified parameters for all the ternary materials synthesized. 

 

Materials BaSnO3 (g) 

added 

Tannin (g)  

added 

Calcination 

 (°C) 

0.375CX/ZnO/BaSnO3 1 % 600 °C 0.049 0.375 600 

0.375CX/ZnO/BaSnO3 2.5 % 600 °C 0.124 0.375 600 

0.375CX/ZnO/BaSnO3 5 % 600 °C 0.255 0.375 600 

0.375CX/ZnO/BaSnO3 7.5 % 600 °C 0.392 0.375 600 

0.375CX/ZnO/BaSnO3 10 % 600 °C 0.537 0.375 600 

0.250CX/ZnO/BaSnO3 5 % 600 °C 0.255 0.250 600 

0.500CX/ZnO/BaSnO3 5 % 600 °C 0.255 0.500 600 

0.375CX/ZnO/BaSnO3 5 % 300 °C 0.255 0.375 300 

0.375CX/ZnO/BaSnO3 5 % 400 °C 0.255 0.375 400 

0.375CX/ZnO/BaSnO3 5 % 500 °C 0.255 0.375 500 

0.375CX/ZnO/BaSnO3 5 % 700 °C 0.255 0.375 700 

 

The syntheses of the binary composites followed the same methodology described 

for the ternary materials, and the parameters used for their syntheses were the same as 

those employed for the ternary 0.375CX/ZnO/BaSnO3 5 % 600 °C. However, in the case 

of 0.375CX/ZnO 600 °C, no BaSnO3 was added, and for ZnO/BaSnO3 5 % 600 °C, no 

tannin was added. 

 

2.2. Characterization 

 

X-ray diffraction measurements were used to identify the crystalline phases 

present in the materials. The analyses were conducted using a PANalytical Empyrean X-

ray equipment operating at 40 kV and 30 mA with a copper tube (CuKα radiation, 

λ=0.15418 nm). Scans were performed with a step size of 0.013 ° in 2θ and an acquisition 

time of 0.06 seconds per step, covering the 2θ range from 20 to 70 °. 
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Scanning electron microscopy (SEM) was utilized to observe the morphology of 

the materials. A TESCAN MIRA 3 scanning electron microscope with a field emission 

gun was employed for this purpose. The elemental composition of the best ternary 

photocatalyst and its corresponding binary and unary materials was determined using 

energy-dispersive spectroscopy (EDS), performed with an Oxford Swift ED3000 

spectrometer coupled to the SEM. Furthermore, for transmission electron microcopy 

(TEM) a JEOL JEM-2100 LaB6 microscope, operated at 200 kV and equipped with a 

Gatan 2 K digital camera, was employed. 

N2 adsorption-desorption isotherms were measured at -196 °C using a V-Sorb 

2800 adsorption analyzer. Prior to analysis, the materials were degassed under vacuum at 

120 °C. BET (Brunauer Emmett Teller) method was employed to determine the specific 

surface areas, while the total pore volume of the samples was estimated using the relative 

pressure of P/P0~0.99. 

The chemical structure of the materials was characterized by Fourier-transform 

infrared spectroscopy (FTIR), using a universal attenuated total reflectance (UATR) 

accessory on a Perkin Elmer Frontier spectrometer. Analyses were performed in the range 

of 4000 to 500 cm-1 with a resolution of 4 cm-1, involving 16 scans for each analysis. 

Raman spectroscopy was also conducted for the evaluation of the chemical structure of 

the materials, employing a LabRAM HR Evolution Raman Spectrometer equipped with 

an argon ion laser. Spectra were recorded within the range of 100 to 1800 cm⁻¹, with a 

60-second acquisition time for each cycle. 

Diffuse reflectance spectroscopy (DR) was conducted to determine the bandgap 

energy of the samples, absorption range, and energy levels of the conduction and valence 

bands. A Shimadzu UV-2600 spectrophotometer equipped with an ISR2600 Plus 

integrating sphere was used for this purpose, with barium sulfate as the standard. 

Chronoamperometry and electrochemical impedance spectroscopy tests were 

performed to study the photocurrent generation and the charge transfer resistance of the 

best ternary material and its corresponding binary and unary counterparts. A Metrohm 

Autolab potentiostat was used for these tests. The photocurrent generation and 

electrochemical impedance for each material were determined using the porous 

microlayer technique, under simulated solar radiation. A thin layer of each material was 

deposited on an RDE electrode (Pine Research, model AFE3T050PTPK), with a platinum 

foil used as the counter electrode and an Ag/AgCl reference electrode. The electrolyte 

used was a potassium sulfate solution (0.1 mol L-1) placed in a 200 mL quartz cell. For 
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the chronoamperometry, the tests were performed for each material by applying a 

potential of 0.8 V (vs AgCl) for 700 s, with light irradiation periods of 60 s. For the EIS, 

the tests were performed by applying the same potential of 0.8 V in a frequency range of 

1000 to 0.01 Hz with an amplitude of 0.1 Vrms. 

 

2.3. Photocatalytic evaluation 

 

The methodology for the photocatalytic evaluation followed the approach adopted 

by Moraes et al. (2021) [39]. The tests were performed in a 0.5 L jacketed batch reactor 

with constant magnetic stirring and a reaction temperature of 25 °C, maintained with the 

aid of a thermostatic bath. In each test, 0.1 g of the evaluated photocatalyst and 0.5 L of 

pollutant solution (SA, 10 mg L-1) were added to the reactor, and the reaction system was 

kept in the dark until adsorption-desorption equilibrium was reached. Subsequently, the 

samples were exposed to irradiation from an artificial light source using an Osram Ultra-

vitalux 300 W lamp for simulated solar radiation and an Osram Powerstar HQI-T 400 W 

lamp for visible radiation. The concentration of SA was analyzed using a UV-visible 

spectrophotometer at a characteristic wavelength (296 nm for SA), and all the samples 

were filtered using disposable 0.22 µm nylon filters. The setup used for the conducted 

tests can be observed in Figure 2. 

 

 

Fig. 2 – System assembled to perform the photocatalytic tests 

 

To assess both the adsorption-desorption equilibrium and the initial hour of 

degradation, a sampling interval of 15 min was established, followed by subsequent 

aliquots taken at 30-minute intervals. The photocatalytic experiments were performed for 
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5 h (following the adsorption-desorption equilibrium process). Subsequently, the 

degradation efficiency was assessed using Equation 1. 

 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝐶0 − 𝐶

𝐶0
∗ 100                                                              𝑒𝑞. 1 

 

Where: C0 represents the pollutant concentration after the adsorption-desorption 

equilibrium; C represents the concentration at a given time (t). 

To validate the measurements obtained by UV spectroscopy, the concentration of 

SA (for tests using both solar and visible radiation) was also assessed through high-

performance liquid chromatography (HPLC) for the best ternary photocatalyst. The tests 

were conducted in the same manner as mentioned above, with aliquots filtered through 

disposable 0.22 µm nylon filters and stored in 2 mL vials. Samples were taken at the same 

time intervals described previously. A Shimadzu HPLC model LC-20 AT was employed 

for the measurements, equipped with a Phenomenex Luna C-18 column and a mobile 

phase consisting of 30 % water and 70 % acetonitrile. The flow rate was maintained at 1 

mL min-1, with an injection volume of 50 μL. A UV detector set to a wavelength of 200 

nm was used to conduct the measurements. 

Additionally, for the optimized ternary material, as well as its corresponding 

binary and unary forms, tests were conducted to assess their capacity to mineralize the 

target pollutant, salicylic acid (SA). These tests followed the same procedure as the 

degradation experiments, with aliquots of approximately 10 mL collected at the beginning 

(0 min), mid-point (180 min), and conclusion of the experiment (300 min). A total organic 

carbon analyzer (TOC-V CPN, Shimadzu) was employed for this evaluation, using the 

non-purgeable organic carbon (NPOC) method to determine the total purgeable organic 

carbon content in the collected aliquots. 

The mechanism of active radical generation using the optimized ternary material 

was evaluated through tests with suppression agents for each active radical, as described 

below: electron-hole – sodium oxalate (0.5 mmol L-1); electron – potassium chromate 

(0.05 mmol L-1); superoxide – nitrogen (0.3 L min-1); hydroxyl – isopropanol (4 % v/v) 

[22]. The tests were carried out over 180 min under solar radiation with the same 

parameters described previously. 

Phytotoxicity bioassays were conducted to confirm the reduction of toxicity in 

pollutant-containing solutions following treatment with the optimal ternary photocatalyst 
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under both solar and visible light irradiation. The study using plant bioindicators stands 

out as a reliable and cost-effective approach for ecotoxicological assessments, offering 

sensitivity in detecting adverse effects, low cost, and ease of implementation. Evaluating 

the allelopathic activity in treated effluents is crucial for understanding the direct effects 

of the presence of xenobiotics in the environment [40,41]. Lettuce seeds (Lactuca sativa) 

were selected for this study due to their high sensitivity, ease of acquisition, independence 

from seasonal variations, and capacity to provide extensive quantitative data, including 

measurements of root growth and shoot development in germinated seedlings [42,43]. 

The experiments were carried out using 90 mm diameter Petri dishes (cleaned and 

dried at 100 ºC for 15 min) with filter paper of matching diameter. The study assessed the 

effects of four solutions on root elongation, shoot development, and overall seedling 

length. These solutions comprised a standard concentration of 10 mg L-1 of SA, a post-

treatment solution using the most effective ternary photocatalyst under solar radiation, 

another post-treatment solution using the same photocatalyst under visible radiation (both 

treated solutions were obtained following the aforementioned methodology, undergoing 

batch reactor treatment for 5 h using different radiation sources), and a control solution 

of deionized water. Following a 4-day incubation period at 30 ºC with a 12-hour 

photoperiod in an oven, measurements were taken for root length, shoot length, and total 

seedling length. All tests were performed in triplicate, with each replicate consisting of a 

set of 5 seeds or germinated seedlings and, subsequently, the results underwent analysis 

of variance, and mean comparisons were conducted utilizing Tukey's test with a 95 % 

confidence level [44]. 

 Finally, reaction parameters (SA concentration, photocatalyst dosage, salinity, and 

pH) were varied to assess the photocatalytic efficiency of the best ternary composition 

under different reaction conditions. The pH of the SA solution was adjusted using HCl 

(0.1 mol L-1 - LS Chemicals) and NaOH (0.1 mol L-1 - Synth), and the salinity was altered 

with NaCl [45]. All tests were conducted under solar radiation following the same 

procedure described for the degradation assays. 
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3. Results and discussion 

 

3.1. Characterization 

 

Figure 3 shows the diffractograms obtained for the unary materials ZnO 600 °C 

and BaSnO3 900 °C. 
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Fig. 3 - Comparison of X-ray diffraction patterns of unary materials (ZnO 600 °C and BaSnO3 900 °C) 

with their respective JCPDS cards 

 

According to Figure 3, the characteristic peaks of the cubic crystal structure 

(perovskite) of BaSnO3 were observed at the positions 30.7 °, 37.8 °, 44.0 °, 54.6 °, and 

63.9 °, which align with the values found in the JCPDS card 15-0780, representing the 

(110), (111), (200), (211), (220) reflection planes, respectively [46]. For the zinc oxide 

(ZnO), the characteristic peaks of the hexagonal crystal structure (wurtzite) were 

observed at the positions 31.8 °, 34.4 °, 36.3 °, 47.5 °, 56.6 °, 62.8 °, 66.3 °, 67.9 °, and 

69.1 °, which agree to the angular values specified in the JCPDS card 36-1451, 

representing the (100), (002), (101), (102), (110), (103), (200), (112), and (201) reflection 

planes, respectively [47]. 

Figure 4 illustrates the comparison of the diffractograms for the ternary 

CX/ZnO/BaSnO3 materials with variations in synthesis parameters (as detailed in Table 

1), alongside those of the binary and unary materials. 
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Fig. 4 - X-ray diffraction (XRD) patterns obtained for the materials synthesized in this study: A) Ternaries 

with different quantities of BaSnO3 (1-10 %); B) Ternaries with different quantities of added tannin (0.25-

0.50 g); C) Ternaries with different calcination temperatures (300-700 °C); D) Comparison between the 

ternary composite and its binary and unary counterparts 

 

Similarly to the unary materials previously described, all ternary and binary 

composites displayed characteristic peaks corresponding to their constituent compounds, 

with peaks located at representative positions of the crystalline structures of ZnO 

(wurtzite) and BaSnO3 (perovskite) for the ternaries and binary ZnO/BaSnO3 5 % 600 

°C, and peaks only referring to ZnO in the case of the binary 0.375CX/ZnO 600 °C 

[46,47]. In all ternaries, a slight shift in the position of the ZnO peaks (Figures 4A, B, C, 

D) can be noticed at lower angles, which may indicate the addition of carbon into the ZnO 

crystal lattice [48]. Additionally, regarding the variation in the content of BaSnO3 (Figure 

4A), as its content increased in the ternary materials, a trend towards a decrease in the 

intensity of the ZnO peaks was identified, probably due to the lower amount of ZnO in 

the composites [48,49]. 
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 However, upon comparing the peak positions of ZnO/BaSnO3 5 % 600 °C with 

the unary ZnO 600 °C (Figure 4D), a variation in the peak positions of ZnO in the binary 

towards higher angles was observed, indicating that the distortion of the ZnO crystal 

structure by BaSnO3 had an opposite effect to carbon, as similarly observed for other 

ZnO-based materials in the literature, such as those composed of ZnO/g-C3N4 and 

ZnO/ZnS [48,50]. 

The Scherrer equation (Equation 2) was used to calculate the crystallite size of all 

materials, as shown in Table 2 [48,51,52]. 

 

𝐿𝑐 =
0.9 × 𝜆

𝛽𝑐 × cos (𝜃)
                                                                                                                     𝑒𝑞. 2 

 

Where: 𝐿𝑐 is the size of the crystallite in nm; 𝜆 is the wavelength generated from 

the tube used in the equipment, in this case, copper radiation (𝜆𝐶𝑢𝐾𝛼 = 0.154 𝑛𝑚); 𝜃 

represents the diffraction angle of the peak with the greatest intensity; 𝛽𝑐 is the width at 

half-height of the peak with the greatest intensity [48,51,52]. 

 

Tab. 2 - Crystallite sizes of all materials produced in this study  

 

Material Lc (nm) Material Lc (nm) 

BaSnO3 900 °C 46.264 0.375CX/ZnO/BaSnO3 10 % 600 °C 30.057 

ZnO 600 °C 34.971 0.250CX/ZnO/BaSnO3 5 % 600 °C 28.616 

0.375CX/ZnO 600 °C 25.091 0.500CX/ZnO/BaSnO3 5 % 600 °C 25.040 

ZnO/BaSnO3 5 % 600 °C 43.544 0.375CX/ZnO/BaSnO3 5 % 300 °C 25.403 

0.375CX/ZnO/BaSnO3 1 % 600 °C 25.953 0.375CX/ZnO/BaSnO3 5 % 400 °C 26.363 

0.375CX/ZnO/BaSnO3 2.5 % 600 °C 26.530 0.375CX/ZnO/BaSnO3 5 % 500 °C 26.359 

0.375CX/ZnO/BaSnO3 5 % 600 °C 28.040 0.375CX/ZnO/BaSnO3 5 % 700 °C 30.057 

0.375CX/ZnO/BaSnO3 7.5 % 600 °C 27.314   

 

From Table 2, it was observed that the materials with larger crystallite sizes are 

BaSnO3 and the binary ZnO/BaSnO3 5 % 600 °C, followed by ZnO. On the other hand, 

a reduction in crystallite size was observed in all ternary materials, as well as in the binary 

0.375CX/ZnO 600 °C. Additionally, it was observed that the increase in the amount of 
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added tannin, the content of BaSnO3, and the calcination temperature had inversely, 

directly, and directly proportional effects on the increase in crystallite size, respectively. 

The reduction in crystallite size with increasing amounts of tannin added during 

the synthesis of the ternaries demonstrates the influence of carbon xerogel addition to the 

structure, as the tannin molecules in the system act as nucleating agents for zinc oxide 

particles; thus, the smaller crystallite sizes are attributed to the greater availability of 

nucleation sites [14,48]. The observed increase in crystallite size with higher amounts of 

BaSnO3 and higher calcination temperatures in the ternaries can be explained as follows: 

intuitively, this increase is attributed to the larger crystallite size of the pure BaSnO3, 

whereas the higher calcination temperatures facilitate the coalescence of smaller 

crystallites into larger ones [53]. 

Considering that crystallite size is inversely correlated with photocatalytic 

activity, where smaller crystallites are reportedly linked to enhanced photocatalytic 

performances, it can be inferred that the addition of tannin to the ternary system may 

positively impact its photocatalytic efficiency [54,55]. Furthermore, the influence of 

synthesis parameters on crystallite size highlights the critical role of optimizing these 

variables in the context of photocatalyst development, with the goal of creating a more 

efficient system. 

Figure 5 shows the comparison of the FTIR spectrum of the ternary materials 

CX/ZnO/BaSnO3 with variations in synthesis parameters, as shown in Table 1, as well as 

those of the binary and unary materials. 
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Fig. 5 – FTIR spectra obtained for the materials synthesized in this study: A) Ternaries with different 

quantities of BaSnO3 (1-10 %); B) Ternaries with different quantities of added tannin (0.25-0.50 g); C) 

Ternaries with different calcination temperatures (300-700 °C); D) Comparison between the ternary 

composite and its binary and unary counterparts 

 

According to Figures 5A, B, C, and D, representative peaks of the bonds present 

in each individual component of the materials could be observed. All materials containing 

BaSnO3 (mgCX/ZnO/BaSnO3 t % T ºC, ZnO/BaSnO3 5 % 600 °C, and BaSnO3 900 °C) 

showed a peak at 645 cm-1, related to stretching vibrations of the {SnO6} octahedral, 

typical of BaSnO3. Additionally, a peak at 1476 cm-1 was identified in the unary BaSnO3, 

which may be related to the stretching vibration of Sn-OH, possibly due to moisture 

absorption by the material [56–59]. The peaks at 720 and 905 cm-1, which appeared in all 

ternary, binary, and unary ZnO samples, are related to the Zn-O bonds. Additionally, the 

peaks at 1260, 1440, and 1520 cm-1 found in all ternary samples and binary 0.375CX/ZnO 

600 °C are related, respectively, to the existence of C-O-C bonds (formed during the 

polycondensation of the tannin-based carbon xerogel), stretching vibrations of CH2 
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groups, and C=C bonds (present in trisubstituted benzene rings), all of which can be 

linked with the presence of carbon xerogel in the materials [54,60,61].  

Furthermore, a peak at 1600 cm-1 and a larger peak between 3000 and 3500 cm-1 

were observed (mainly in the materials with lower calcination temperatures), indicating, 

respectively, the presence of adsorbed water and hydrogen bonds; these hydrogen bonds 

can be related to carboxyl and phenolic groups, as well as adsorbed water. Finally, the 

tendency towards an increase in intensity observed for the peak at 645 cm-1 in Figure 5A 

is consistent with the increase in the BaSnO3 content in the syntheses of these materials 

[54,56]. 

 In addition, to gain a deeper understanding of the composition of the 

0.375CX/ZnO/BaSnO3 5 % 600 °C ternary material in comparison with the binary 

systems (ZnO/BaSnO3 5 % 600 °C and 0.375CX/ZnO 600 °C) and the unary materials 

(ZnO 600 °C and BaSnO3 900 °C), Raman spectroscopy was conducted. The results are 

presented in Figure 6. 

 

200 400 600 800 1000 1200 1400 1600 1800

In
te

n
si

ty
 (

a.
 u

.)

Raman shift (cm-1)

 0.375CX/ZnO/BaSnO3 5 % 600 °C

0.375CX/ZnO 600 °C

 ZnO/BaSnO3 5 % 600 °C

 ZnO 600 °C

 BaSnO3 900 °C

138

250
408 545 700

830 1060

200

255
322

384

432

575

657
1050-1200

1330 1580

 

Fig. 6 - Raman spectrum of the 0.375CX/ZnO/BaSnO3 5 % 600 °C material in comparison with 

ZnO/BaSnO3 5 % 600 °C, 0.375CX/ZnO 600 °C, ZnO 600 °C, and BaSnO3 900 °C 

 

The perovskite structure of barium stannate reportedly does not exhibit first-order 

Raman peaks due to its centrosymmetric crystalline structure, so the observed peaks can 

possibly be attributed to defects created by its high calcination temperature. Based on 

Figure 6, in the case of BaSnO3, the presence of peaks at 138, 408, 545, 700, 830, and 

1060 cm-1 was identified, corresponding to the vibrational modes of the SnO6 octahedron 

in the perovskite structure, which has Oh symmetry. More specifically, the Raman active 
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modes v2Eg, and v5F2g were observed at the peaks of 545 and 138 cm⁻¹, respectively, and 

the peak at 250 cm⁻¹ may be associated with the (TO2) optical phonon mode [56,62,63]. 

As for ZnO, peaks were observed at 200, 255, 322, 384, 432, 575, and 657 cm-1, along 

with a broad band between 1050 and 1200 cm-1, which can be associated with 

characteristic ZnO peaks reported in the literature, corresponding to the following modes: 

2E2 (low) mode, B1 (low) silent mode, E2 (high) – E2 (low) mode, A1 (TO) mode, E2 

(high) mode, A1 (LO) mode, E1 E2 (LA+TO) mode, and acoustic combination of A1 and 

E2 modes, respectively [48,64,65].  

According to the dashed lines in Figure 6, it is evident that most of the peaks 

observed for ZnO were also detected in the hybrids containing this material, indicating 

its incorporation into the composites. Furthermore, given the low amount of BaSnO3 in 

the composite materials evaluated and the significant overlap of peaks between ZnO and 

BaSnO3, only the peaks at 545 and 1060 cm-1 could be identified in the ternary material 

and binary ZnO/BaSnO3 5 % 600 °C, which nonetheless supports the BaSnO3 presence 

in the hybrid materials. Lastly, the bands at 1330 and 1580 cm-1 observed in the materials 

containing carbon xerogel can be attributed to the D and G bands of carbon, respectively 

[48,64].  

Figure 7 presents the absorption spectra obtained by diffuse reflectance for all the 

materials synthesized in this work. 
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Fig. 7 – Diffusive reflectance spectra obtained for the materials synthesized in this study: A) ternaries with 

different quantities of BaSnO3 (1-10 %); B) ternaries with different quantities of added tannin (0.25-0.50 

g); C) ternaries with different calcination temperatures (300-700 °C); D) comparison between the ternary 

composite and its binary and unary counterparts 

 

Figure 7D shows that the unary materials ZnO 600 °C and BaSnO3 900 °C have 

low absorption capacity at wavelengths higher than 500 nm, with BaSnO3 exhibiting 

slightly superior absorption capacity at higher wavelengths compared to ZnO, congruent 

with results found in the literature [16,66,67]. However, the unexpected absorption 

capacity of ZnO for wavelengths higher than 420 nm can be explained by the probable 

presence of oxygen vacancies, leading to the creation of an isolated defect state below the 

ZnO conduction band, indicating possible activity under visible radiation [22]. 

Additionally, the binary ZnO/BaSnO3 5 % 600 °C presented results comparable to ZnO, 

but with a small increase in absorbance in higher wavelengths, similar to what was 

observed for BaSnO3, possibly indicating the influence of its addition to the system, 

leading to better photocatalytic results under visible radiation. 

After analysis of Figures 7A, B, C, and D, it was found that all materials 

containing carbon xerogel exhibited improved absorption capabilities at longer 
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wavelengths, confirming that the addition of carbon to the structure enhances sensitivity 

in the visible spectrum [22,61]. Both the variation in tannin and the variation in 

calcination temperature showed an influence on the absorbance of the materials at longer 

wavelengths in a directly proportional manner. That is, as the amount of tannin added and 

the calcination temperature increased, the absorbance of the materials in the visible 

spectrum region also increased. These phenomena highlight the synergy between the 

carbonaceous matrix and the oxides in the ternary compounds, as well as favorable results 

for calcination at higher temperatures regarding photoexcitation in the visible region 

[14,39]. 

Through diffuse reflectance spectroscopy analysis, it was also possible to obtain 

the bandgaps corresponding to each of the tested materials. For this purpose, a 

methodology proposed by [68] was employed, using the Tauc relation (Equation 3). 

 

(
𝐴𝑏𝑠

𝜆
)

1
𝑚

= 𝐵1 (
1

𝜆
−

1

𝜆𝑔𝑎𝑝
) + 𝐵2                                                                                            𝑒𝑞. 3  

 

 Where: λgap is the wavelength associated with the bandgap (nm); Abs is the 

absorption value (a.u.) at a given wavelength λ (nm); B1 and B2 are constants; m is the 

transition factor (m = 1/2 due to the presence of direct transitions) [14,68–71]. 

The value of 1/λgap was obtained by linear extrapolation of the (Abs/λ)1/m vs 1/λ 

plot [14,68–71]. After determining the value of 1/λgap, the bandgap energy was calculated 

for every material using Equation 4. 

 

𝐸𝑔𝑎𝑝 =
1240

λ𝑔𝑎𝑝
                                                                                                                              𝑒𝑞. 4 

 

 Where: Egap corresponds to the bandgap energy (eV) of the measured 

photocatalyst [14,68–71]. Table 3 shows the results of the calculations for each of the 

materials synthesized. 
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Tab. 3 – Bandgap energy of all materials produced in this study 

 

Material Egap (eV) Material Egap (eV) 

BaSnO3 900 °C 3.12 0.375CX/ZnO/BaSnO3 10 % 600°C 3.22 

ZnO 600 °C 3.18 0.250CX/ZnO/BaSnO3 5 % 600 °C 3.22 

0.375CX/ZnO 600 °C 3.21 0.500CX/ZnO/BaSnO3 5 % 600 °C 3.24 

ZnO/BaSnO3 5 % 600 °C 3.21 0.375CX/ZnO/BaSnO3 5 % 300 °C 3.22 

0.375CX/ZnO/BaSnO3 1 % 600 °C 3.22 0.375CX/ZnO/BaSnO3 5 % 400 °C 3.24 

0.375CX/ZnO/BaSnO3 2.5 % 600 °C 3.22 0.375CX/ZnO/BaSnO3 5 % 500 °C 3.22 

0.375CX/ZnO/BaSnO3 5 % 600 °C 3.22 0.375CX/ZnO/BaSnO3 5 % 700 °C 3.22 

0.375CX/ZnO/BaSnO3 7.5 % 600 °C 3.22   

 

It can be noted from Table 3 that ZnO exhibited a bandgap energy of 3.18 eV, 

whereas a 3.12 eV bandgap energy was obtained for the BaSnO3, both in line with 

reported values [34,64]. For the ternary and binary composites, as expected, the bandgap 

values remained close to that of ZnO, ranging from 3.21-3.24 eV in all cases [22]. 

Furthermore, the energy values for the valence and conduction bands of ZnO and 

BaSnO3 were determined based on their bandgap energies. For this purpose, Equations 5 

and 6 were applied to both semiconductors [55]: 

 

𝐸𝐶𝐵 = 𝑋 − 𝐸𝑒 − 0.5 × 𝐸𝑔𝑎𝑝                                                                                                    𝑒𝑞. 5 

𝐸𝑉𝐵 = 𝐸𝑔𝑎𝑝 + 𝐸𝐶𝐵                                                                                                                     𝑒𝑞. 6 

 

Where: ECB corresponds to the energy of the conduction band (eV); EVB refers to 

the energy of the valence band (eV); X corresponds to the electronegativity of the 

semiconductor (𝑋𝑍𝑛𝑂 = 5.750 𝑒𝑉 e 𝑋𝐵𝑎𝑆𝑛𝑂3
= 5.100 𝑒𝑉); Ee is the energy of free 

electrons vs. H2, 𝐸𝑒 = 4.500 𝑒𝑉 [34,64]. 

 Table 4 shows the results obtained for the valence and conduction bands for the 

unary materials ZnO and BaSnO3. 
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Tab. 4 – Energy values for the bandgap, conduction, and valence band for the unary materials ZnO 600 °C 

and BaSnO3 900 °C 

 

Materials Egap (eV) ECB (eV) EVB (eV) 

ZnO 600 °C 3.18 -0.34 2.84 

BaSnO3 900 °C 3.12 -0.96 2.16 

 

 The results shown in Table 4 indicate a staggered band structure between the unary 

materials, which contributes to the formation of satisfactory heterojunctions (Z-scheme 

or type-II) in the ternary and binary composites. 

To evaluate the morphological characteristics of the composites, Figure 8 shows 

micrographs obtained through scanning electron microscopy for the ternary 

0.375CX/ZnO/BaSnO3 5 % 600 °C, the binaries 0.375CX/ZnO 600 °C and ZnO/BaSnO3 

5 % 600 °C, as well as the unaries ZnO 600 °C and BaSnO3 900 °C. 
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Fig. 8 – Scanning electron microscopy for the materials A) BaSnO3 900 °C (100000x); B) ZnO 600 °C 

(100000x); C) 0.375CX/ZnO 600 °C (100000x); D) ZnO/BaSnO3 5 % 600 °C (100000x); E) 

0.375CX/ZnO/BaSnO3 5 % 600 °C (100000x); 

 

Figure 8A shows that BaSnO3 900 °C consists of large plate-like particles and 

smaller irregular nodules, while Figure 8B reveals that ZnO 600 °C is composed of 

clusters of small nodular particles with a tendency towards sphericity, similar to what has 

been observed in the reported literature [61]. For the binary 0.375CX/ZnO 600 °C (Figure 

8C), particles similar in shape and size to the unary ZnO were observed, contrasting with 

the characteristics displayed by the binary ZnO/BaSnO3 5 % 600 °C (Figure 8D) and 

ternary 0.375CX/ZnO/BaSnO3 5 % 600 °C (Figure 8E). Despite exhibiting nodular 

particles with a tendency towards sphericity of comparable dimensions to those of ZnO, 

these materials also demonstrated the formation of larger polyhedral particles (indicated 

by red arrows), potentially resulting from the incorporation of BaSnO3 into their structure. 

In order to evaluate the elemental distribution of the ternary 

0.375CX/ZnO/BaSnO3 5 % 600 °C, the binaries 0.375CX/ZnO 600 °C and ZnO/BaSnO3 

5 % 600 °C, and the unaries ZnO 600 °C and BaSnO3 900 °C, elemental mappings were 

obtained through energy-dispersive spectroscopy. The results are depicted in Figure 9. 
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Fig. 9 – Micrographs and elemental distribution of the materials: A) BaSnO3 900 °C; B) ZnO 600 °C; C) 

0.375CX/ZnO 600 °C; D) ZnO/BaSnO3 5 % 600 °C; E) 0.375CX/ZnO/BaSnO3 5 % 600 °C 

 

Based on Figures 9A, B, C, D, and E, it can be observed that the elements 

composing all materials were well distributed on their surfaces, demonstrating the 

incorporation of the carbon xerogel and the barium stannate into their respective binary 

and ternary materials. This homogeneous distribution is advantageous for their 

photocatalytic abilities, facilitating charge transfer due to increased heterojunction 

availability within the materials, which can lower the rate of recombination between 

photogenerated charges, ultimately enhancing the efficiency of photodegradation 

[48,64,72,73]. 

 For a more thorough evaluation of the material morphology, Figures 10A, B, and 

C respectively show the transmission electron micrographs and high-resolution 

transmission electron micrographs for BaSnO3 900 °C, ZnO 600 °C, and 

0.375CX/ZnO/BaSnO3 5 % 600 °C. 
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A) 
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TEM 
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C) 

TEM 

 

HR-TEM 

 
Fig. 10 – Trasmission electron micrographs (TEM) and high-resolution transmission electron micrographs 

(HR-TEM) for: A) BaSnO3 900 °C; B) ZnO; C) 0.375CX/ZnO/BaSnO3 5 % 600 °C 

 

The TEM images of the materials reveal larger, irregularly shaped nodular and 

plate-like particles for BaSnO3 900 °C, while ZnO exhibits smaller, nodular particles with 
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a tendency towards sphericity. For the ternary material, nodular particles similar to ZnO 

in shape and size, were identified, while polyhedral nodular shapes corresponding to 

BaSnO3 were also observed, in agreement with the results discussed for Figure 8E. HR-

TEM analysis revealed a lattice spacing of 0.29 nm (in red) for both BaSnO3 and the 

ternary material, corresponding to the (110) crystallographic plane of the BaSnO3 

perovskite, and a lattice spacing of 0.26 nm (in blue) was observed in ZnO and the ternary 

material, referring to the (002) plane typical of the hexagonal phase of ZnO. These 

findings align with the XRD results shown in Figure 4, further corroborating the presence 

of both ZnO and BaSnO3 in the ternary system [50,74]. 

Figures 11A, B, and Table 5 show, respectively, the adsorption-desorption 

isotherms, the pore size distribution, and the morphological parameters obtained for the 

ternary 0.375CX/ZnO/BaSnO3 5 % 600 °C, the binaries 0.375CX/ZnO 600 °C and 

ZnO/BaSnO3 5 % 600 °C and the unaries ZnO 600 °C and BaSnO3 900 °C. 
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Fig. 11 – A) N2 adsorption-desorption isotherms; B) Pore diameter distribution for the materials: BaSnO3 

900 °C; ZnO 600 °C; 0.375CX/ZnO 600 °C; ZnO/BaSnO3 5 % 600 °C; 0.375CX/ZnO/BaSnO3 5 % 600 

°C 
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Tab. 5 – Morphological parameters for the ternary 0.375CX/ZnO/BaSnO3 5 % 600 °C compared to their 

respective binaries 0.375CX/ZnO 600 °C, ZnO/BaSnO3 5 % 600 °C, and unaries ZnO 600 °C and BaSnO3 

900 °C 

 

Material 

Specific 

surface area 

(m2 g-1) 

Micropore 

area  

(m2 g-1) 

Pore 

volume 

(cm3 g-1) 

Micropore 

volume 

(cm3 g-1) 

ZnO 600 °C 8.241 3.459 0.310 0.004 

BaSnO3 900 °C 4.371 - 0.024 - 

0.375CX/ZnO 600 °C 29.914 8.164 0.315 0.004 

ZnO/BaSnO3 5 % 600 °C 3.431 1.183 0.071 0.001 

0.375CX/ZnO/BaSnO3 5 % 600 °C 12.351 9.482 0.151 0.005 

 

It was observed that the isotherms obtained for all materials can be classified as 

type IV-H3, according to the International Union of Pure and Applied Chemistry (IUPAC) 

(Figure 11A). The type IV isotherm classification is typical of mesoporous materials, 

while the H3 hysteresis corresponds to clusters of small particles with pores in the form 

of slits and irregular internal openings [15,48]. In addition, according to Table 5, there 

was a significant increase of almost 4 times in the surface area and 2 times in the pore 

volume for the 0.375CX/ZnO/BaSnO3 5 % 600 °C in comparison to the binary 

ZnO/BaSnO3 5 % 600 °C. This tendency was also acknowledged when comparing the 

binary 0.375CX/ZnO 600 °C with unary ZnO 600 °C, in which case there was a more 

than 3-fold increase in the surface area of the binary and a slight increase in pore volume 

(0.005 cm3 g-1), showcasing the positive impact of carbon xerogel on the morphology of 

the materials. The observed increase in surface area could be beneficial for the 

photocatalytic activity of the materials due to the larger area available for the propagation 

of reactions involved in the photocatalytic process [48,64]. 

However, when comparing the ternary 0.375CX/ZnO/BaSnO3 5 % 600 °C with 

the binary 0.375CX/ZnO 600 °C, it was possible to identify a decrease in both the surface 

area and pore volume and an increase in the percentage of micropore area relative to total 

surface area (76.8 % for ternary vs. 27.3 % for binary) and the volume of micropores 

relative to total volume (3.3 % for ternary vs. 1.3 % for binary). This tendency can be 

explained by possible obstruction of carbon xerogel meso and macropores with BaSnO3 

particles, in agreement with the apparent larger particle size of this photocatalyst observed 
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in the SEM and TEM micrographs (Figure 8A and 10A) [39,48]. Moreover, BaSnO3 900 

°C exhibited low surface area and pore volume, lacking significant results for micropore 

surface area and micropore volume, which may lead to poorer photocatalytic activity. 

Based on Figure 11B, when comparing both materials containing carbon xerogel 

to the binary ZnO/BaSnO3 5 % 600 °C and the unary materials, it can be inferred that the 

addition of carbon xerogel resulted in an enhanced porous structure, encompassing both 

meso and microporous regions, as anticipated [49]. The binary 0.375CX/ZnO 600 °C 

showed a higher concentration of pores ranging from 10 nm to 120 nm in diameter; for 

the ternary 0.375CX/ZnO/BaSnO3 5 % 600 °C, there was a higher concentration of pores 

with diameters smaller than 10 nm and between 10 nm and 90 nm, consistent with the 

potential blockage of pores with larger diameters by BaSnO3. 

Finally, Figure 12 displays the results of the chronoamperometry tests conducted 

to assess the photocurrent generation of the ternary 0.375CX/ZnO/BaSnO3 5 % 600 °C 

in comparison to the binaries 0.375CX/ZnO 600 °C and ZnO/BaSnO3 5 % 600 °C, as 

well as the unary materials ZnO 600 °C and BaSnO3 900 °C. 
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Fig. 12 – Chronoamperometry test results using the best ternary (0.375CX/ZnO/BaSnO3 5 % 600 °C) and 

its binary (ZnO/BaSnO3 5 % 600 °C, 0.375CX/ZnO 600 °C) and unary (ZnO 600 °C, BaSnO3 900 °C) 

counterparts, under simulated solar radiation 

 

Analysis of Figure 12 reveals that the ternary 0.375CX/ZnO/BaSnO3 5 % 600 °C 

exhibited the highest photocurrent generation capacity, indicating its potential superiority 

as a photocatalyst. This outcome can be attributed to several factors, including the 

possible reduction in charge recombination rates, increased sensitization to a broader 

range of the visible spectra, and improved charge transfer facilitated by the addition of 

BaSnO3 and carbon xerogel to the system [15,22,39]. 
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The charge transfer resistance of the 0.375CX/ZnO/BaSnO3 5 % 600 °C material 

was evaluated in comparison to the binary systems 0.375CX/ZnO 600 °C and 

ZnO/BaSnO3 5 % 600 °C, as well as the unary materials ZnO 600 °C and BaSnO3 900 

°C. For that purpose, electrochemical impedance spectroscopy was performed under solar 

radiation for the materials and in the absence of light for the ternary material, as shown 

in Figure 13. Furthermore, circuits based on the Randles model were simulated for each 

material, as indicated in Table S1 (with Rs representing the resistance of the solution 

between working and reference electrodes, Rct charge transfer resistance, and Cdl double-

layer capacitance in a non-ideal constant phase element-CPE). The CPE equivalent 

circuits in impedance (Zcpe) measurements can represented with Equation 7 [75,76]: 

 

𝑍𝑐𝑝𝑒 = (𝐶𝑑𝑙(𝑗𝑤)𝑛)−1                                                                                                                𝑒𝑞. 7 

 

Where: Cdl represents pseudo-capacitance, whose electrochemical nature has been 

described earlier; n is a constant ranging from 0 to 1, where a rough or porous surface 

may cause a double layer with a n value between 0.5 and 1; j is the imaginary number 

(𝑗2 = −1); w is the angular frequency (rad s-1) [76]. 
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Fig. 13 - Nyquist plots obtained from electrochemical impedance spectroscopy under solar irradiation for 

the materials 0.375CX/ZnO/BaSnO3 5 % 600 °C, ZnO/BaSnO3 5 % 600 °C, 0.375CX/ZnO 600 °C, ZnO 

600 °C, and BaSnO3 900 °C and without illumination for the 0.375CX/ZnO/BaSnO3 5 % 600 °C 

 

 Figure 13 reveals a distinct difference in the arc radii for the ternary 

0.375CX/ZnO/BaSnO3 5 % 600 °C material, both with and without simulated solar light 

irradiation. This significant reduction in charge transfer resistance under solar light 
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confirms the material’s photoactivity, which is also supported by chronoamperometry 

tests conducted under solar radiation. Additionally, when comparing the arc radii of the 

materials exposed to solar radiation, the ternary system demonstrated the lowest charge 

transfer resistance, indicating more efficient separation of photogenerated charges during 

the photocatalytic process, which suggests the effectiveness of the heterojunction 

potentially formed within the system. The other arcs displayed a similar trend to that 

observed in the chronoamperometry results [22,60,75]. Furthermore, as shown in Table 

S1, all simulated circuits exhibited values of x2 equal to or smaller than the order of 10-3, 

validating the accuracy of the simulations; the values obtained for the charge transfer 

resistance are in accordance with what was observed in the Nyquist plot (Figure 13), with 

the lowest value observed for the ternary material (266290 Ω) [75,76]. 

  

3.2. Photocatalytic evaluation 

 

Firstly, the photocatalytic tests for the materials with variation in BaSnO3 content 

(1-10 %) were conducted. This evaluation is depicted in Figures 14A and B, 

corresponding to SA degradation under solar and visible radiation, respectively. 
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Fig. 14 – Results of photocatalytic tests for the degradation of SA (10 mg L-1) using the ternaries 

0.375CX/ZnO/BaSnO3 600 °C with different quantities of BaSnO3 (1-10 %) under A) Solar; B) Visible 

radiation 

 

It was noted from Figures 14A and B that, for both solar and visible radiation, the 

material that presented the best results (93.0 % solar, 52.3 % visible radiation) in SA 

degradation was the 0.375CX/ZnO/BaSnO3 5 % 600 °C. These results can be related to 

the possible formation of heterojunctions between ZnO, BaSnO3, and the carbonaceous 
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matrix, promoting more efficient charge separation on the conduction and valence bands 

with greater redox ability, facilitating the generation of active radicals responsible for the 

degradation of SA. Despite the good effect caused by the addition of BaSnO3 to the 

structure, as its mass increased in the system, the crystallite sizes of the materials also 

increased (Table 2), showing that the best photocatalytic efficiency observed for the 

ternary with 5 % w/w of BaSnO3 was a consequence of several factors interacting in the 

structure of the developed photocatalysts [54,55]. 

 Afterward, based on the best performance observed for the material with 5 % w/w 

BaSnO3 content, a study was carried out to evaluate the influence of the added amount of 

tannin (0.250-0.500 g) on the photocatalytic efficiency of the ternaries, as shown in 

Figures 15A and B. 
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Fig. 15 – Results of photocatalytic tests for the degradation of SA (10 mg L-1) using the ternaries 

CX/ZnO/BaSnO3 5 % 600 °C with different quantities of added tannin (0.25-0.50 g) under A) Solar; B) 

Visible radiation 

 

Figures 15A and B show that the material that presented the best results was the 

0.375CX/ZnO/BaSnO3 5 % 600 °C, under both solar and visible radiation, showcasing 

the influence of the amount of tannin added on the photocatalytic activity of the hybrid 

photocatalysts. These results can be explained by the fact that greater amounts of added 

tannin may have led to insufficient amounts of semiconductors in the system, decreasing 

the availability of heterojunctions formed, whereas lower amounts of tannin may have 

negatively affected the absorbance at longer wavelengths and led to materials with larger 

crystallite sizes (in agreement with what was discussed for the characterizations by XRD 

and diffuse reflectance spectroscopy), impairing the photocatalytic activity 

[14,39,49,54,55]. 
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Based on the results obtained, the amount of tannin added was set at 0.375 g for 

the ternary system. The effect of the calcination temperature on the photocatalytic activity 

of the photocatalysts (300-700 °C) was then evaluated. Figures 16A and B show the 

results obtained under solar and visible radiation, respectively. 
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Fig. 16 – Results of photocatalytic tests for the degradation of SA (10 mg L-1) using the ternaries 

0.375CX/ZnO/BaSnO3 5 % with different calcination temperatures (300-700 °C) under A) Solar; B) Visible 

radiation 

 

The results shown in Figures 16A and B indicate that 0.375CX/ZnO/BaSnO3 5 % 

600 °C had the best SA degradation both under solar and visible radiation. The best 

material in both radiations was calcined at 600 °C, followed by the material calcined at 

500 °C, demonstrating the favorable effect of higher calcination temperatures on the 

properties of the photocatalysts, especially on their absorbance at longer wavelengths, as 

observed in their characterization by diffuse reflectance spectroscopy [14,39,49]. 

Furthermore, it is reported that the increase in calcination temperature results in an 

increase in the degree of graphitization of the carbon xerogel in the structure, leading to 

higher electrical conductivities and, consequently, better transfer of photogenerated 

charges and enhanced photocatalytic activities [77,78]. However, the ternary 

photocatalyst calcined at 700 °C deviated from the expected trend, likely due to its 

relatively large crystallite size, as indicated in Table 2. This increased crystallite size, 

compared to other ternary photocatalysts subjected to different calcination temperatures, 

may account for its lower photocatalytic activity [54,55]. 

 Thus, the ternary 0.375CX/ZnO/BaSnO3 5 % 600 °C was selected as the material 

with the best photocatalytic activity among all ternary materials, being chosen for 

subsequent studies. Figures 17A and B compare the photocatalytic activity of the ternary 

photocatalyst with its corresponding binary and unary counterparts. For the ternary 
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photocatalyst, the evaluation of the SA photodegradation was also carried out using an 

HPLC, as shown in Figures 17C and D for the tests under solar and visible radiation, 

respectively. 
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Fig. 17 – Results of photocatalytic tests for the degradation of SA (10 mg L-1) using the best ternary 

(0.375CX/ZnO/BaSnO3 5 % 600 °C) and its binary (ZnO/BaSnO3 5 % 600 °C, 0.375CX/ZnO 600 °C) and 

unary (ZnO 600 °C, BaSnO3 900 °C) counterparts under A) Solar; B) Visible radiation and the HPLC results 

for the degradation of SA (10 mg L-1) using 0.375 CX/ZnO/BaSnO3 5 % 600 °C under C) Solar and D) 

Visible radiation 

 

The results depicted in Figures 17A and B show that the SA degradation efficiency 

followed the same order (worst to best) for both solar and visible radiation: BaSnO3 900 

°C; ZnO 600 °C and 0.375CX/ZnO 600 °C (similar results); ZnO/BaSnO3 5 % 600 °C; 

0.375CX/ZnO/BaSnO3 5 % 600 °C (93.0 % degradation under solar radiation and 52.3  

% under visible radiation). The lower efficiency observed for the BaSnO3 can be 

explained by its high recombination rate and low sensitivity to visible radiation [32]. The 

ZnO 600 °C, on the other hand, exhibited results comparable to the 0.375CX/ZnO 600 

°C, which can be attributed to their similar photocurrent generation capacity (Figure 12)  
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and ZnO’s effective activation under the UV component of solar radiation and potential 

creation of isolated defect states below the ZnO conduction band, explaining its 

photocatalytic response in the visible region, consistent with its absorption capacity 

between 400 and 500 nm observed in its diffuse reflectance spectra (Figure 7D) [22]. The 

ZnO/BaSnO3 5 % composite demonstrated slightly lower efficiency compared to the 

ternary system, agreeing with results from the chronoamperometry and electrochemical 

impedance tests (Figure 12 and 13), suggesting that the interaction between ZnO and 

BaSnO3 promotes the formation of efficient heterojunctions, contributing to enhanced 

photocatalytic activity. However, the absence of a solid-state mediator in this composite, 

along with a larger crystallite size (Table 2), may have contributed to its reduced 

efficiency, potentially due to the formation of less efficient heterojunctions when 

compared to the ternary system [54,55]. 

Therefore, the photocatalyst which exhibited the best degradation efficiency 

results, both under solar and visible radiation, was the ternary 0.375CX/ZnO/BaSnO3 5 

% 600 °C, consistent with the findings from the extensive characterization conducted: 

• XRD: Smaller crystallite sizes were observed for the materials with carbon 

addition, leading to better photocatalytic activities [54,55]; 

• Diffuse reflectance spectroscopy: Sensitization to visible radiation due to the 

addition of carbon xerogel [22,61]; 

• N2 adsorption-desorption isotherms and BET analysis: Increase in pore volume 

compared to ZnO/BaSnO3 5 % 600 °C and surface area compared to materials 

without carbon addition, allowing for better propagation of photocatalytic effects. 

[48,64]; 

• EDS: Homogeneous distribution of elements, enabling good availability of 

heterojunctions and leading to a lower rate of recombination of photogenerated 

charges [48,64,72]; 

• Chronoamperometry: Higher photocurrent generation capacity compared to 

binaries and unaries, resulting in better photocatalytic activity [15,39]. 

• Electrochemical impedance spectroscopy: Lower charge transfer resistance, 

indicating a more efficient separation of photogenerated charges [22,60,75]. 

 

Furthermore, Figures 17C and D reveal that the degradation results obtained via 

HPLC closely align with those acquired through spectrophotometry. This indicates that 
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the formation of degradation by-products did not significantly impact the proposed 

measurement methodology. 

To better describe the behavior of the photocatalytic tests performed, the kinetic 

parameters of each photodegradation reaction were calculated. Typically, the Langmuir-

Hinshelwood (L-H) model is satisfactorily used for photocatalytic reactions. Equation 8 

represents the simplified format commonly employed in related literature [48]. 

 

Ln (
𝐶0

𝐶
) = 𝑘𝑟 × 𝐾𝑎𝑑 × 𝑡 = 𝑘𝑎𝑝𝑝 × 𝑡                                                                                     𝑒𝑞. 8 

  

Where: C corresponds to the concentration of the compound being measured at a 

given time (t); kr refers to the specific velocity of the photocatalytic reaction; Kad is the 

adsorption coefficient; C0 corresponds to the initial concentration; kapp is the apparent 

reaction rate constant [48]. 

 Thus, the simplified format of the L-H model was used to determine the kinetic 

parameters of the SA photodegradation reactions under both solar and visible radiation, 

as shown in Table 6. 
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Tab. 6 – Kinetic parameters of the photocatalytic reactions under solar and visible radiation using all the 

materials produced in this work 

  

Material Solar radiation Visible radiation 

 kapp (min
-1) R2 kapp (min

-1) R2 

BaSnO3 900 °C 0.0010 0.965 - - 

ZnO 600 °C 0.0054 0.995 0.0009 0.996 

0.375CX/ZnO 600 °C 0.0057 0.991 0.0008 0.983 

ZnO/BaSnO3 5 % 600 °C 0.0061 0.986 0.0017 0.996 

0.375CX/ZnO/BaSnO3 1 % 600 °C 0.0070 0.986 0.0011 0.996 

0.375CX/ZnO/BaSnO3 2.5 % 600 °C 0.0064 0.974 0.0008 0.978 

0.375CX/ZnO/BaSnO3 5 % 600 °C 0.0085 0.978 0.0024 0.999 

0.375CX/ZnO/BaSnO3 7.5 % 600 °C 0.0075 0.970 0.0011 0.984 

0.375CX/ZnO/BaSnO3 10 % 600 °C 0.0054 0.990 0.0011 0.994 

0.250CX/ZnO/BaSnO3 5 % 600 °C 0.0056 0.992 0.0007 0.983 

0.500CX/ZnO/BaSnO3 5 % 600 °C 0.0052 0.990 0.0013 0.994 

0.375CX/ZnO/BaSnO3 5 % 300 °C 0.0055 0.991 0.0019 0.993 

0.375CX/ZnO/BaSnO3 5 % 400 °C 0.0058 0.991 0.0018 0.994 

0.375CX/ZnO/BaSnO3 5 % 500 °C 0.0075 0.981 0.0021 0.994 

0.375CX/ZnO/BaSnO3 5 % 700 °C 0.0052 0.997 0.0017 0.997 

  

The results in Table 6 show that the L-H model is appropriate to describe the 

behavior of the tests performed since R2 values were close to 1 in all cases. In line with 

the photocatalytic tests, the material that presented the highest kapp, under both radiations 

evaluated, was the 0.375CX/ZnO/BaSnO3 5 % 600 °C (0.0085 min-1 for solar and 0.0024 

min-1 for visible radiation), confirming its superior photocatalytic efficiency when 

compared to all materials tested in this study (the kapp constant could not be determined 

for the BaSnO3 under visible radiation, due to its low photocatalytic activity – Figure 

17B). 
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 Furthermore, an assessment of total organic carbon removal was also conducted 

for the best ternary photocatalyst and its corresponding binary and unary materials, 

showcasing the mineralization capacity of salicylic acid for each material. The results 

obtained are shown in Figure 18 (the assessment was not performed for the BaSnO3 900 

°C due to its low degradation efficiency, as previously observed in Figures 17A and B). 
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Fig. 18 – Results of mineralization obtained through the evaluation of total organic carbon for the 

degradation of SA (10 mg L-1) using the best ternary (0.375CX/ZnO/BaSnO3 5 % 600 °C) and its binary 

(ZnO/BaSnO3 5 % 600 °C, 0.375CX/ZnO 600 °C) and unary (ZnO 600 °C) counterparts under solar 

radiation and, for the best ternary, also under visible radiation 

 

Figure 18 shows that the ternary photocatalyst presented the best mineralization 

capacity of SA amongst the tested materials, with a mineralization efficiency of 72.2 % 

under solar radiation. Furthermore, the mineralization efficiency followed the same trend 

observed for the materials in Figures 17A and B, underscoring that the proposed 

photocatalysts are not only effective in degrading the SA molecule but also in facilitating 

its complete mineralization. Additionally, it is possible to conclude that the mineralization 

efficiency increased in accordance with the increase in degradation efficiency, indicating 

that these processes can progress synchronously [79]. Finally, in a similar way to the 

degradation process, the mineralization achieved with the ternary photocatalyst under 

visible light was significantly lower than that observed under solar radiation. This can be 

attributed to the broader range of wavelengths in the solar spectrum, including UV light, 

which enhances photocatalytic activation and thereby improves mineralization efficiency. 

[80]. 

 After being identified as the most effective material for the degradation and 

mineralization of SA, the ternary 0.375CX/ZnO/BaSnO₃ 5 % 600 °C was tested to 
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investigate the mechanism of active radical generation in the photocatalytic reaction, as 

depicted in Figure 19. 
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Fig. 19 – Results for SA (10 mg L-1) photodegradation with the best ternary (0.375CX/ZnO/BaSnO3 5 % 

600 °C) using suppressors 

 

The findings from Figure 19 indicate that the hydroxyl radical had the most 

pronounced impact on the photodegradation reaction, with its suppression resulting in a 

48.8 % decrease in degradation efficiency. Furthermore, the electron also played a 

significant role in the degradation process, leading to a 41.4 % reduction in degradation 

efficiency when suppressed. Electron holes and superoxide radicals also contributed to 

degradation efficiency, albeit to a lesser degree. Equations 9-15 present a potential 

mechanism for the generation of active radicals during the photodegradation reaction 

[22,61,81,82]:  

 

𝑃ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 + 𝜆 → 𝑒− + ℎ+                                                                                             𝑒𝑞. 9 

𝐻2𝑂 + ℎ+ → ∙ 𝑂𝐻 + 𝐻+                                                                                                         𝑒𝑞.10 

𝑂2 + 𝑒− → 𝑂2
∙−                                                                                                                         𝑒𝑞. 11 

∙ 𝑂𝐻 + ∙ 𝑂𝐻 → 𝐻2𝑂2                                                                                                              𝑒𝑞. 12 

𝑒− + 𝑂2
∙− + 2𝐻+ → 𝐻2𝑂2                                                                                                     𝑒𝑞. 13 

𝑒− + 𝐻2𝑂2 → ∙ 𝑂𝐻 + 𝑂𝐻−                                                                                                   𝑒𝑞. 14 

𝐻2𝑂2 + 𝑂2
∙− → ∙ 𝑂𝐻 + 𝑂2 + 𝑂𝐻−                                                                                       𝑒𝑞. 15 

 

 The significant impact of hydroxyl radicals on SA degradation, as shown in Figure 

19, elucidates the influence of the pathway described in Equation 12, which involves the 

generation of hydroxyl radicals through the oxidation of adsorbed water by electron holes 

created during photonic excitation. Additionally, the significant influence of 
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photogenerated electrons and the minor effect of superoxide radicals suggest the 

involvement of the pathway described in Equation 11, leading to pollutant degradation 

either directly by superoxide or, more likely, by the formation of additional hydroxyl 

radicals, as indicated by Equations 13-15. The surprisingly subtle influence of the 

electron hole suppression can be explained by the reduction in recombination rates of the 

𝑒−/ℎ+ pair, resulting in a higher electron concentration, promoting hydroxyl radical 

generation through the pathway described by Equations 11 and 13-15, thereby 

compensating for the lack of hydroxyl radicals generated through the pathway described 

by Equation 10 [22]. 

Moreover, based on the data from Table 4, a Z-type heterojunction formation 

between ZnO and BaSnO3 was proposed for the ternary material (Figure 20), aligning 

with the staggered band structure of these compounds, the notable photocurrent 

generation capability, lower charge-transfer resistance for the material, and the discussed 

photodegradation results. For the described ternary system, carbon xerogel likely served 

as a solid-state mediator to facilitate the recombination of charges with lower redox 

potential between ZnO (CB = -0.34 eV) and BaSnO3 (VB = 2.16 eV), preserving 

photogenerated electrons in the conduction band of BaSnO3 (CB = -0.96 eV) and electron 

holes in the valence band of ZnO (VB = 2.84 eV). Consequently, the preserved electron 

hole in the valence band of ZnO can cause the oxidation of adsorbed water molecules (E0 

= 2.70 eV), fostering the formation of hydroxyl radicals. Similarly, the photogenerated 

electrons in the conduction band of BaSnO3 may reduce adsorbed oxygen into superoxide 

radicals (E0 = -0.28 eV), consistent with the results discussed for suppressor tests 

performed (Figure 19) [15,22,64,83,84]. 
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Fig. 20 - Z-type heterojunction proposed between ZnO and BaSnO₃, with carbon xerogel as a solid-state 

mediator  

 

 Figure 21 and Table 7 display, respectively, the photographs and the results of 

measurements conducted for the assessment of the phytotoxicity of the post-treatment 

solutions obtained using the optimized ternary catalyst (under solar and visible radiation) 

compared to the initial standard SA solution of 10 mg L-1 and the control solution of 

deionized water. 

 

 

Fig. 21 - Lactuca sativa assays after a 4-day period of incubation: A) Deionized water (control); B) SA 

solution after degradation using 0.375CX/ZnO/BaSnO3 5 % 600 °C under solar radiation; C) SA solution 

after degradation using 0.375CX/ZnO/BaSnO3 5 % 600 °C under visible radiation; D) SA initial solution 

10 mg L-1 
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Tab. 7 - Mean values of root length (mm), shoot length, and total length of lettuce seedlings subjected to 

different solutions. 

 

Solutions 
Root length 

(mm) 

Shoot length 

(mm) 

Total length 

(mm) 

Deionized water (control) 33.86 ± 3.2 a 11.35 ± 2.8 a 45.22 ± 4.2 a 

0.375CX/ZnO/BaSnO3 5 % 

600 °C - Solar radiation 
30.19 ± 5.4 a 8.97 ± 1.7 b 39.19 ± 5.2 b 

0.375CX/ZnO/BaSnO3 5 % 

600 °C - Visible radiation 
21.58 ± 2.7 b 7.65 ± 1.5 b 29.23 ± 3.2 c 

SA initial solution 10 mg L-1 16.61 ± 1.6 c 7.66 ± 1.3 b 24.27 ± 2.6 d 

Note: Mean values followed by the same letters, on the same column, do not differ significantly from each 

other according to the Tukey test (p > 0.05) 

 

Based on the graphical representation of seedlings in Figure 21 and Tables S2, S3, 

S4, and S5, and the data in Table 7 and Figure S1, it was observed that the control group 

showed the highest growth rate in root length, leading to an increase in total plant length, 

consistent with expectations. Subsequently, the group of seedlings exposed to the post-

treatment solution employing the 0.375CX/ZnO/BaSnO3 5 % 600 °C photocatalyst under 

solar radiation exhibited the second-best results for these metrics, in line with the 

enhanced mineralization of the SA solution under solar radiation (Figure 18), which may 

have resulted in decreased xenobiotic concentrations and consequently reduced toxicity. 

Conversely, the group exposed to the solution treated under visible radiation showed 

inferior performance compared to the aforementioned group across all variables, 

highlighting the superior degradation and mineralization efficiency of the pollutant under 

solar radiation, in line with observations in Figures 17A and B, and Figure 18.  

Notably, a more pronounced disparity in root growth was observed, whereas, for 

shoot growth, the results were comparable, apart from the control group. This heightened 

root sensitivity in Lactuca sativa has been previously reported and aligns with the fact 

that the root is the first organ to come into contact with substances in the environment 

and the primary system responsible for the intake and accumulation of substances in the 

plant [85,86]. Lastly, as expected, the group exposed to the untreated pollutant solution 

exhibited the poorest growth in both root and total length, further underscoring the 

detrimental effects of Lactuca sativa's exposure to salicylic acid. 
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 Finally, Figures 22A, B, C, and D show the degradation efficiency results of SA 

using the ternary 0.375CX/ZnO/BaSnO3 5 % 600 °C, by varying the SA concentration 

(2.5-50 mg L-1), salinity (0-30 gNaCl L-1), pH (2.9-9.3), and photocatalyst mass (0.05-0.20 

g), respectively. Furthermore, Table 8 presents the kinetic data obtained using the 

Langmuir-Hinshelwood (L-H) model (Equation 8) for each of the tests conducted. 
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Fig. 22 - Results of photocatalytic tests for the degradation of SA using the best ternary 

(0.375CX/ZnO/BaSnO3 5 % 600 °C) under solar radiation with variation of: A) SA concentration (2.5-50 

mg L-1, maintaining pH 4.7, photocatalyst mass at 0.1 g, and NaCl concentration at 0 g L-1), B) Salinity (0-

30 gNsCl L-1, maintaining SA concentration at 10 mg L-1, pH 4.7, and photocatalyst mass at 0.1 g), C) pH 

(2.9-9.3, maintaining SA concentration at 10 mg L-1, photocatalyst mass at 0.1 g, and NaCl concentration 

at 0 g L-1), and D) Photocatalyst mass (0.05-0.20 g, maintaining SA concentration at 10 mg L-1, pH 4.7, 

and NaCl concentration at 0 g L-1) 
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Tab. 8 - Kinetic parameters of the photocatalytic reactions under solar radiation using 0.375CX/ZnO/BaSnO3 5 % 

600 °C with variations in reaction parameters 

 

SA conc.    

(mg L-1) 

NaCl conc. 

(g L-1) 
Solution pH 

Photocatalyst 

mass (g) 
kapp (min-1) R2 

10* 0* 4.7* 0.10* 0.0085 0.978 

2.5 0 4.7 0.10 0.0117 0.946 

5 0 4.7 0.10 0.0140 0.989 

25 0 4.7 0.10 0.0023 0.992 

50 0 4.7 0.10 0.0010 0.991 

10 3 4.7 0.10 0.0045 0.997 

10 7.5 4.7 0.10 0.0052 0.996 

10 15 4.7 0.10 0.0041 0.993 

10 30 4.7 0.10 0.0041 0.991 

10 0 2.9 0.10 0.0054 0.986 

10 0 7.2 0.10 0.0070 0.994 

10 0 9.3 0.10 0.0070 0.992 

10 0 4.7 0.05 0.0041 0.993 

10 0 4.7 0.15 0.0106 0.949 

10 0 4.7 0.20 0.0094 0.978 

Note: * Reaction standard conditions 

 

  

 Firstly, Table 8 clearly indicates that all reactions adhered to the L-H model, with 

R2 values close to one. Furthermore, Figure 22A and Table 8 demonstrate a decline in 

both degradation efficiency and kapp as the concentration of the pollutant SA increased. 

Since the ternary photocatalyst did not exhibit significant adsorption of the pollutant in 

any of the tests, it is likely that the generation of active radicals for pollutant degradation 

occurred via the adsorption of H2O molecules on its surface. Since the photocatalyst 

quantity was held constant while the SA concentration varied, a similar number of active 

species would be generated irrespective of pollutant concentration. This could explain the 

observed decrease in degradation efficiency as the SA concentration increased [87]. 

Additionally, according to Figure 22B and Table 8, a tendency for reduced degradation 

efficiency and a decline in kapp was observed with an increased NaCl concentration in the 

system. This can be explained by the scavenging effect of Na+ and Cl- ions on hydroxyl 

radicals, which play a crucial role in SA degradation, as shown in Figure 19. 
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Consequently, the higher concentration of these ions in the system hindered the overall 

efficiency of the process [45,88,89]. 

Regarding Figure 22C and Table 8, it was observed that the lowest degradation 

efficiency and kapp were found at the most acidic pH (pH 2.9), which may be explained 

by the partial dissolution of ZnO present in the photocatalyst at this pH [90]. From pH 

4.7 onward, there was no significant change in degradation efficiency, which can be 

attributed to the lack of adsorption of SA molecules on the photocatalyst in any of the 

experiments, suggesting that potential changes in the overall charge of the photocatalyst 

particles with pH variation did not affect the degradation process [45]. This outcome is 

advantageous considering the process's application. 

Finally, Figure 22D and Table 8 clearly demonstrate that varying the photocatalyst 

mass had a significant impact on both degradation efficiency and kapp, with higher masses 

resulting in better efficiency and increased rate constants. This can be explained by the 

greater availability of active species responsible for SA degradation, as their generation 

is directly proportional to the amount of photocatalyst in the system. However, this effect 

was most evident when the mass increased from 0.05 g to higher amounts, as further 

increases caused the solution to become more turbid, hindering the photocatalytic process 

[91,92]. 

 

4. Conclusion 

 

Initially, based on the characterization results, it can be concluded that all 

synthesized materials exhibited the desired components in their structures, validating the 

synthesis routes proposed. Through the process of parameter optimization for the 

CX/ZnO/BaSnO3 ternary system, it was observed that the content of BaSnO3, the amount 

of added tannin, and the calcination temperature influenced the properties and 

photocatalytic activity of the materials; the parameters that yielded the best results for the 

ternary system were: 5 % w/w BaSnO3 content, 0.375 g of added tannin, and a calcination 

temperature of 600 °C. Photocatalytic tests confirmed the superiority of the ternary 

system, demonstrating higher degradation of SA under solar (93.0 %) and visible 

radiation (52.3 %), as well as superior SA mineralization (72.2 %) under solar radiation. 

Moreover, it was identified that hydroxyl radicals have the greatest influence on the 

photodegradation process, followed by photogenerated electrons. The formation of a Z-

type heterojunction was proposed for the composite, given the staggered band alignment 
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observed for the ZnO and BaSnO3 and the potential role of carbon xerogel as a solid-state 

electronic mediator, facilitating efficient separation of photogenerated charges. The 

phytotoxicity tests confirmed the favorable growth rate of Lactuca sativa organisms when 

subjected to SA solutions treated with 0.375CX/ZnO/BaSnO3 5 % 600 °C under solar 

radiation, thereby evidencing the reduction in the overall toxicity of the solution. Finally, 

variations in pH, photocatalyst mass, SA concentration, and salinity significantly affected 

the degradation efficiency of SA when utilizing the 0.375CX/ZnO/BaSnO3 5 % 600 °C 

photocatalyst under solar radiation. The ternary system demonstrated high degradation 

efficiency over a broad pH range, with a more pronounced decrease at the lowest tested 

pH (2.9) and a clear increase in efficiency as more photocatalyst was added, particularly 

when increasing the mass from 0.05 g to higher amounts during SA photodegradation (10 

mg L-1). Furthermore, even at elevated salinity levels (30 g L⁻¹), the material sustained 

good degradation efficiency (>60 %) for SA and proved to be particularly effective for 

pollutant concentrations below 10 mg L-1. 
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