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Abstract 

Three zinc oxides (ZnO A, B, C) with similar spherical morphology but different sizes are synthesized by 
sol-gel methods. A kinetic study is carried out on the photocatalytic activity of these three ZnO, through 
the degradation of p-nitrophenol (PNP). A mathematical model is developed and the rate constants of 
the three catalysts are determined. To understand the parameters influencing the kinetics, the 
catalysts are reduced to the surface of an isolated particle (assuming perfect dispersion conditions 
where all catalytic active sites are available) whose size is determined by X-ray diffraction (XRD) and 
transmission electron microscopy (TEM). However, by considering the real case (not a perfect 
dispersion), it appears that the size of the aggregates induced by the synthesis methods play a more 
important role in the catalytic activity of the three ZnO samples than defects. A discussion on the 
formation of these aggregates highlights the importance of the synthesis parameters, like the solvent 
or the surfactant used to obtain a high dispersion. The dispersion plays a crucial role in photocatalytic 
efficiency, with kinetics three times higher for the catalyst with the best dispersion. Also, as shown by 
photoluminescence and X-ray photoelectron spectroscopy (XPS), the type and amount of defects play 
an important role in the photocatalytic performance. ZnO A and B show a defect peak at 620 nm 
whereas ZnO C shows a defect peak at 680 nm, suggesting a different type of defect on the surface of 
the catalyst that reduces the photocatalytic performance. Electron paramagnetic resonance (EPR) 
measurements are performed to identify the type of radicals involved in PNP degradation. The results 
show that the catalyst with the best dispersion produces the highest amount of hydroxyl radicals. 
Finally, photoluminescence and XPS analyses underline the type and the amount of defects for the 
three photocatalysts. 

Keywords: structure defects, catalyst dispersion, photocatalysis, water treatment, kinetics, ZnO 

  



2 
 

1. Introduction 

 

Water is the basis of life, it is essential but this resource is not inexhaustible, so it is necessary to 
be able to preserve and recycle it. The growing industrial activities of mankind, in order to meet market 
demand, are constantly increasing the amount of waste discharged, particularly into water, polluting 
it and rendering it unsuitable for consumption [1]. For decades, scientists have been working to 
minimize the impact of this industrial development on water quality. Several techniques have been 
developed to purify water, including filtration and/or biological treatment in wastewater treatment 
plants to reduce the pollutants present in the water [2]. However, these techniques have their 
shortcomings when attempting to degrade organic molecules present in trace amounts [3]. 

Advanced oxidation processes (AOPs) have been developed to solve this type of problem [4]. This 
involves producing powerful chemical species in the aqueous phase, known as radicals, which can 
degrade a wider range of molecules compared to traditional methods [5]. Among these methods, 
heterogeneous photocatalysis offers several advantages, including simple synthesis of semiconductors 
used as catalysts, environmental friendliness, and low energy consumption [6]. 

One photocatalyst attracting particular attention is zinc oxide, because it is non-toxic unlike similar 
types of catalysts (for example titanium dioxide), has a bandgap of 3.3 eV and is easy to synthesize, 
inexpensive, and environmentally friendly. There are various methods for synthesizing zinc oxide, 
including two main routes: physical and chemical. Chemical routes include solvothermal [7], 
hydrothermal [8], microwave [9], and sol-gel methods [10], for example. The sol-gel method has the 
advantage of being easy to implement with low environmental impact and low energy cost and will be 
used in this paper [11]. Moreover, the use of sol-gel methods makes it possible to address a number 
of issues concerning ZnO synthesis, which this article sets out to resolve, i.e., lowering the synthesis 
temperature of the materials, controlling their morphology and size and, consequently, their specific 
surface area, which are key parameters in the design of photocatalysts [12]. 

In this study, ZnO catalysts are synthesized in three different ways. The morphology is studied by 
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Also, the presence 
of defects is investigated by photoluminescence (PL) and X-ray photoelectron spectroscopy (XPS). In 
addition, dispersion in solution is measured by dynamic light scattering (DLS), zeta potential 
measurements, and TEM. The photodegradation efficiency is evaluated on a model pollutant, p-
nitrophenol (PNP). A kinetic study of the PNP degradation is made with and without scavenger to build 
a model fitting the experimental data. Also, electron paramagnetic resonance (EPR) experiments using 
a spin trap reinforce the results obtained from the scavenger study, shedding light on the kinetics of 
hydroxyl radical production by the different catalysts. This kinetic study aims to highlight the physico-
chemical parameters that have the greatest influence on the degradation of PNP in order to design 
efficient ZnO catalysts.  
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2. Materials and methods 

 

2.1  Synthesis of photocatalysts 

 

2.1.1 ZnO A  

 

5.9 g of zinc acetate dihydrate (Zn(CH3COO)2.2H2O, VWR CHEMICALS, Netherlands) are dissolved 
in 250 mL of ethanol at 80°C under stirring. After dissolution, the temperature is decreased to 60°C. At 
the same time, 4.5 g of KOH are dissolved in 130 mL of ethanol at room temperature and this solution 
is heated to 60°C. The KOH is then added dropwise into the zinc acetate solution at 60°C and the 
solution is kept under agitation at 60°C for 6 h. After the reaction, the solid from the suspension is 
washed three times with ethanol (C2H6O, MERCK, Germany) and dried in an oven for 12 h at 100°C. 

2.1.2 ZnO B  

 

Zinc acetate dihydrate (16.2 g) is dissolved in 250 mL of diethyleneglycol (DEG) (C4H10O3, MERCK, 
Germany) and the temperature is increased to 140°C to achieve complete dissolution. Then, the 
temperature is increased to 180°C and the solution becomes opaque and white. The mixture is left 
under stirring for 2 h. After that time, the suspension is centrifuged and the solid is washed three times 
with ethanol. The resulting powder is dried at 100°C for 12 h. 

2.1.3 ZnO C  

 

Zinc acetate dihydrate is dissolved in ethanol with the assistance of ethanolamine (EA) 
(NH2C2H4OH, SIGMA-ALDRICH, Germany) at room temperature. In a typical synthesis, 10.98 g of ZnAc 
and 3.05 g of EA are mixed in 160 g of ethanol. The precursor solution is stirred for 10 min. Since the 
zinc oxide is not directly formed in the solution, a thermal treatment is required, which is done at 550°C 
for 2 h, under static air, resulting in a grey powder. 

 

2.2 Sample characterization 

Crystallite structure and phases are determined using a Bruker D8 Twin-Twin X-Ray diffractometer 
with Cu-Kα radiation of 1.54 Å in a range between 2 θ = 10° to 70°. Crystallite size of the different 
samples is estimated using the Scherrer formula:  

𝑑 =
𝐾𝜆

𝛽 cos (𝜃)
 (1) 

where K is a shape factor (0.9), λ is the X-ray wavelength (1.54 Å), β is the full width half maximum, 
and 𝜃 is the Bragg angle. 
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XPS analyses are done using an SSI-X-probe 100/206 spectrometer (Surface Science Instruments), 
equipped with a flood gun (8 eV) for surface charge neutralization. Samples on an adhesive support 
are introduced into a Macor® carousel topped with a nickel grid in order to avoid charge effects. 
Analyses are done at room temperature with an analysis chamber pressure of 10−6 Pa. The main 
peaks analyzed for the three samples are C 1s, O 1s, and Zn 2p. Data treatment is executed with the 
CasaXPS software (Casa Software Ltd., Teignmouth, UK) using a Gaussian/Lorentzian (85/15) 
decomposition treatment and a Shirley-type baseline subtraction. All XPS spectra are calibrated using 
the C–(C,H) component of the C 1s peak localized at 284.8 eV. 

Nitrogen adsorption-desorption isotherms are collected on a micromeritics ASAP 2420 at a 
temperature of −196°C. Before measurements, samples are degassed under high vacuum at 80°C for 
15 h. The specific surface area (SBET) is determined using the Brunauer Emmett and Teller (BET) 
equation by taking the relative pressure data between 0.05 and 0.25. 

Morphologies of the three powders are obtained by scanning electron microscopy (SEM) on a 
TESCAN CLARA device from Bruker operating at 15 keV. The samples, previously dispersed in acetone 
in an ultrasonic bath for 2 min, are placed on a glass slide. The surface is coated with gold before being 
introduced under the microscope. 

Transmission electron microscopy (TEM) is done by taking 30 μL of the samples, previously diluted 
in water and sonicated for 30 min, placed on 200 mesh Formvar/carbon nickel grids (Laborimpex, 
Brussels, Belgium). Samples are dried, examined with a TEM (Jeol JEM1400, Jeol, Zaventem, Belgium) 
at 80 kV and photographed with an 11-megapixel bottom-mounted TEM camera system (Quemesa, 
Olympus). 

The diffuse reflectance (DRS) measurements are performed using a PerkinElmer Lambda1050 UV-
vis-NIR spectrophotometer equipped with a Spectralon-coated integrating sphere with PMT 
(photomultiplier) and InGaAs detectors. The spectra are transformed using the Kubelka–Munk 
function to produce a signal, normalized for comparison between samples, enabling the band gaps to 
be calculated. The details of this treatment method are widely described elsewhere [13]. 

Photoluminescence emission (PL) and excitation (PLE) spectra are recorded using an Edinburgh 
FS920 (Edinburgh Instruments Ltd, Livingston, UK) fluorescence spectrometer, using a 450 W xenon 
arc lamp as excitation source. Samples are fixed on a metallic plate using double-sided non-
luminescent tape. The wavelength of the incident light is the same for the three samples to be 
analyzed, i.e., 325 nm. PL spectra are monitored over a range of 350 to 800 nm in a step of 0.5 nm, 
which allows the entire zinc oxide gap to be scanned. The experiments are performed at room 
temperature. To overcome the problems associated with measuring sample mass, area-under-curve 
ratios of the photoluminescence spectra are used to compare the three catalysts in terms of number 
of defects. 

The zeta potential and hydrodynamic diameter are measured on the different sols with a 
DelsaNano C device from Beckman Coulter, giving information about colloid stability. All the samples 
are sonicated beforehand for 10 min to reach the highest dispersion. 

Electron paramagnetic resonance (EPR) experiments are done at room temperature using a Bruker 
EMX micro and 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin trap. The modulation frequency is 
set to 100 kHz and the amplitude modulation is set to 1 Gauss. Resolution is set to 1024 and 4 spectra 
are acquired for each sample. In a typical experiment, 10 mg of catalyst are dispersed in 10 mL of Milli-
Q water. 100 µL of DMPO are added to the suspension and it is irradiated under UV-A for 150 s to 
produce radicals. A capillary tube is used to put the solution in the EPR cavity. 
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2.3 Photocatalytic experiment 

Photocatalytic performances of the different synthesized powders are evaluated by the 
degradation of a model pollutant, p-nitrophenol (PNP). 

For this purpose, cellular wells are filled with 10 mg of the zinc oxide, previously ground in a 
mortar, and dispersed in 10 mL of a 10−4 M PNP aqueous solution. They are placed in a box under a 
UV-A lamp (wavelength λ = 365 nm and intensity of 1.2 mW/cm2; model: Osram Sylvania, Blacklight-
Blue Lamp, F18W/BLB-T8) with a fan system to maintain a constant temperature of 20°C. 

In parallel, to distinguish photocatalytic degradation of PNP from adsorption, duplicates of all 
samples are made and placed in the dark. 

2.3.1 Kinetic model 

1.5 mL of solution is taken at regular intervals to monitor the degradation of the PNP over time. 
Four points are considered to establish the pollutant degradation constant reaction rate, k. 

Considering a homogeneous dispersion of the powder in the PNP solution, the kinetic parameters 
of the three catalysts are found by determining mass balance of the pollutant as described by Heinrichs 
et al. [14]. Briefly: 

𝑑𝑛

𝑑𝑡
=  − 𝑟𝑚 − 𝑉𝑠𝐶 (2) 

With V = V0 – Vst 

Where n is the mole number of the pollutant, r is the specific reaction rate, m is the mass of the 
catalyst, Vs is the flow rate of the pollutant, V0 is the initial solution volume, V the solution volume, C 
is the concentration of the pollutant and t is the time. It is assumed that the reaction is first order, so 
r = kC. 

As cellular wells are filled with PNP and catalyst, there is no flow rate and equation (2) becomes:  

 
𝑑𝐶

𝑑𝑡
=  −𝑘𝐶

𝑚

V0
 (3) 

By integrating equation (3): 

 

𝐶 =  𝐶0 exp (−𝑘
𝑚

𝑉0
𝑡)(4) 

 

By plotting ln(
𝐶

𝐶0
) as a function of time t, the constant reaction rate k, can be determined. 

In order to validate the theoretical model, aliquots of 1 mL of PNP solution are sampled with a 
syringe after 30 min of degradation. The solution is placed in a PMMA cuvette to which 1 drop of 3 M 
HCl solution is added to promote the acidic form of PNP. Measurements are recorded using a UV-VIS 
spectrophotometer (Genesys 150 UV-VIS from Thermo Scientific) at a wavelength of 317 nm. 

2.3.2 Scavenger experiment 
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Ammonium oxalate and isopropanol are used as, respectively, hole and hydroxyl scavenger at a 
concentration of 0.05 mM in 50 mL of p-nitrophenol aqueous solution filled with ZnO to reach a 1 g/L 
concentration. Measurements are performed after 30 minutes using a UV-VIS spectrophotometer at a 
wavelength of 317 nm. 

 

3 Results and discussion 

3.1 Composition, morphology, and texture of the ZnO nanoparticles samples 

For the three samples, XRD patterns (Figure 1) show the characteristic peaks of the zinc oxide in 
the wurtzite structure with the three main peaks located between 2 θ = 30° to 40°. The diffractogram 
corresponding to ZnO A shows peaks with a higher full width at half maximum height (FWMH) than 
the other two catalysts, meaning a smaller crystallite size, estimated by Scherrer’s formula at 5 nm 
compared to 15 nm for ZnO B and 60 nm for ZnO C (Table 1).  

The three main peaks present different intensities between the samples. The higher intensity of 
the peaks for ZnO C can be explained by the thermal treatment at 550°C, which increases the 
crystallinity and the crystallite size of the powder. 

 

Figure 1. X-ray diffraction patterns for the three powders: ZnO A (black), ZnO B (red), and ZnO C (blue). 
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Figure 2. Nitrogen adsorption-desorption isotherms for the three samples, from top to bottom: ZnO A (black), ZnO B (red), 
ZnO C (blue). 

 

The results obtained by nitrogen adsorption are as follows: ZnO A possesses the highest specific 
surface area at 90 m2/g followed by ZnO B at 42 m2/g, and finally ZnO C at 6 m2/g. Isotherms (Figure 2) 
show different shapes: ZnO A (type I + IV) highlights the presence of micro and mesopores within 
particle aggregates; ZnO B (type I + IV) is made up of micropores and mesopores between the particles 
also forming aggregates. Finally, for ZnO C (type II), the shape of the isotherm suggests the presence 
of macropores only between the particles. 

These results are in excellent agreement with the crystallite sizes determined by XRD. 

 

 

 

Table 1. All data from characterization techniques for the three ZnO samples. 
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Sampl
e 

SBET 
(m2/g

) 

Zeta 
pot. 
(mV

) 

DXRD 

(nm
)  

DDLS 
(nm

) 

DTEM 

(nm
) 

Eg,direc

t (eV) 
XPS : 
Zn & 
O & C 
(mol%

) 

PL_Pea
k area 
1 (PA1) 

PL_Pea
k area 2 

(PA2) 

PL_Pea
k area 
3 (PA3) 

PL_(PA2,3/(PA_1
)) 

k 
(h-

1) 

kp (h-

1nm-2 ) 

ZnO A 90 16 5 552 6 3.29 43; 
47; 9  

11753 1.66*10
7 

- 1412 0.7
4 

9.4*1
0-3 

ZnO B 42 27 15 120 16 3.32 49; 
42; 9 

449474 367150
3 

472205 9 1.8
7 

2.6*1
0-3 

ZnO C 6 21 60 490 65 3.33 52; 
40; 8 

13921 201686
5 

- 144 0.5
4 

4*10-5 

SBET = specific surface area; zeta pot. = indication of colloidal stability of the suspension; DXRD = crystallite size calculated thanks 
to the Scherrer formula from X-ray diffraction (XRD) data; DDLS = hydrodynamic diameter; DTEM = diameter of particle 
determined by transmission electron microscopy (TEM); Eg,direct = direct bandgap; XPS Zn, O, C = mol% of Zn, O, and C 
calculated from X-ray photoelectron spectroscopy (XPS) data; PL_Peak 1,2, or 3 = photoluminescence area under peak 1, 2, 
or 3; k = kinetic constant; kp = kinetic constant based on an isolated particle and equal to k/(4π(DXRD/2))2. 

 

 

 

Figure 3. Scanning electron microscope (SEM) images for the three different catalysts at a magnification of 50000× and 100000×: (a, d) ZnO A; (b, e) ZnO B; (c, f) 
ZnO C. 
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SEM images (Figure 3) show the morphologies of the three catalysts: they are composed of spheres 
that aggregate to form larger structures. As can be seen from the TEM images (Figures 4a and 4d), ZnO 
A exhibits the smallest spheres of 6 nm diameter but the strong aggregation of these small spheres 
forms large aggregates. For ZnO B (Figure 4b), a very good dispersion is obtained with mainly spheres 
of 16 nm. Finally, the ZnO C (Figures 4c and 4f), due to the thermal treatment at 550°C, shows particles 
of 65 nm diameter, which is consistent with results obtained by XRD (Figure 1). The three top images 
(at lower magnification) of Figure 4 show that aggregates obtained are smaller for ZnO C than those of 
ZnO A. 

 

 

3.2 Optical properties and XPS surface composition 

The following paragraphs are devoted to the study of the defects of the three catalysts using 
photoluminescence and XPS. The formation mechanisms of the different catalysts will also be 
discussed. 

The PL spectra (Figure 5) for the three ZnO catalysts are recorded upon 325 nm excitation in order 
to cross the band gap of the catalysts. The peak around 380 nm (named peak 1) corresponds to exciton 
recombination [15] and the other peaks, in the visible (named peak 2) and near IR range (named peak 
3), are attributed to the defects present in the crystal lattice [16–18]. By comparing ZnO A with C, the 
two graphs (Figures 5a and 5c) show some dissimilarities: the maximum of the peak located between 
600 nm and 700 nm is slightly shifted towards longer wavelengths for ZnO C (680 nm, compared to 
610 nm for ZnO A and B) and a shoulder of the peak is observed at around 600 nm, which suggests 
that the type of defect differs between the two catalysts. This makes sense as the ZnO C catalyst 
undergoes a heat treatment at 550°C under static air for 2 h (which also could reduce defects), unlike 
ZnO A and B which only undergo drying at 100°C [15] [17] [19] 

Figure 4. Transmission electron microscope (TEM) images for (a & d) ZnO A, (b & e) ZnO B, and (c & f) ZnO C. 
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Since photocatalytic activity is affected by the concentration and type of defects, these defects 
play a crucial role. This concentration passes through an optimum: if the concentration of defects is 
too high, they act as recombination centers for electrons and holes, whereas if the concentration is 
optimum, they maximize the lifetime of these electron/hole pairs [20] 

By comparing the ratio of the area between exciton peak and defect peak [18], it is possible to 
classify catalysts from those in which more recombination of electron/hole pairs takes place to those 
in which there are fewer (or from less defective to more defective: ZnO B < ZnO C < ZnO A) (Table 1). 
Contrary to what is expected, the more crystalline sample (ZnO C) does not show the lowest amount 
of defects, which is instead seen in ZnO B. Moreover, the size of agglomerates in ZnO C probably 
decrease the electron/hole pairs lifetime, which is not the case for the well-dispersed ZnO B. Finally, 
even if ZnO A shows the largest aggregate size, number of defects could compensate for the negative 
effect on the electron/hole pairs lifetime [21]. 

 

 

 

XPS data, in Table 1, show the percentage of Zn, O, and C in each catalyst. Considering the O/Zn 
ratio for the three catalysts (1.1 for ZnO A and 0.8 for ZnO B and C) and subtracting the amount of 
oxygen coming from carbon contamination (the amount of carbon being almost similar for the three 
catalysts), the ratio of 0.8 for ZnO B and C implies the presence of metallic zinc. It is possible that the 
metallic zinc comes from the partial reduction of zinc from ZnO during the XPS analysis. 

As the XPS penetration depth is between 5 to 10 nm for ZnO A, with a crystallite and (isolated) 
particle size of 5 nm, XPS analysis not only involves the surface analysis of the particle but the entire 
particle, unlike the other two catalysts with larger particle sizes. As the O/Zn ratio is higher (1.1, 
whereas it should be 1 for perfect ZnO), a conclusion may be that zinc hydroxide (Zn(OH)2) could be 
present on the surface of the particle. Moreover, the larger amount of Zn(OH)2 present on the particle 
surface could protect the ZnO from partial reduction to metallic zinc, which is why this ratio remains 
higher than for the other two catalysts. Looking at the O1s curves in Figure 6a, ZnO A has a larger peak 
than ZnO B and ZnO C, suggesting the presence of oxygen in another binding state. Oxygen bound to 
zinc in ZnO bonds has a binding energy of 530 eV, and the shoulder of the ZnO peak towards higher 
binding energies suggests the presence of zinc hydroxide on the particle surface. However, as reported 
in the literature [22] this oxygen binding energy could also correspond to oxygen vacancies. It is 
therefore difficult to distinguish between oxygen from Zn-OH and oxygen vacancies; the latter would 
be in good agreement with the photoluminescence data. The peak located around 1021 eV on 

Figure 5. Photoluminescence (PL) spectra (λexc = 325 nm) for the three ZnO samples: (a) ZnO A, (b) ZnO B, and (c) ZnO C. 
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Figure 6b corresponds to the Zn 2p3/2, which is characteristic of the zinc binding energy in ZnO [23]. 
Despite the peaks linked to the oxygen binding energy, no real difference can be observed between 
them. 

 

 

Figure 6. (a) O1s and (b) Zn2p spectra for the three catalysts ZnO A (black), ZnO B (red), and ZnO C (blue)  

 

Finally, the bandgap of the three catalysts was calculated using the Kubelka-Munk function. The 
three values obtained are fairly close, which is logical given the nature of the catalysts used (pure 
ZnO [24]): 3.29 eV for ZnO A, 3.32 eV for ZnO B, and 3.3 eV for ZnO C. 

 

 

 

 

3.3 Mechanism of ZnO formation for the three different synthesis routes 

 

3.3.2 ZnO A 

The reaction to form ZnO A involves first dissolving the precursors in ethanol at 60 °C as described 
by equation (5). 

Zn(Ac)2.2H2O  Zn2+ + 2Ac− + H2O (5) 

The addition of potassium hydroxide (as described in section 2.1.2) to the zinc acetate solution 
increases the pH and shifts the equilibrium towards the formation of Zn(OH)2, which constitutes the 
nucleation center of zinc oxide [25]. The absence of a surfactant and the viscosity of the solvent play 
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an important role in the particle agglomeration phenomenon [26]. When KOH is added to the zinc 
acetate solution, Zn(OH)2 forms and precipitates, forming aggregates of different sizes. Crystal 
synthesis can be summed up in three main stages [27]: (i) atoms attaching to pre-existing crystals, (ii) 
Ostwald recrystallization, (iii) coalescence. 

The viscosity of the solvent plays an important role in the coalescence phenomenon [27]. It 
decreases at 60°C, increasing the mobility of the species in solution according to equation (6) so that 
the energy of Brownian motion is greater than the Van Der Waals forces, leading to agglomeration of 
the particles [27]: 

μ = 
𝑞

6πⴄ𝑟
 (6) 

where μ is the ionic mobility, q is the ionic charge, ⴄ is the solvent viscosity, and r is the ion radius. 

 

 

 

 

3.3.3 ZnO B 

Zn(Ac)2.2H2O + DEG  ZnO (7) 

Here the zinc acetate is dissolved in the DEG at 140°C and the water contained in the precursor is 
necessary for the reaction to occur. The solvent used in this synthesis has different properties 
compared to ethanol: it is much more viscous (35.7 cP at 20°C) than ethanol (0.57 cP at 60°C). 
However, the viscosity of the solvent strongly decreases with temperature. 

Another parameter seems to have an influence on the dispersion of particles in solution. The 
solvent acts as a stabilizing agent between the particles, caused by maintaining higher electrostatic 
forces between the particles and, thus, a better dispersion. 

Also, the addition of water destabilizes the colloid by modifying the hydrolysis kinetics of the 
precursors and reduces the repulsive forces between the particles, leading to precipitation of the ZnO. 
This explains why only the water contained in the zinc salt precursor is sufficient for the hydrolysis to 
happen. 

3.3.3 ZnO C 

 

 

 

For the last catalyst, ethanolamine (EA) acts as a stabilizer, dissolving the precursors in solution to 
form a complex [28] as described by equation (8). This occurs despite the heat treatment used to 
synthesize zinc oxide (550°C, 2 h), suggesting that particle agglomeration could be limited by the 
complex formed. 

 

(8) 
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3.4 Photocatalytic degradation of PNP under UV-A 

In a typical photocatalyst process, the incident UV-A light promotes electrons from the valence 
band to the conduction band of ZnO particles, creating electron/hole pairs. These electrons are 
involved in redox reactions, creating the reactive oxygen species such as hydroxyl groups (OH●) and 
superoxide anions (O2●−) [29]. 

These photo-generated radicals can react with organic pollutants leading to their degradation. In 
this study. The kinetic model of PNP degradation is assessed in the next paragraphs. 

First, the fitted curve of ln(
𝐶

𝐶0
) versus time being a straight line (Figure 7), the kinetics are of first 

order reaction for each catalyst and the kinetic constants can be calculated for each ZnO and are 
denoted, k, in Table 1. Their evolutions are as follows: ZnO B > ZnO A > ZnO C with a rate constant of 
1.87 h−1, 0.74 h−1, and 0.54 h−1 for ZnO B, A, and C, respectively (Table 1). 

 

 

 

 

 

 

 

 

 

Figure 7

 Experimental determination of kinetic constant k of catalyst-mediated degradation by sampling 1 mL of p-
nitrophenol (PNP) solution at 4 different times. In grey, ZnO A; red, ZnO B; blue, ZnO C 
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To verify the theoretical values obtained based on the mathematical model developed in 
section 2.3.1, 1 mL of p-nitrophenol solution is collected after illumination under UV-A for 30, 60, and 
90 minutes for each catalyst. Figure 8 shows the curve constructed based on equation (4), from 
experimentally determined k values and considering different times for the PNP degradation. 
Experimental points are represented in red and show the consistency between the theoretical model 
and the experimental value. 

 

 

Scavenger experiments (Figure 9) are carried out to more deeply understand the mechanism 
behind the PNP degradation by identifying the role of the different radicals produced in the 

degradation of PNP. The addition of ammonium oxalate (AO) as a hole scavenger prevents water from 
interacting with the holes formed during illumination, resulting in a drastic reduction in the formation 
of hydroxyl radicals. Figure 9 shows that, in the presence of AO, the kinetic rates are reduced by a 
factor of 6 for ZnO A, 9 for ZnO B, and 5 for ZnO C. The trend is similar when isopropanol (IPA) is used 
as a hydroxyl radical scavenger, with a slight increase in degradation kinetics showing that the action 
of all the hydroxyls is not inhibited. This is consistent with the results obtained with AO, which inhibits 
the upstream production of hydroxyl radicals by interacting with the holes formed. 

Figure 8. Curves derived from k values and equation (4) (black) and experimental points for p-nitrophenol (PNP) degradation (red) after 30, 60, and 90 min under 
UV-A for (a) ZnO A, (b) ZnO B, and (c) ZnO C 
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EPR experiments (Figure 10) can also provide information on hydroxyl radical production kinetics 
and corroborate data from the scavenger experiment. Using a spin trap such as 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) allows reaction with hydroxyl or superoxide radicals to form an adduct, 
DMPO-OH and DMPO-OOH, respectively. As the lifetime of the DMPO-OOH adduct is very short [30], 
only DMPO-OH is detected in the experiments. Spectra shown in Figure 10 confirm that the kinetics of 
hydroxyl radical production follows the same trend as for the scavenger experiment, with a stronger 
signal obtained for photocatalyst B than for A and C.  

 

 

Figure 9. Degradation of p-nitrophenol (PNP) by the three catalysts (ZnO A, B, and C) with and without scavenger during 
30 min under UV-A illumination. AO = ammonium oxalate, IPA = isopropanol 
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The following reaction is proposed by other authors [31] for the degradation of PNP by the 
hydroxyl radical: the C-NO2 polarity bond, caused by the electron-withdrawing nature of the nitro 
group and the depletion of the carbon electron, allows the hydroxyl radical to attack this carbon, 
producing hydroquinone, which decomposes into benzoquinone, which the authors confirmed by GC-
MS [31–33]. Next, ring opening producing different species leads to mineralization of the compound. 

 

3.4.1 Surface kinetics of an isolated catalyst particle and discussion on the real case 

To identify the key parameters involved in the performance of photocatalysts, the reaction kinetics 
are considered per surface of an isolated particle (kp, Table 1), for which the size is obtained by XRD 
and TEM. The catalyst with the smallest particle size should have the highest degradation rate, but – 
by considering the present case where the dispersion is not perfect – this is not the case. Looking at 
the TEM images (Figure 4), the differences in dispersion between the three catalysts are significant. 
ZnO B shows a large dispersion whereas ZnO A forms large aggregates, leading to greatly reduced 
catalytic activity. Aggregates do not leave catalytic active sites available for radical production. The 
mechanism of aggregate formation is discussed in section 3.1. In addition, shadow effects are present 
when large aggregates are observed [34]. The larger the aggregates, the less the surface opposite the 
light source is illuminated and the fewer electron/hole pairs are generated, thus reducing the efficiency 
of the catalyst. In addition, the hydrodynamic diameter obtained by DLS and the zeta potential show 
notable differences between the photocatalysts since ZnO A has a value of 552 nm and 16 mV, 120 nm 
and 27 mV for ZnO B, and finally 490 nm and 21 mV for ZnO C, as shown in Table 1. The good dispersion 
resulting in a lower hydrodynamic radius, a higher zeta potential, and greater colloidal stability 
underlie the reason why ZnO B has the highest degradation kinetics.  

As kinetics are reduced to the surface of a particle, the amount of defects can be related to the 
degradation kinetic. ZnO A, whose defect peak from photoluminescence spectra (Figure 5a) 
corresponds to 610 nm, shows the highest kinetics, underlining the importance of defects for 
photocatalysis performance. ZnO B is a close second, with far fewer defects, but its main defect peak 
still corresponds to 610 nm, suggesting the same type of defect as ZnO A. However, when looking at 
ZnO C, which has more defects than ZnO B, the degradation kinetics are slower, and the 
photoluminescence spectrum (Figure 5c) shows a shift of the defect peak towards longer wavelengths 
(680 nm), suggesting that this type of defect reduces photocatalyst performance. 

Figure 10. Electron paramagnetic resonance (EPR) spectra for the three catalysts (ZnO A, B, and C) with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO). 
Spectra are recorded after UV-A illumination for 150 s with DMPO and catalysts at a concentration of 1 g/L. 
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In the real case, despite this poorer colloidal stability, the large specific surface area and the 
amount of defects for the photocatalyst ZnO A are higher than ZnO C, explaining why A’s kinetics are 
slightly better. But, overall, even if ZnO B has a smaller amount of defects, it shows that catalyst 
dispersion plays a crucial role in the photocatalytic process. 

 

4. Conclusion 

In this study, three zinc oxide photocatalysts with different spherical particle sizes were 
synthesized to determine the degradation kinetics of a typical pollutant, p-nitrophenol, under UV-A 
light. A theoretical model was developed to calculate the rate constant of the degradation reactions, 
and this was confirmed by experimental data. ZnO B has the highest rate constant k of 1.87 h−1 versus 
0.74 h−1 for ZnO A and 0.54 h−1 for ZnO C. Reducing the kinetics to the surface of an isolated particle, 
which was determined by integrating data from XRD and TEM characterization, the largest degradation 
kinetics should have been that of ZnO A. However, it was highlighted by TEM and DLS results that the 
different synthesis routes lead to aggregates of different sizes, leading to less accessibility of the 
photocatalytic active sites and shadowing effects, thus reducing the efficiency of the photocatalysts. 
Also, as was shown by photoluminescence and XPS, the type and amount of defects play an important 
role in photocatalytic performance. ZnO A and B show a defect peak located at 620 nm whereas ZnO 
C shows a defect peak at 680 nm, suggesting a different type of defect on the surface of the catalyst 
that reduces the photocatalytic performance. Finally, by considering the real kinetic case (not reduced 
to the surface of a particle), ZnO B displays the best dispersion with a lower hydrodynamic ratio, 
resulting in more active sites available for photoreactions and therefore higher PNP degradation. 

In addition, a study of the type of radicals involved in p-nitrophenol degradation was carried out 
using scavengers and electron paramagnetic resonance. The use of ammonium oxalate showed a high 
degree of inhibition of PNP degradation due to its interaction with the holes formed when the 
photocatalyst is illuminated, preventing the production of hydroxyl radicals, which are therefore the 
species mainly involved in the degradation of the pollutant. Thanks to the use of DMPO, EPR 
spectroscopy showed that radical production kinetics are the highest for ZnO B. 

Finally, the determining factor is, above all, the size of the particles formed – specifically the size 
of the aggregates in solution. To maximize pollutant degradation kinetics, the size of the aggregates 
formed during photocatalyst synthesis must be minimized. 
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 Three ZnO with similar spherical morphology but different sizes are synthesized by sol-gel 
methods.  
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 ZnO A and B show a defect peak located at 620nm while ZnO C is located at 680 nm, suggesting 
a different type of defect reducing the photocatalytic performances. 

 The size of the aggregates induced by the synthesis methods play a more important role in the 
catalytic activity of the three ZnO samples than defects.  

 Kinetics three times higher for the catalyst with the best dispersion.  

 The catalyst with the best dispersion produces the highest amount of hydroxyl radicals.  

 

 


