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Article

Study of the Response Surface in the Photocatalytic
Degradation of Acetaminophen Using TiO2

Adriana Marizcal-Barba 1, Jorge Alberto Sanchez-Burgos 2, Victor Zamora-Gasga 2 and Alejandro Perez Larios 1,*
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Abstract: An effective way to obtain the optimal parameters of a process or experiment is the response
surface method. Using the Box–Behnken design further decreases the number of experiments needed
to obtain sufficient data to obtain a reliable equation. From the equation, it is possible to predict the
behavior of the response with respect to the combination of variables involved. In this study we
evaluated the photocatalytic activity of the synthesized TiO2 for the degradation of acetaminophen, a
frequently used and uncontrolled drug that has been detected with increasing frequency in wastewa-
ter effluents. The variables used for this study were pH, contaminant concentration (acetaminophen)
and catalyst dose. We found, with a 95% confidence level, that 99% of the contaminant can be
degraded to pH 10, contaminant to 35 mg/L and a catalyst dose of 0.15 g TiO2.

Keywords: acetaminophen; photocatalytic activity; TiO2; response surface method; Box–Behnken design

1. Introduction

The response surface method (RSM) is one of the experimental statistical design
techniques that is applied to building models and investigating the effects and interactions
of all selected operating conditions on the response of a given experiment [1,2]. This method
is very effective for the optimization of complex processes, and allows researchers to obtain
the optimal conditions of an operation [3]; this results in more convenience, in that it saves
time, labor and costs [4,5]. Among the most important RSM methodologies, are the 2k and
3k factorial designs, where 2 and 3 are the number of levels to test, and k is the number of
controllable factors [3]. However, a full factorial design (FFD) is impractical because of the
large number of experiments required to predict the outcome [6]. Due to the above, in a
statistical design, what is sought is to accurately predict all the positions of the factorial
space that are equidistant from the center [6]–the most common being Artificial Neural
Networks (ANN), the Central Composite Design (CCD) and the Box–Benkhen Design
(BBD)–n order to optimize the response. The Box–Behnken Design (BBD) provides us with
a second-order response model and can maximize the amount of complex information with
minimum experimentation time [7,8]; even more importantly, it can avoid the need for
analyses of their extreme combinations. With this technique, it is possible to investigate the
effects from three to seven factors, each of them with three levels of experimental condition
(level: low, medium and high). This is proven to be more efficient than other response
surface designs [2,9]. The data obtained from the BBD have been evaluated using the
analysis of variance (ANOVA) technique, to determine which of the controllable factors are
statistically significant, since it compares the quadratic sum of the sources of variation and
provides a confidence interval above 90% [3,6,9]. Among the most investigated variables in
photocatalysis in an RSM are the dose of the catalyst, the concentration of the contaminant
and the pH of the solution [2,5,8–10]. On a smaller scale, the following have been studied:
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the wavelength of the irradiation source [11], the dose of O2 [10], and the size of the
TiO2 particles [6].

Titanium dioxide (TiO2) has been a subject of study in recent decades due to its
wide range of applications in areas such as pigments [12], lubricants [7], optical sen-
sors [13], food and cosmetics [14], either in thin films as two-dimensional material [15], or
in nanoparticles—as well as nanocomposites of TiO2-Fe2O3 [16], Ti-Zr [17] and graphene-
TiO2 [18]—for photocatalytic applications in hydrogen production [19,20], and water treat-
ment [21]. In this sense, the elimination of mainly phenolic compounds [6], organic
pollutants [10], colorants [2,22], pesticides and herbicides [23,24], and drugs [3,8,25–27]
has been studied. In addition, its ability to be used for prolonged periods of time and
the reproducibility of the results of photocatalytic activity have been studied [19,26]. The
photocatalytic process is an advanced oxidation method based on the generation of hy-
droxyl radicals, when UV light is irradiated on a semiconductor catalyst [2]. When TiO2
nanoparticles are exposed to a light source that has an energy higher than its bandgap
(TiO2 = 3.2 eV), it produces the most powerful intermediate oxidative radicals [10]. Irradia-
tion causes electrons in the valence band to migrate to the conduction band, creating the
electron-hole pair (e−–h+) [14]. On the surface of TiO2, the holes (h+) of the valence band
can react with hydroxide ions (OH) or adsorbed H2O; therefore, the adsorption properties
of the substrate affect the reaction rate [5,6]. Meanwhile, the electrons (e−) of the conduc-
tion band can be captured or interact with oxygen molecules; therefore, the availability
of oxygen in the aqueous phase has an effect on the photocatalytic activity to generate
hydroxyl radicals [20]. Due to their high oxidation potential, they react with most organic
compounds to form simpler species such as CO2 and H2O, achieving mineralization [3].
On the other hand, statistical methods have been reported to investigate the effects of
catalyst dose, pH, contaminant concentration, light source wavelength, etc., albeit studying
one parameter at a time [22,23]. However, these methods are inefficient to estimate the
effects between the interaction of the factors, so a reliable prediction cannot be made in a
photocatalytic system [9,28].

In this work, the efficiency of the photocatalytic degradation of acetaminophen with
TiO2 is investigated, using the analysis of the influence of three factors and their interactions
on the determination of the optimal conditions of the experiment. The factors to be studied
are catalyst dose, reaction pH and contaminant concentration, using a BBD as an RSM
optimization method.

2. Materials and Methods

2.1. Chemical Reagents

Ethyl alcohol (Aldrich 99.4%), distilled H2O and titanium (IV) butoxide (C16H36O4Ti,
Sigma-Aldrich 97%) were used as precursors.

2.2. Synthesis of TiO2

TiO2 was synthesized by the sol-gel method. Ethyl alcohol and H2O with a molar
ratio of 8:1 were placed in a three-necked flask, and the solution was heated to 70 ◦C to add
titanium butoxide dropwise. After 24 h, the material was dried at 100 ◦C and ground in an
agate mortar. Finally, the material was calcined at 500 ◦C for 5 h with a heating ramp of
2 ◦C/min.

2.3. Characterization of TiO2

For the micrographs, a TESCAN brand scanning electron microscope, model MIRA3
(LMU, London, UK), with a power of 20.0 KV, was used.

X-ray diffraction studies were performed in Panalytical equipment, empyrean model
(Empyrean, Almelo, The Netherland), with Cu Kα radiation (λ = 0.154 nm) and with a
diffraction angle (2θ) of 10 to 90◦, using a step of 0.03◦ and a time of 3 s per step.

UV-vis diffuse reflectance spectra were obtained with a Shimadzu UV-Vis spectropho-
tometer, model UV-2600 (Shimadzu UV-2600, Tokyo, Japan) coupled with an integrating
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sphere for diffuse reflectance studies. The diffuse reflectance spectrum was obtained and
transformed to a magnitude proportional to the extinction coefficient (α) through the
Kubelka–Munk function, using wavelengths in the range of 900 to 190 nm.

X-ray photoelectron spectroscopy was analyzed in SPECS model III equipment (Thermo
Scientific K Alpha, Tokyo, Japan), with monochromatic Al K radiation (1486 eV) and a
scanning resolution of 0.1 eV. The survey and high-resolution spectra of the sample were
recorded in a constant step energy mode at 60 eV, using a spot size of 400 mm. The vacuum in
the analysis chamber was maintained at 1 × 10−9 Torr during the analysis. Sample loading
effects were corrected for using the O1s offset from 531.0 eV. The system was calibrated by
determining the position of the Au 4f peak at 84.00 ± 0.05 eV.

2.4. Photocatalytic Activity of TiO2

The photocatalytic activity of TiO2 for the degradation of acetaminophen (ACTP) was
investigated using a 400 mL pyrex reactor under UV light, where a 1 mW cm−2 UV lamp
with a wavelength of 256 nm was placed, covered with a quartz tube for immersion. 350 mL
of aqueous solution was prepared for each reactor, according to the experimental design
developed, to evaluate the variables of contaminant concentration (20, 30 and 40 mg L−1),
pH (4, 7 and 10) and catalyst dose (50, 100 and 150 mg) under constant stirring. Before
proceeding to the photoactivity test, the solution was kept in a dark environment to create
an adsorption–desorption equilibrium [29]. The samples were analyzed in a Shimadzu 2600
model UV-Vis spectrophotometer (Shimadzu UV-2600, Tokyo, Japan), from 500 to 190 nm.
The degradation curves were obtained by measuring the absorbance at the wavelength
(243–246 nm) corresponding to acetaminophen [11,27], as a function of time (every 30 min
for 3 h). To calculate the percentage efficiency of acetaminophen degradation, Equation (1)
was used:

Yield (%) =
CA − Ct

CA
∗ 100 (1)

where CA is the initial concentration of the contaminant and Ct is the final concentration of
the contaminant.

The total organic carbon of the samples was analyzed using the Shimadzu model
TOC-LCSN equipment (Shimadzu, Tokyo, Japan), and applying Equation (2)

TOC = TC − IC, (2)

where TOC is the amount of total organic carbon (mg L−1), TC is the total amount of carbon
(mg L−1), and IC is the amount of inorganic carbon (mg L−1) present in the aqueous solution.

To calculate the percentage yield of TOC conversion, the Equation (3) was used:

Yield (%) =
TOC0 − TOCresidual

TOC0
∗ 100 (3)

where TOC0 is the initial concentration and TOCresidual is the final concentration.

2.5. Response Surface Method (RSM)

The RSM establishes a mathematical relationship between the variables evaluated and
the results obtained to adapt a second-order polynomial model according to Equation (4):

y = β0 +
k

∑
i=1

βixi +
k

∑
i=1

βiix
2
i +

k

∑
i=1

k

∑
j=i+j

βijxixj + ε (4)

where y is the response variable, xi is the value for the parameters XA, XD and XpH, β0
is a constant, βi is the value of the regression coefficient, k is the number of independent
variables and ε is the effect of the experimental error.

For the statistical analysis, the analysis of variance method (ANOVA) was applied,
establishing the probability value (p) of 95% (p < 0.05), as the statistical significance level
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parameter for the proposed model. On the other hand, the efficiency of the model was
evaluated by means of the correlation coefficient (R2) and the adjusted correlation coefficient
(R2 adjusted) and the reproducibility was determined by the experimental error.

Data were expressed as mean standard deviation (n). The analyzes of variance used to
assess whether a term has a significant effect (p < 0.05) were performed using one-factor
ANOVA and the Tukey test, both analyzed using the STATISTICA v software. 10 (Statsoft,
Tulsa, OK, USA).

To determine the optimal conditions for degradation and mineralization of acetaminophen
in a photocatalytic reactor, the 3-factor Box–Benkhen design with 3 central points and 3 repe-
titions was applied to determine the optimal conditions to maximize degradation efficiency
of the acetaminophen contaminant. The method consisted of defining a minimum or low
level (denoted as −1), a central or medium level (denoted as 0), and a high or maximum level
(denoted as 1) for each experimental factor, as shown in Table 1. The effects of the interactions
between the experimental factors and their influence on the response were quantified to opti-
mize: the initial concentration of the acetaminophen contaminant (XA mg L−1), the dose of the
catalyst (XD mg) and the pH of the solution (XpH pH).

Table 1. Variables and levels established for statistical analysis.

Variables Factor
Range and Established Levels

−1 0 1

XA ACTP
concentration 1 20 30 40

XD Catalyst
dosageTiO2

2 50 100 150

XpH pH of solution 4 7 10
1 mg∗L−1, 2 mg.

Experimental factors and levels were selected for each factor based on literature values,
available resources and results of preliminary experiments.

3. Results and Discussion

3.1. Characterization

3.1.1. Scanning Electron Microscopy (SEM)

In Figure 1, the micrographs of TiO2 SEM, which presents irregularly shaped hemi-
spherical agglomerated morphology, can be seen. It is suggested that this type of agglomer-
ation is due to electrostatic attractions and/or ionization energy [9].

 

tern is consistent with diffractions at 2θ = 25.4°, 36°, 46°, 53, 53°, 65°

–

Figure 1. Micrograph of the TiO2 NPs.
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3.1.2. X-ray Diffraction (XRD)

Figure 2 shows the XRD patterns of the sample (calcination at 500 ◦C). The TiO2 pattern
is consistent with diffractions at 2θ = 25.4◦, 36◦, 46◦, 53, 53◦, 65◦, which are assigned to the
anatase crystal phase (JCPDD: 21 1272) and correspond to index Miller (101), (004), (200),
(105), (211) and (204). This is corroborated with previous studies where the anatase phase
is obtained after anneal at 500 ◦C [17,30]. It also suggests that the bonds of the original
structure are maintained after calcination.

tern is consistent with diffractions at 2θ = 25.4°, 36°, 46°, 53, 53°, 65°

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

(204)

In
te

n
s
it
y
 (

a
.u

.)

2 Theta (degree)

(101)

(004)
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(211)

–

Figure 2. X-ray diffractogram of TiO2.

3.1.3. UV-Vis Spectroscopy

Figure 3 shows the UV-Vis spectrum of TiO2 as a photocatalyst. The spectrum shows
an important absorption within the UV range (<400 nm), where two peaks are shown in
the region from 400 to 190 nm; this suggests that the peak at 210 nm (green line) could be
associated with charge transfer of the ligand–metal between the tetrahedral Ti4+ and an
an oxygenated ligand such as O2−, and the second peak at 350 nm (red line) is attributed
to the Ti4+ cations in the octahedral environment, as well as to the anatase phase [5]. On
the other hand, the calculated Eg value was 3.20 eV (Figure 4), which coincides with those
reported in the literature [31].

−

200 300 400 500 600 700 800 900

2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6

(A
lp

h
a
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v
))

1
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A
b
s
o
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a
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Ti4+- O2-

-Ti4+

−
Figure 3. UV−Vis spectrum of TiO2.
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−

−

Figure 4. XPS spectra of TiO2.

3.1.4. X-ray Photoelectron Spectroscopy

The superficial chemical composition of TiO2 was analyzed by X-ray photoelectron
spectroscopy. Figure 4 shows the spectra for Ti 2p, O1s and C1s. In Figure 4 (Ti 2p), the
components of the split spin-orbit of Ti 2p, related to the components Ti 2p1/2 and Ti
2p3/2, can be seen; these are found in the band position of 455 and 468 eV, respectively;
these peaks are associated with the presence of Ti4+ species, suggesting that there are no
defects associated with the TiO2 lattice. On the other hand, the behavior of oxygen (O1s), is
characteristic of the material located at 530.5 eV, where oxygen tends to attract electrons,
making the nucleus more electronegative [17]. Furthermore, the bands located at 532 eV, are
attributable to the presence of weakly adsorbed species associated with surface hydroxyl
(OH) groups (Figure 4 (O 1s)) [30].

3.2. Photocatalytic Activity

3.2.1. Model Validation

For the response surface optimization study, the photocatalytic degradation of ac-
etaminophen was performed at each design point of the three factors (catalyst weight,
contaminant concentration, and pH solution) at three levels each. Considering this design,
three replicates of 37 experiments were performed.

In order to avoid any systematic bias in the results, the experiments were performed
randomly and the responses of other process factors, not selected for the object of study of
the experimental design, are considered an error for the experimental design. The coeffi-
cients of the quadratic model, which describes the percentage of degradation (efficiency) as
a function of the reaction condition (independent variable), were calculated by means of a
multiple regression analysis on the experimental data.

The analysis of the BBD was carried out considering a quadratic model for its predic-
tion. The results of the coefficients obtained from the effect of the following factors are
presented individually in Table 2, in addition to the linear (L) and quadratic (Q) interactions
of the model: XA—concentration of acetaminophen (ACTP); XpH—pH; and XD—dose of
catalyst (Wt of catalyst). Those factors and interactions that present a significant effect
(p < 0.05) are shown, and are that of the ACTP factor that had the greatest effect (linear and
quadratic coefficient, respectively), followed by the linear coefficient of the pH factor, the
linear coefficient of the “Wt of catalyst” factor, and the interaction of the linear coefficient
of the ACTP and pH factors. The obtained model has an R2 fit of 0.85 and R2 adjusted of
0.81, for which the model is considered to have a good prediction.
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Table 2. Effect estimates for the efficiency quadratic model.

Factor Effect Std.Err. t (27) p

Mean/Interc. 87.117 0.977 89.178 0.000
(1) [ACTP] (L) −20.361 2.398 −8.492 0.000

[ACTP] (Q) 11.037 1.718 6.423 0.000
(2) pH (L) 12.128 2.41 5.032 0.000

pH (Q) 3.03 1.727 1.755 0.091
(3) Wt of catalyst (L) 4.934 2.346 2.103 0.045

Wt of catalyst (Q) −0.309 1.718 −0.18 0.859
1L by 2L 16.57 3.481 4.761 0.000
1L by 3L 4.832 3.334 1.449 0.159
2L by 3L −1.133 3.3 −0.343 0.734

According to the mathematical model, the optimal conditions of the process are those
presented in Table 3. It is observed that the optimal conditions are an ACTP level of 35,
with a pH of 10 and Wt of catalyst of 150 mg. Table 4 shows the prediction under optimal
conditions, breaking down the values that would be obtained in the model coefficients and
that would allow an efficiency value of 99.03%.

Table 3. Optimal process conditions.

Factor Level Factor
Predicted
Efficiency

Desirability
Value

−95% CI
Efficiency

+95% CI
Efficiency

ACTP
concentration 1 35 99.034 1.000 93.062 105.006

Catalyst
dosageTiO2

2 150

pH of solution 10
1 mg∗L−1, 2 mg.

Table 4. Breakdown of model coefficients under optimal conditions.

Factor Regression Coefficients Value Value

Constant 63.005 0 0
(1) [ACTP] (L) 3.188 35 111.569

[ACTP] (Q) −0.11 1225 −135.202
(2) pH (L) −1.174 10 −11.736

pH (Q) −0.337 100 −33.662
(3) Wt of catalyst (L) −0.094 150 −14.084

Wt of catalyst (Q) 0 22,500 2.781
1L by 2L 0.276 350 96.661
1L by 3L 0.005 5250 25.366
2L by 3L −0.004 1500 −5.664
Predicted 99.034

−95% Conf. 93.062
+95% Conf. 105.006

Acetaminophen concentration (ACTP); Catalyst dosage TiO2 (Wt of catalyst); pH of solution (pH).

The t-value of effects is set on the Pareto chart (Figure 5). The Pareto diagram was
obtained to observe the hierarchy of the effects in each term on the efficiency. If the t-value
of effects set on the Pareto charts is less than or equal to the significance level (p < 0.05),
this reveals that there is a statistically significant association between the response variable
and the term in the model. Significant effects on efficiency were found in the following
order: ACTP Linear > ACTP Quadratic > pH Linear > ACTP Linear * pH Linear > Wt
of Catalyst Linear. The regression coefficients of the quadratic model (Equation (5) and
Table 4) show the effects of each term on the efficiency. Positive coefficients indicated an
increase in efficiency, while negative coefficients indicated a decrease in efficiency. In this
sense, it was observed that ACTP Linear and ACTP Linear * pH Linear favored greater
efficiency. However, the quadratic ACTP, linear pH and quadratic Wt of catalyst terms
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decreased the efficiency, and the other terms in the model were not statistically significant
(p > 0.05); therefore, they do not influence efficiency.

−

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 63.00 + 3.18 ∗ 𝐴𝐶𝑇𝑃 − 0.11 ∗ 𝐴𝐶𝑇𝑃2 − 1.17 ∗ 𝑝𝐻 − 0.33 ∗ 𝑝𝐻2− 0.09𝑊𝑡 𝑜𝑓 𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 + 0.00 ∗ 𝑊𝑡 𝑜𝑓 𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡2 + 0.27∗ 𝐴𝐶𝑇𝑃 ∗ 𝑝𝐻 + 0.00 ∗ 𝐴𝐶𝑇𝑃 ∗ 𝑊𝑡 𝑜𝑓 𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 − 0.00 ∗ 𝑝𝐻∗ 𝑊𝑡 𝑜𝑓 𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡

− −
− −
− −

-.179815

-.343288

1.449238

1.754722

2.103282

4.76073

5.031506

6.422628

-8.49214

p=.05

Standardized Effect Estimate (Absolute Value)

Wt of catalyst(Q)

2Lby3L

1Lby3L

pH(Q)

(3)Wt of catalyst(L)

1Lby2L

(2)pH(L)

[ACTP](Q)

(1)[ACTP](L)

Figure 5. Pareto chart.

Corresponding to the experimental dates, the general mathematical model is the one
presented in Equation (5):

Efficiency = 63.00 + 3.18 ∗ ACTP − 0.11 ∗ ACTP2 − 1.17 ∗ pH − 0.33 ∗ pH2

−0.09Wt of Catalyst + 0.00 ∗ Wt of Catalyst2 + 0.27 ∗ ACTP
∗pH + 0.00 ∗ ACTP ∗ Wt of Catalyst − 0.00 ∗ pH
∗Wt of Catalyst

(5)

This model describes the regression coefficients (Table 4, column of regression coeffi-
cients), corresponding to the quadratic and linear parts of the equation as a function of the
factors (ACTP, pH, Wt of catalyst) and their interactions, with which the behavior of the
response variable (efficiency) can be predicted.

In Figure 6a, the relationship between the pH and ACTP response surface is presented;
when the Wt of Catalyst value is set to 100, there is an efficiency increase with a decrease
in ACTP concentration, but it remains stable throughout the basic pH. In Figure 6b, the
response surface graph of Wt of Catalyst and ACTP at pH 7.24 is shown; it can be noted
that higher efficiency can be obtained when Wt of Catalyst increases, depending on the
increase in the initial ACTP concentration. On the other hand, Figure 6c shows the response
surface plot of pH and Wt of Catalyst at a fixed ACTP value of 29.72. It can be seen that the
highest efficiency values are found in pH values from 8 to 11, and at any Wt of Catalyst;
however, due to process conditions, the appropriate pH is 10. In addition, the initial
ACTP concentration also has an effect, with an optimized dose of 35 mg/L for maximum
degradation efficiency.
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Figure 6. Response surface plot of: (a) pH and ACTP at a fixed Wt of Catalyst value of 100;
(b) Wt of Catalyst and ACTP at a fixed pH value of 7.24; and (c) pH and Wt of Catalyst at a
fixed ACTP value of 29.72.

Additional experiments were performed to confirm the validity and accuracy of the
response surface model within the design variables considered. It was compared with
the degradation percentage calculated using experimental data at a 0.15 g TiO2 dose, a
35 mg/L contaminant concentration and 10 pH in the solution, obtaining a degradation
percentage of 97.19%, with an S.D. of 0.04%. The experimental response is 1.86% lower
than the expected maximum response.

3.2.2. TOC Analysis

Furthermore, in the additional experiments, the samples used for the TOC analysis
were also obtained. The percentage of mineralization was obtained using Equation (3), ob-
taining 60% during the first 3 h of irradiation and continuing up to 95% at 6 h of irradiation.

3.2.3. Proposed Photocatalytic Mechanism

TiO2 is capable of absorbing photons from UV-light-generating holes (h+) in the
valence band and e− in the conduction band, as shown in reaction 1 (r1). Those h+ can then
form hydroxyl radicals (OH•) through oxidative reactions 2 to 4 ((r2) to (r4)).

Light irradiation + TiO2 → TiO2 (h+ + e−) (r1)

h+ + H2O → H+ + OH• (r2)

2h+ + 2H2O → 2H+ + H2O2 (r3)

H2O2 → OH• + OH• (r4)

Furthermore, the electrons in the conduction band form super oxide radical anions
(O2

•−) via reductive reactions, as shown in the follow reactions 5 to 7 ((r5) to (r7))

2e− + O2 → O2
•− (r5)

O2
•− + 2H+ → H2O2 + O2 (r6)

10
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H2O2 → OH• + OH• (r7)

Radicals O2
•− and OH• are strong oxidants that can oxidize recalcitrant compounds

such as acetaminophen, because OH• tends to remove hydrogen or attack the C-C unsatu-
rated bonds, and the O2

•− can lead to total mineralization [5].

4. Conclusions

TiO2 was successfully prepared by the sol-gel method. The TiO2 nanoparticles possess
a spherical agglomeration in cylindrical form. The photocatalyst band gap energy is
3.2 eV and exhibits photocatalytic activity in the degradation of ACTP under UV-Vis light
irradiation. The regression coefficients of the equation obtained show the effects of each
variable and their interactions on the efficiency response of our degradation experiments. A
catalyst loading of 0.15 g is the optimum dosage to enhance the removal rate. The amount
of ACTP removed increases with the initial concentration of the photocatalyst. Increasing
the pH value does not improve removal efficiency due to the surface charge. A multivariate
experimental design was used to develop a quadratic model as the functional relationship
between the percentage removal of ACTP and the three independent variables. Response
surface methodology with a BBD was successfully employed to investigate the significance
of the factors at different levels during the ACTP removal. A satisfactory goodness-of-fit
was observed between the predictive and experimental results. This indicates that response
surface methodology is applicable in optimization of the removal of ACTP by TiO2.
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Abstract: TiO2 thin films are promising as photocatalysts to decompose organic compounds. In this
study, TiO2 thin films were deposited by reactive radio-frequency (RF) magnetron sputtering under
various flow rates of oxygen and argon gas. The results show that the photocatalytic activity decreases
as the oxygen-gas ratio is increased to 30% or less, while the activity increases under oxygen-rich
conditions. It was observed that the crystal structure changed from anatase to a composite of anatase
and rutile, where the oxygen-gas ratio during RF sputtering is more than 40%. Interestingly, the
oxygen vacancy concentration increased under oxygen-rich conditions, where the oxygen-gas ratio is
more than 40%. The sample prepared under the most enriched oxygen condition, 70%, among our
experiments exhibited the highest concentration of oxygen vacancy and the highest photocatalytic
activity. Both the oxygen vacancies and the composite of anatase and rutile structure in the TiO2 films
deposited under oxygen-rich conditions are considered responsible for the enhanced photocatalysis.

Keywords: TiO2 thin film; photocatalyst; oxygen and argon gas flow rates

1. Introduction

Thin films of photocatalysts have been intensively studied as clean technology [1–3].
Photocatalytic thin films can decompose various organic compounds in a solution using
energy from sunlight, and it is relatively easy to separate the catalysts from the solution.
Among many photocatalysts, TiO2 is promising due to its low cost, stable availability, high
durability, and less risk to the human body and environment [4–7]. There are three major
TiO2 crystalline forms: anatase, rutile, and brookite. The rutile phase is the most stable in
bulk at room temperature and ambient pressure.

Several techniques can be used to deposit TiO2 thin films [8], such as the sol-gel
method [3,9], spray pyrolysis [10], pulsed laser deposition [11], e-beam evaporation [12],
chemical vapor deposition [13], and sputtering [14]. Notably, reactive radio-frequency (RF)
magnetron sputtering is a promising technique with desirable features such as excellent
film adhesion and uniform distribution of thickness [15]. It is possible to form films with
various electronic states and microstructures via changing sputtering conditions, such
as RF power, deposition pressure, substrate temperature, and gas flow rate. Especially,
it is the characteristic of reactive sputtering that can control oxygen contents. Then, the
oxygen gas ratio (RO2: [O2 gas flow rate)]/[(Ar + O2) gas flow rate]) is one of the most
critical parameters for photocatalytic activity [16], although the effect of the RO2 is still
controversial. Zhang et al. reported that TiO2 film deposited under a high argon flow rate
absorbs more light irradiation, which results in more electron–hole pairs generated in the
TiO2 film and thus enhanced photocatalytic activity [17]. Huang et al. and Chiou et al.
demonstrated that the photocatalytic activity of TiO2 films is raised with increasing oxygen
flow rate to some extent but finally dropped at the high values of RO2 [18,19]. Furthermore,
the wide range of RO2 conditions was not tested without heating substrate (see Table S1 in
Supporting Information).
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In this study, we synthesized TiO2 thin films via reactive RF sputtering at the condition
with the RO2 values ranging from 0 to 70%. In this study, we synthesized TiO2 thin films
via reactive RF sputtering with changing RO2 and examined the parameters that influence
photocatalytic activity. As the RO2 was increased, the photocatalytic activity decreased with
the RO2 values up to 30% and increased with the RO2 values over 40%. We investigated
the oxygen vacancy concentration, and it decreased with the RO2 values up to 30–40%,
which is a general behavior under the oxygen-rich conditions [15,20]. On the other hand,
interestingly, the vacancy concentration was increased with the RO2 values of more than
40%. In addition, other film properties also showed a change in their tendency at around
RO2 = 40%. These are considered to involve enhanced photocatalytic activity to decompose
an organic dye. A possible explanation of the phenomena will be provided to suggest
suitable deposition conditions for highly active thin-film photocatalysts.

2. Experimental Details

2.1. Synthesis of TiO2 Thin Films

TiO2 thin films were deposited on a glass slide substrate using a reactive RF magnetron
sputtering method with pure titanium (Ti) target. The deposition was performed without a
substrate heater, while the temperature should be slightly raised by the sputtering energy.
The distance between the substrate and the target was 70 mm. The glass slide substrates
with the size of 24 × 48 × 1.2 mm were purchased from Toshinriko Co. Ltd (Tokyo,
Japan). The sputtering equipment is RSC-MG2 produced by CryoVac Inc. (Osaka, Japan).
The target is 99.9% pure titanium provided from Kojundo Chemical Laboratory Co., Ltd.,
(Sakado, Japan). Before deposition, pre-sputtering with a sputtering power of 300 W was
conducted to clean the surface of the Ti target under Ar gas (100 sccm). The deposition time
for a sample was 2 h with a sputtering power of 300 W. During the sputtering, the total flow
rate of Ar and O2 gases was 100 sccm under a pressure of 4.0 × 10−3 Pa. Eight samples
were prepared with different ratios of O2 gas (RO2: [O2 gas flow rate]/[(Ar + O2) gas flow
rate)] = 5%, 10%, 20%, 30%, 40%, 50%, 60%, and 70%). The following characterization
methods were conducted on these samples as deposited.

2.2. Characterization

The crystalline structures were characterized by X-ray diffractometry (XRD) (RINT2100CMJ,
produced by Rigaku Co., Ltd., Tokyo, Japan) using Cu Kα radiation (λ = 1.54184 Å),
operated at 40 kV and 30 mA.

The transmittance measurements of thin-film samples were performed using UV-vis
spectroscopy (Lambda750S produced by PerkinElmer Co., Ltd., Waltham, MA, USA) in the
wavelength range between 250 nm and 800 nm. The average transparency was determined
in the visible light range from 380 nm to 740 nm. The band gaps of thin film samples
were estimated using the Tauc plot method. The TiO2 was reported to have both a direct
forbidden and an indirect allowed transition, where the latter transition dominates the
optical absorption due to the weak strength of the former transition. Thus, we assumed
only the indirect allowed transitions.

A field emission scanning electron microscope (FE-SEM, SU6600 produced by Hitachi
High-Technologies Co., Ltd., Tokyo, Japan) was used to observe the surface morphology
of the thin-film samples at an accelerating voltage of 20.0 kV. The average diameter was
estimated via ImageJ.

The chemical composition and chemical bonding states of TiO2 thin films were investi-
gated by X-ray photoelectron spectroscopy (XPS) analysis (JPS-9030 produced by JEOL Co.,
Ltd., Tokyo, Japan), operated at 10.0 kV and 20.0 mA. A standard MgKα X-ray source was
employed, and the measurement area had a diameter of 10 mm. A high-etching-rate ion
gun with Ar ions was employed to remove the contaminants and hydroxyl (OH) groups on
the specimen surface. The approximate etched depth was 0.2 nm. The obtained data were
analyzed using the software SPECSURF Analysis, which is built-in for JEOL XPS. The Ti3+

and Ti4+ peak areas were utilized to estimate oxygen vacancy concentrations (Ti3+ ratio:
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[Ti3+ peak area]/[(Ti3+ + Ti4+) peak area]) because one Ti3+ ion in TiO2 requires one oxygen
vacancy to accommodate charge neutrality [21].

2.3. Measurement of Photocatalytic Activity

The photocatalytic activity was evaluated via the decomposition rate of methyl orange
(MO). The MO granular solid (purity: 99.9%; produced by Nacalai Tesque Inc., Kyoto,
Japan) was used to prepare a MO solution with a concentration of 0.01 mmol/L, and 16 mL
was utilized for photocatalytic measurements.

A xenon lamp (UXL-500D-O produced by Ushio Co., Ltd., Tokyo, Japan) located above
the solution was used as the light source, which included both ultraviolet light and visible
light (the spectra of the lamp were shown in Figure S1 in Supporting Information). The
power of the lamp was 500 W. A tube with 15 cm (height) of water was placed between the
Xenon lamp and the MO solution to filter the infrared light of the Xenon lamp irradiation
and maintain the temperature. During the photoactivity measurement, the solution was
stirred at 1200 rpm, and the concentration changes in MO were monitored every 20 min
via spectrophotometry.

3. Results

3.1. XRD Measurements

Figure 1 shows XRD patterns of the TiO2 thin films deposited under various oxygen
flow rates. The patterns indicate that the anatase structure is dominant except for RO2 = 70%.
As the RO2 value increases (from 5%), the diffraction peak corresponding to the (110) plane
of the rutile phase at around 2θ = 27◦ was not prominent until RO2 = 30–40%. However, at
RO2 greater than 40%, the rutile structure was distinguished and became comparable with
the anatase structure at RO2 = 70%. The crystallite sizes of the films estimated via Scherrer’s
equation are shown in Table S1 in the Supporting Information. The crystallite sizes did not
indicate the correlation with RO2.

Figure 1. XRD patterns of TiO2 thin films.

3.2. Optical Transmittance Spectra

Figures 2–4 show the optical transmittance spectra of TiO2 thin films, an example of a
Tauc plot based on the spectra, and the band gaps based on Tauc plots, respectively. As
the RO2 value was increased, the band gap was also increased until RO2 = 20%, remained
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constant until 30–40%, and decreased over RO2 = 40%. The reported band gaps of the
anatase and rutile structures are 3.2 eV and 3.0 eV, respectively, for bulk TiO2 [22]. The
constant value, around 3.32 eV, at RO2 = 20–40% could be derived from the anatase structure,
where the difference of 0.12 eV larger than 3.2 eV is explained by the tendency that the
band gap of thin films is generally wider than that of bulk [23,24]. The relatively smaller
values of band gap at RO2 = 5–10% should originate from the rutile structure, which was
slightly detected in XRD results. The rutile structure has a narrower band gap than the
anatase structure. The narrower band gaps in the other RO2 region should be due to the
composite of the rutile and the anatase structure, which is consistent with XRD results. In
fact, the rutile structure mostly disappeared in XRD patterns at RO2 = 20–40%. Therefore,
the change in the band gap is mainly attributed to the crystal structure, though the film
strain could modify the band gap value.

Figure 2. Optical transmittance spectra of TiO2 thin films.
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Figure 3. An example of Tauc plot (the sample deposited under RO2 = 5%).

Figure 4. Band gaps of TiO2 thin.

3.3. SEM Images

The surface morphologies were investigated by FE-SEM measurements (Figure 5).
The average diameters were 23 and 25 nm for the film deposited under RO2 = 5% and 50%,
respectively. Thus, it is suggested that the morphology does not change at the value of
RO2 = 50%.

The thickness of TiO2 films was measured by the cross-sectional FE-SEM images
and the interference of transmitted light. Figure 6 shows that the films gradually became
thinner as the RO2 increased, indicating that the growth rate of the films became slower
with increasing RO2. At high RO2 (low Ar gas ratio), the plasma generation generally
becomes more difficult because Ar can more easily be dissociated than O2; the dissociation
energy of the Ar was about 15.76 eV, and O2 was approximately 48.77 eV [19]. Therefore,
a possible explanation of the thinner film at high RO2 is that the plasma sputtering rate
becomes less intensive.
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Figure 5. Surface morphologies of TiO2 thin films prepared at RO2 = 5% (left) and 50% (right).

Figure 6. Thickness of TiO2 thin films.

3.4. XPS Measurements

The XPS measurements were performed to examine the chemical states of Ti in prox-
imity to surfaces of TiO2 thin films. Figure 7 shows the high-resolution narrow scan of XPS
spectra around the Ti 2p3/2 spin orbital. The main peak (458.0 eV) is ascribed to the Ti4+

state, and the shoulder peak in the lower binding energy region (456.5 eV) is assigned to
the Ti3+ state. The ratio of Ti3+ to Ti4+ corresponds to the oxygen vacancy ratio in TiO2
thin films because Ti3+ is generated when Ti4+ in TiO2 is reduced and releases oxygen [25].
Figure 8 summarizes the Ti3+ ratio changes as a function of RO2. It is noteworthy that the
TiO2 film deposited under the most oxygen-rich condition (RO2 = 70%) has the highest
amount of oxygen vacancies.

3.5. Photocatalytic Activity

Figure 9a shows the photocatalytic activity of the TiO2 thin films for MO degradation.
As indicated by the control test (blank concentration) fluctuation, the error in the concentra-
tion measurement is at least 4.3%. To evaluate the photocatalytic activities, we employed
the MO concentrations at 80 min (Figure 9b), where the decomposed MO amount is sig-
nificant even considering the measurement error. We then found similar behavior in the
degradation rate as well as other properties: that is, with the RO2 increase, the degradation
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rate is decreased until RO2 = 30%, while the rate is increased over RO2 = 40%. The TiO2 film
synthesized under RO2 = 70% showed the highest photocatalytic activity. The correlation
between catalytic activity and the other properties will be discussed in the next section.

Figure 7. XPS results for the binding energy of Ti3+ versus Ti4+ in TiO2 thin films.
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Figure 8. The ratio of Ti3+ to Ti4+ in TiO2 thin films.

Figure 9. The catalytic activity of TiO2 thin films for MO degradation. C0 and C are the concentrations
of MO solution at the initial and at each minute, respectively. (a) The concentration changes over
time and (b) the amount of decomposed MO at 80 min during the activity test (1−C/C0).
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To check whether Ti3+ reacts with MO to become Ti4+, we estimated the amount of
Ti3+ using the thickness of the films and compared them with the amount of decomposed
MO after 80 min irradiation. The amount of decomposed MO is about six orders of
magnitude higher than that of Ti3+ in TiO2 thin film. Therefore, the contribution of Ti3+ to
the decomposition of MO, via sacrificing itself to become Ti4+, was negligible.

4. Discussion

4.1. Plausible Explanation of a Less Oxidized State Induced under the Oxygen-Rich Condition

In this section, we suggest a possible explanation for why the less oxidized state
appeared in the TiO2 thin films prepared under the oxygen-rich condition, RO2 = 40–70%.
According to a previous study [26], oxygen-rich conditions facilitate the nucleation of the
rutile structure. Similar behavior regarding crystal structure changes was also reported in
another study; as RO2 was increased, the rutile structure disappeared first and appeared
again when the synthesis condition became oxygen-rich, and they discussed these phe-
nomena from reactive mechanics in the deposition [27,28]. Hence, the increase in the rutile
structure in the oxygen-rich condition is reasonable. Furthermore, the ab initio calculation
indicates that the rutile structure with (110) facets favors the oxygen vacancies on the sur-
face, rather than the anatase structure with its most stable (101) facet, since their formation
energy at the rutile (110) surface is smaller than that at the subsurface and much smaller
than that in bulk rutile [29,30], which is consistent with our XPS results. Therefore, a higher
concentration of oxygen vacancies is mainly observed due to an increased amount of the
rutile structure, which is produced under oxygen-rich conditions.

4.2. Origin of High Photocatalytic Activity

The photocatalytic activity is generally related to the crystal structure [31–33], band
gap [4], surface morphology [3], and the amount of oxygen vacancy [34–36]. However, the
FE-SEM images show that the surface morphology did not change when comparing the
samples prepared under RO2 = 5% and 50%. Hence, the surface morphology is unlikely
related to the change in the degradation rate. The other three parameters (crystal structure,
band gap, and the amount of oxygen vacancy) are then considered to further examine the
origin of enhanced photocatalytic activity.

Figure 10 shows the relation between the photocatalytic activity and the band gap
(a) or the Ti3+ ratio (b). Based on the XRD patterns, the TiO2 thin films synthesized
under RO2 = 20–30% have only the anatase structure, whereas the samples prepared under
RO2 = 5–10 and 40–70% were composites of the anatase and the rutile structure. Although
the reference [27] indicated that only one of the two structures was formed dominantly at
RO2 = 70%, our sample showed both peaks are distinguished in XRD results, which seems
derived from some other conditions. Generally, the anatase structure is more active than
the rutile structure [37]. However, rutile/anatase composites could show higher activity
than the anatase structure alone [31–33], because the composite interface (heterojunction)
may disturb the recombination of electrons and holes. In addition, the narrow band gap
is preferable for absorbing more light, though a weak correlation between band gap and
decomposition rate is seen, as shown in Figure 10a. Therefore, higher activity is likely
influenced by the existence of composites.

Oxygen vacancies are also involved in promoting charge separation and disturbing the
electron–hole recombination process, resulting in high photocatalytic activity [34–36]. Then,
a relatively large amount of oxygen vacancy in the TiO2 samples could be responsible for
high photocatalytic activity. Although the pre-sputtering in XPS measurement removes the
outermost surface layer (~0.2 nm) and detects the chemical composition in the subsurface,
the oxygen vacancies in the subsurface layer could have a strong potential to enhance the
photocatalytic activity [38]. Thus, the seemingly strong correlation shown in Figure 10b can
be significant and explained in a consistent manner. It is noted that, though the discussed
Ti3+ ratio may not be exactly the same with the as-sputtered surface due to some reduction
of Ti4+ to Ti3+ via Ar ion etching, the difference of the reduction among samples could be
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negligible, and our XPS results on the tendency of Ti3+ ratio are inconsistent with the change
in XRD patterns, band gap, and photocatalytic activity. It is then plausible that our XPS
results are correlated to the oxygen vacancies in the original states. Therefore, the excellent
correlation between Ti3+ ratio and degradation rate, as shown in Figure 10b, strongly
suggests that the oxygen vacancies have a solid potential to enhance photocatalytic activity.

Figure 10. The relationship between the amount of decomposed MO at 80 min during the activity
test (1−C/C0) and (a) Ti3+ ratio and (b) band gap. C0 and C are the concentration of MO solution at
the initial and at each minute, respectively.

Hence, we can conclude that a large amount of oxygen vacancy, the narrower band
gap, and the existence of rutile/anatase composites play an essential role in enhancing
photocatalytic activity. It could be easy to prepare the thin films using reactive RF sputter-
ing under the less oxygen flow condition to attain these three factors in the satisfactory
range. However, this study shows that it is also possible or preferable in higher oxygen
flow conditions.

5. Conclusions

The TiO2 thin films were prepared via reactive RF sputtering under various flow rates
of oxygen and argon gas. We observed the highest photocatalytic activity for the films
prepared under the most oxygen-enriched condition among the prepared samples, 70%.
The origin of the enhanced activity is attributed to the composite of anatase/rutile structure
and the increased oxygen vacancy despite the oxygen-rich sputtering condition. The reason
why a less oxidized state appeared under the oxygen-enriched condition is as follows: the
rutile structure prefers to grow under oxygen-rich conditions at around room temperature
and tends to generate a higher concentration of oxygen vacancies. Therefore, this research
presents the insight that the less oxidized state of TiO2 films can be prepared even in an
oxygen-rich condition. The conditions could be useful for preparing highly photoactive
TiO2 thin films.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/photochem2010011/s1, Figure S1: Spectral irradiance of the
Xenon lamp; Table S1: The comparison of sputtering condition in several pieces of literature; Table S2:
The crystallite size of TiO2 thin films estimated via Scherrer’s equation based on anatase (101) plane.
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Abstract: A comparative study of amino phenoxide zirconium catalysts in the hydrophosphination
of alkenes with diphenylphosphine reveals enhanced activity upon irradiation during catalysis, with
conversions up to 10-fold greater than reactions in ambient light. The origin of improved reactivity is
hypothesized to result from substrate insertion upon an n→d charge transfer of a Zr–P bond in the
excited state of putative phosphido (Zr–PR2) intermediates. TD-DFT analysis reveals the lowest lying
excited state in the proposed active catalysts are dominated by a P 3p→Zr 4d MLCT, presumably
leading to enhanced catalysis. This hypothesis follows from triamidoamine-supported zirconium
catalysts but demonstrates the generality of photocatalytic hydrophosphination with d0 metals.

Keywords: hydrophosphination; photocatalysis; zirconium; phosphines

1. Introduction

Organophosphines have found extensive use in the areas of materials science, biology,
agriculture, electronics, and especially, catalysis [1–7]. Despite their utility, responsible
use of phosphorus is imperative as a result of dwindling supply [2,3,8]. Selective carbon–
phosphorus bond formation has been an ongoing focus of research for these reasons [4,9–14].
A wide range of phosphine chemistry has been developed, with metal-catalyzed hydrophos-
phination being one of the most economic avenues for P–C bond formation. Though
significant progress has occurred [1,7,15–24], challenges remain for this transformation,
with catalyst and substrate scope being two key avenues for improvement [1,15,25–30].

Photolysis has been demonstrated to increase the activity of triamidoamine zirco-
nium compounds for hydrophosphination catalysis while also unlocking reactivity with
previously inert substrates [31–33]. This methodology, irradition during catlaysis or pho-
tocatalysis, has been extended to another group of 15 substrates, leading to improved
hydroarsination catalysis with primary arsines [34]. Photolysis plays a key role in these
reactions, where reactions are sluggish if not inactive under the strict exclusion of light
and distinct from photoactivation where light is only needed to develop an active cat-
alyst [27,31,32,34–36]. Analysis by time-dependent density functional theory (TD-DFT)
suggests the enhanced reactivity under photolysis is due to the population of a charge-
transfer state that exhibits significant σ* character and weakening of the Zr–P bond that
allows more facile substrate insertion [31]. A question arose from the triamidoamine-
supported zirconium studies: is this photocatalysis general? The particular geometry and
frontier orbital arrangement of triamidoamine zirconium may result in exclusive photo-
catalytic activity. To test for general photocatalysis, other known hydrophosphination
catalysts with different geometries and donor ligands must be screened.

Yao and coworkers reported a library of zirconium complexes bearing amino phe-
noxide ligands for the hydrophosphination of alkenes and heterocumulenes [37]. These
compounds gave modest turnovers of the hydrophosphination of several styrene deriva-
tives with diphenylphosphine under ambient conditions and low catalyst loadings [37],
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and a similar study was reported with primary phosphine substrates [38]. Their success-
ful zirconium catalysts with pseudo-octahedral geometries and NxOy donor ligand sets
were ideal to test hypothesis that photocatalytic enhancement is general. Yao and co-
workers’ most active hydrophosphination catalyst bearing an N2O (N2O=O-2,4-tBu2C6H2-
6-CH2N(CH2CH2NMe2)CH2-2-MeO-3,5-tBu2C6H2) donor set was chosen along with a
less active analog bearing an N2O2 (N2O2=1,4-bis(O-2,4-tBu2-6-CH2)piperazine) donor set
(Figure 1). The study of these systems under photocatalytic conditions reulted in substantial
enchancement of activity versus ambient light conditions.

 

Figure 1. Molecular structure of compounds 1 and 2.

2. Results and Discussion

2.1. Photocatalytic Hydrophosphination

Styrene was treated with 1 equiv. of Ph2PH and 5 mol % of (N2O)ZrBn3 (1) at ambient
temperature under visible light irradiation to afford 83% conversion to the corresponding
hydrophosphination product in 2 h (Table 1, Entry 1). Performing the same reaction under
ambient light provided 8% conversion after 2 h (Table 1, Entry 2) and 87% conversion after
a period of 24 h (Table 1, Entry 4). Reactions run in the dark showed severely reduced
product formation, with a scarcely observable (~1%) product, namely phosphine, formed in
2 h (Table 1, Entry 3) and only 4% conversion after 24 h (Table 1, Entry 5). Catalysis was also
expanded to para-substituted styrenes. Reaction of 4-tert-butyl styrene with Ph2PH under
identical conditions led to 70% conversion to the phosphine product (Table 1, Entry 6).
Treatment of 4-bromo styrene with Ph2PH under identical conditions gave 91% conversion
in 2 h (Table 1, Entry 7). Similar reactions were successful with non-styrene substrates. Hy-
drophosphination with 2,3-dimethyl butadiene resulted in 65% conversion in 2 h (Table 1,
Entry 8). Methyl acrylate, a commonly active hydrophosphination substrate, gave 90%
conversion to the hydrophosphination product under identical conditions (Table 1, En-
try 9). Trans-chalcone, a typical model substrate in asymmetric hydrophosphination [29,30],
showed 68% conversion in a modest 24 h period (Table 1, Entry 10).

26



Photochem 2022, 2

Table 1. Intermolecular hydrophosphination of alkenes and Ph2PH catalyzed by 1.

 

Entry Substrate Product Light Source Time Conversion

1
  

LED 2 h 83%

2
  

Ambient 2 h 8%

3
  

Dark 2 h >1%

4
  

Ambient 24 h 87%

5
  

Dark 24 h 4%

6
  

LED 2 h 70%

7
  

LED 2 h 91%

8
  

LED 2 h 65%

9
  

LED 2 h 90%

10
  

LED 24 h 68%

Light sources include ambient light from commercial fluorescent overhead lighting
and direct irradiation by an LED in the form of a commercial bulb, as described in the
Supporting Information.

Greater conversions were observed, even at lower catalyst loadings, for all styrene
substrates through photolysis, complementing the progress made by Yao and co-workers
in identifying this compound for hydrophosphination catalysis [37]. It is clear from these
results that photolysis can serve to improve hydrophosphination catalysis for 1 using
secondary phosphines.

Yao and co-workers demonstrated activity with primary phosphines as well [38]. In
that report, neither 1 or 2 were used, but the reported catalysts resemble those investigated
in the study and their prior work. Given the enhanced activity of 1 and 2 under photo-
catalytic conditions, expansion of the research to primary phosphines was explored. The
reaction of styrene with PhPH2 and 5 mol % of 1 resulted in quantitative consumption
of styrene at 2 h of irradiation (Table 2, Entry 1). The same reaction under ambient light
resulted in 21% conversion (Table 2, Entry 2). Extending the reaction period to 24 h resulted
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in 69% conversion (Table 2, Entry 4). Performing this reaction in the dark resulted in a
severely diminished 2% conversion after 2 h (Table 2, Entry 3) and 4% conversion after
24 h (Table 2, Entry 4). Low conversion under ambient light suggests a reason why 1

was not reported in Yao’s 2018 study [38], but it affirms the impact of photolysis on d0

hydrophosphination catalysts.

Table 2. Intermolecular hydrophosphination of styrene and PhPH2 catalyzed by 1.

 

Entry Product Light Source Time Conversion

1
 

LED 2 h >99%

2
 

Ambient 2 h 21%

3
 

Dark 2 h 2%

4
 

Ambient 24 h 69%

5
 

Dark 24 h 4%

The change in geometry and lower relative reactivity of (N2O2)ZrBn2 (2) as compared
to 1 prompted exploration under photocatalytic conditions. The reaction of styrene with
Ph2PH and 5 mol % of 2 resulted in 91% product formation after 2 h (Table 3, Entry 1).
Conversion under ambient light was behind, providing 12% conversion after 2 h (Table 3,
Entry 2), and 92% conversion after an extended 24 h (Table 3, Entry 4). As expected,
reactions run rigorously in the dark afforded barely detectable conversion after 2 h (Table 3,
Entry 3), and ~1% conversion after 24 h (Table 3, Entry 5). Substituted styrenes showed a
similar trend to 1. However, slightly greater conversions were observed under photolysis
as compared to ambient light. A conversion of 88% was observed for the reaction of 4-tert-
butyl styrene (Table 3, Entry 6), and quantitative conversion was observed for the reaction
of 4-bromo styrene after 2 h (Table 3, Entry 4). Under the same conditions with 2,3-dimethyl
butadiene as substrate, 66% conversion was observed. (Table 3, Entry 6). Quantitative
conversion was seen when using methyl acrylate as substrate (Table 3, Entry 7), and 83%
conversion was observed with pro-chiral trans-chalcone over a period of 24 h (Table 3,
Entry 8).
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Table 3. Intermolecular hydrophosphination of alkenes and Ph2PH catalyzed by 2.

 

Entry Substrate Product Light Source Time Conversion

1
  

LED 2 h 91%

2
  

Ambient 2 h 12%

3
  

Dark 2 h >1%

4
  

Ambient 24 h 92%

5
  

Dark 24 h 1%

6
  

LED 2 h 88%

7
  

LED 2 h >99%

8
  

LED 2 h 66%

9
  

LED 2 h >99%

10
  

LED 24 h 83%

As with 1, the reactivity of 2 in hydrophosphination with PhPH2 was explored. The
reaction of styrene with PhPH2 and 5 mol % of 2 resulted in the quantitative conversion of
styrene to the reaction’s product (Table 4, Entry 1). Using these conditions under ambient
light availed 17% conversion in 2 h (Table 4, Entry 2) and 76% conversion in 24 h (Table 4,
Entry 4). Running this reaction in the absence of light reduced the conversion to ~2% after
24 h (Table 4, Entry 5).
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Table 4. Intermolecular hydrophosphination of styrene and PhPH2 catalyzed by 2.

 

→

Entry Product Light Source Time Conversion

1
 

→

LED 2 h >99%

2
 

→

Ambient 2 h 17%

3
 

→

Dark 2 h >1%

4
 

→

Ambient 24 h 76%

5
 

→
Dark 24 h 2%

2.2. Computational Analysis

Spectroscopic and computational analysis indicated an n→d charge transfer in hy-
drophosphination catalysis using triamidoamine-supported zirconium, which led to im-
proved reactivity as a result of promoted insertion [31]. It was previously hypothesized
that pre-existing catalysts could be enhanced by photolysis, and this was confirmed by
experimental results using 1 and 2. To further elucidate whether enhanced catalysis is a
result of accessing an excited state in potential intermediates where insertion is promoted,
TD-DFT modeling was utilized.

All efforts to produce phosphido complexes of 1 and 2 failed, leading to the employ-
ment of the crystal structure of 2 to construct a structural model [39]. The geometry of the
structural model was optimized using density functional theory (DFT) with the B3LYP
functional and the def2-TZVP basis set [40–43]. The modeling employed the RIJCOSX
approximation and tight SCF convergence criteria [44]. The conductor-like polarizable
continuum model (CPCM) was used to define a solvent through its dielectric constant and
refractive index. The root-mean-square deviation (RMSD) of the optimized geometry of 2

compared to the crystal structure was 0.813 Å. Visually, the DFT-optimized geometry has
more exposed benzyl groups (Figure 2).

The electronic structure of 2 was probed via TD-DFT. The first ten electronic transitions
were calculated with an expansion space of 60 vectors using the B3LYP functional and def2-
TZVP basis set, again employing the RIJCOSX approximation and tight SCF convergence
criteria. Solvent was simulated with the CPCM solvation model. The orca_mapspc was
used to convolute the transitions through Gaussians with a full-width half-max (FWHM)
of 1500 cm−1 [45]. This was compared with an experimental absorption spectrum of 2 in
diethyl ether, revealing a low-energy, low-intensity shoulder and a higher-energy, higher-
intensity peak around 30,000 cm−1 in both the experimental and predicted spectra (Figure 3).
The predicted spectrum was slightly redshifted compared to the experimental spectrum;
a common phenomenon that was also observed in the modeling of triamidoamine zirco-
nium [31].
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−

−

Figure 2. The crystal structure (left) and DFT-optimized geometry (right) of 2.

−

−

Figure 3. TD-DFT-predicted absorbance spectrum at the B3LYP/def2-TZVP level of theory in the
gas phase for 2 (red spectrum) and experimental absorbance spectrum for 2 in diethyl ether (blue
spectrum).

It is important to consider that from the absorbance spectra, B3LYP/def2-TZVP pre-
dicts a consistent electronic structure for 2 assuming the zirconium oxidation state and
molecule charge does not change when forming the active catalyst ((N2O2)ZrBnx(PPh2)y).
If this is the case, the computational model will still be accurate. However, we cannot
conclusively prove this without experimental spectra of the active catalyst.

Structural models of the active catalysts (hereafter A, B, and AB) were prepared from
the B3LYP-optimized geometry of 2 using the program Avogadro [46]. Either one (A), the
other (B), or both (AB) benzyl substituents were replaced with PPh2 substituents. The
geometry of A, B, and AB were optimized using DFT at the B3LYP/def2-TZVP level
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of theory, employing the RIJCOSX approximation, tight SCF convergence criteria, and
simulating benzene solvent using CPCM (Figure 4).

−

Figure 4. DFT optimized geometry of A (left), B (middle), and AB (right) at the B3LYP/def2-TZVP
level of theory.

Geometric optimizations give a final Single Point Energy (SPE). The SPE is related to
the number of atoms, and so only A and B, which have the same number of atoms, can
be compared. There is no energetic preference for replacing Bn A or B with PPh2 over
the other.

TD-DFT calculations at the B3LYP/def2-TZVP level of theory, with the RIJCOSX ap-
proximation, tight SCF convergence criteria, and simulating benzene with CPCM were
carried out to probe the electronic transitions of compounds A, B, and AB. Without experi-
mental spectra, it cannot be conclusively stated that the computational electronic structure
is consistent, but there is good reason to believe it would be. Regardless, the predicted
absorbance spectra were mapped using orca_mapspc to convolute Gaussians with a FWHM
of 1500 cm−1 (Figure in Supplementary Materials). The first 10 electronic transitions were
calculated with an expansion space of 60 vectors.

It was hypothesized that excitation into high-lying excited states is followed by relax-
ation to the lowest-lying excited state, following Kasha’s Rule, from which catalysis was
proposed to occur [31,47]. The lowest three excited states for compound A were found to
be dominated by transitions that exhibit donation from a P 3p orbital to a Zr 4d orbital,
consistent with work using triamidoamine zirconium [31]. The excited states for compound
B were largely the same, to the extent of having the same orbital numbers. In compound
AB, the lowest four excited states were primarily P→Zr donation, because of the second
PPh2 moiety.

The charge and formal oxidation state of zirconium did not change when 2 became A,
B, or AB, and thus, it can be assumed that the computational model will remain accurate.
In all of the active catalyst models (A, B, or AB), the lowest lying excited state—where
photochemistry is proposed to occur via Kasha’s Rule—was dominated by a charge transfer
from the P 3p orbital to the Zr 4d orbital. These were P n→Zr d transitions. Based on
prior results [31], we can assume that this charge transfer is correlated with the elongation
of the Zr–P bond in the lowest-lying excited state, thereby weakening the bond to facili-
tate insertion chemistry. This hypothesis is corroborated by our experimental results in
photocatalytic hydrophosphination using 1 and 2.

3. Conclusions

Irradiation serves to enhance intermolecular hydrophosphination catalysis with 1 and
2 for both secondary and primary phosphines. An accurate computational model of the
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electronic structure of 2 was determined. The lowest lying excited states in compounds A,
B, and AB were found to be dominated by P n→Zr d transitions, likely promoting insertion
chemistry. In sum, these findings establish that photocatalytic hydrophosphination is
not restricted to triamidoamine-supported zirconium, five-coordinate zirconium, or nitro-
gen donors. It is general to other zirconium catalysts equipped with distinct geometries
and donor ligand sets, and these results suggest that this enhancement may be broadly
applicable to d0 metals though a similar mechanism.

4. Synthetic, Spectroscopic, and Catalytic Methods

All air-sensitive manipulations were performed according to a previously published
literature procedure [31,32]. Diphenylphosphine was synthesized according to a modified
literature procedure [48]. In addition, 1 and 2 were synthesized according to modified
literature procedures [37,39]. All other chemicals were obtained from commercial suppliers
and dried by conventional means.

NMR spectra were recorded with a Bruker AXR 500 MHz spectrophotometer in
benzene-d6 solution and reported with reference to residual solvent signal (δ = 7.16 ppm) in
1H NMR spectra. Absorption spectra were recorded with an Agilent Technologies Cary 100
Bio UV-Visible Spectrophotometer (Santa Clara, CA, USA) as ether solutions. (N2O2)ZrBn2
was excited between 700 and 200 nm and the excitation slits were set to 2 nm.

Hydrophosphination of alkenes was carried out in a PTFE-sealed J-Young style NMR
tube charged with 0.1 mmol alkene, 0.1 mmol phosphine (1.0 M benzene-d6 solvent stock
solution), and 5 mol % of catalyst (0.04 M benzene-d6 stock solution). The solutions were
reacted at ambient temperature for the noted periods under irradiation. The consumption of
substrate to product was monitored by 1H NMR and 31P{1H} NMR spectroscopy. Reactions
run in new NMR tubes showed identical conversions as those run in reused, washed
NMR tubes.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/photochem2010007/s1.
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Abstract: This study investigated the decolorization of Remazol Black (RBB) using a TiO2 photocat-
alyst modified by S and Co co-doped TiO2 (S-Co-TiO2) from a single precursor. X-ray diffraction,
Fourier transform infrared spectroscopy, scanning electron microscopy, and UV–Vis specular re-
flectance spectroscopy were used to characterize the photocatalysts. The results revealed that the
band-gap energy of the doped and co-doped TiO2 decreased, with the S-Co-TiO2 8% showing the
greatest one, and was found to be 2.78 eV while undoped TiO2 was 3.20 eV. The presence of S and
Co was also identified through SEM-EDX. An activity study on RBB removal revealed that the
S-Co-TiO2 photocatalyst showed the best result compared to undoped TiO2, S-TiO2, and Co-TiO2.
The S-Co-TiO2 8% photocatalyst reduced RBB concentration (20 mg L−1) up to 96% after 90 min of
visible light irradiation, whereas S-TiO2, Co-TiO2, and undoped TiO2 reduced it to 89%, 56%, and
39%, respectively. A pH optimization study showed that the optimum pH of RBB decolorization by
S-Co-TiO2 was 3.0, the optimum mass was 0.6 g L−1, and reuse studies show that S-Co-TiO2 8% has
the potential to be used repeatedly to remove colored pollutants. The results obtained indicate that
the modification of S, Co co-doped titania synthesized using a single precursor has been successfully
carried out and showed excellent characteristics and activity compared to undoped or doped TiO2.

Keywords: cobalt; decolorization; photocatalyst; Remazol Black; sulfur; TiO2

1. Introduction

Dyestuff waste is a significant source of contamination in the aquatic environment.
Among various synthetic dyes, Remazol Black (RBB) is the most widely used because of its
low energy consumption during the dyeing process, water fastness, color brightness,
and good fixation characteristics on fabric fibers [1,2]. However, due to its complex
chemical structure, this dye is stable and difficult to biodegrade, so the concentration in the
environment does not tend to decrease [3–6]. The release of this dye into the environment
is extremely hazardous because it can produce toxic, mutagenic, and harmful by-products
of oxidation, hydrolysis, and other chemical reactions that occur in the wastewater mixture,
which are toxic, mutagenic, and harmful to microorganisms, aquatic life, and humans [5].
Therefore, an efficient method is needed to remove the dye concentration from wastewater
before being discharged into the environment.

One of the effective methods for dealing with various organic pollutants such as
dyestuff waste is advanced oxidation processes (AOPs) using heterogeneous photocata-
lysts [7,8]. Compared to other semiconductors, TiO2 is the most widely used due to its
advantages such as high photocatalytic activity, stability, non-toxicity, and low cost, and it
has been widely used for environmental pollution control, especially water pollution by
dyestuff waste [9,10]. However, due to its large band gap (anatase 3.2 eV), TiO2 can only
be activated by UV radiation, which is only 3–4% of the available total solar radiation. To
improve the efficiency of photocatalyst activity in the visible light region, TiO2 should be
further modified [11–13].
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Modification with dopants has been shown to reduce the band-gap energy and in-
crease the responsivity of TiO2 to the visible light region. The use of single dopants has
been widely studied. However, there are several drawbacks to the effects of single doping,
including that high doping levels are almost unattainable due to the mismatch of ionic
charge and/or atomic radius of the dopants with TiO2, thermal instability, and the rate of
electron recombination being increased compared to undoped conditions [14], which can
inhibit the photocatalytic activity of TiO2. Co-doping can be an alternative to solve this
problem. The co-doping technique is an effective method for lowering the band gap energy
of TiO2, allowing TiO2 to be responsive in the visible light range [15–18]. Meanwhile, the
combination of metallic and non-metallic dopants proved to be effective in reducing the
band gap energy of TiO2 significantly, reducing electron and hole recombination that might
result from a single doping effect, thereby increasing photocatalytic activity in the visible
spectrum for efficient utilization of sunlight [19].

Compared to other non-metallic dopants such as N and C, sulfur is considered ad-
vantageous due to its ability to narrow the band gap, high thermal stability, and enhanced
photocatalytic activity [10,20–22]. Meanwhile, incorporation of 3D transition metals into
TiO2 is also an effective approach to reducing the band gap energy. The unfilled d-electron
structure in transition metals can accommodate more electrons, allowing transition dopants
to act as a photogenerated electron–hole pair trap, reducing the occurrence of electron–hole
pair recombination on the photocatalyst surface [23]. Among other transition metals such
as V, Cr, Mn, Fe, and Co, cobalt is considered a good candidate for TiO2 doping due to
the similarity of the ionic radius of Co2+ to Ti4+, and it has been shown to increase the
photocatalytic activity of TiO2 in the visible region [24–26]. Co-doping modification of TiO2
with S and Co has been reported. However, to the best of our knowledge, no studies have
reported the use of a single precursor as a source of S and Co dopant, as well as activity
assays for photocatalytic decontamination of Remazol Black under visible light exposure.
Furthermore, we developed light-emitting diodes (LED) as a light source due to their long
lifetime and high energy efficiency compared to typical light sources such as Xe lamps and
Hg-Xe lamps [27].

2. Materials and Methods

2.1. Materials

Titanium(IV) isopropoxide (TTIP, 97%) was purchased from Hangzhou Jiu Peng Ma-
terial Co., Ltd. (Zhejiang, China). Ethanol (C2H5OH, 99.5%), cobalt(II) sulfate (CoSO4),
thiourea (CH4N2S), cobalt(II) chloride hexahydrate (CoCl2·6H2O), hydrochloric acid (HCl,
36%), sodium hydroxide (NaOH), and Remazol Black (RBB, C26H21O19N5S6Na4,
MW = 991.82 g mol−1) were obtained from Merck, and deionized water was used in
this work. The chemical structure of RBB is shown in Figure S1.

2.2. Synthesis of Photocatalysts

The sol-gel method was used to synthesize all of the photocatalysts. Under magnetic
stirring, titanium(IV) isopropoxide (97%) was stoichiometrically dissolved in 20 mL ethanol.
In separate bins, 0.24 g of thiourea was dissolved in a mixture of distilled water and ethanol
(1:1 volume ratio) to obtain a dopant concentration of 10% S (w/w). The prepared TTIP
solution was added dropwise to this solution under magnetic stirring, and the pH of the
solution was adjusted to 3 with the addition of 1 M HCl. Stirring was continued for 2 h,
and then the mixture was allowed to stand for 24 h for the gel ripening process. Then, the
gel that formed was dried in an oven at 80 ◦C for 4 h, and the solid obtained was calcined
at 450 ◦C for 3 h. The catalyst obtained was labeled S-TiO2.

To synthesize Co-doped TiO2, a similar method to the previous one was used.
CoCl2·6H2O 4% (w/w) as a source of Co dopant was dissolved into a mixture of dis-
tilled water and ethanol to obtain a solution of Co. The prepared titanium solution was
added dropwise into this dopant solution, followed by a similar procedure for the S-TiO2
synthesis, and then the catalyst was marked as Co-TiO2.
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To synthesize S and Co co-doped TiO2, a stoichiometric amount of titanium(IV)
isopropoxide was dissolved in ethanol absolute under magnetic stirring (solution A). At
the same time, 47.91 mg of CoSO4 was dissolved in a mixture of distilled water and ethanol
(volume ratio 1:1) to obtain the desired ratio of 4% (w/w) Ti: CoSO4 dopant concentration
(solution B). Solution A was added dropwise to solution B under magnetic stirring, then
the solution pH was adjusted to 3.0 with the addition of 1 M HCl, and stirring continued
for 6 h, followed by aging for 24 h. Afterward, the gels were dried at 80 ◦C for 4 h to
evaporate water and organic materials. Then, dry gels were calcined at 450 ◦C for 3 h
to control the crystal phase of the catalyst. The final catalyst was thoroughly milled and
labeled as S-Co-TiO2 2%. A similar procedure was followed to prepare S-Co-TiO2 with
concentration ratios of 6%, 8%, and pure TiO2 without adding dopants.

2.3. Photocatalyst Characterization

The composition and crystalline phase of the photocatalyst was identified by X-ray
diffractometer (XRD Shimadzu 6000, Cu Kα radiation λ = 0.15406 nm as the source of
X-rays, operated at 40 kV, 30 mA, the angular range of 2θ = 5–90◦ and nickel as the filter).
The crystallite size of the prepared photocatalyst was estimated by Scherrer equation
(Equation (1)):

D =
kλ

β cosθ
(1)

where k is a shape factor (0.94), λ is the wavelength of Cu Kα source used, β is the full
width at half maximum (FWHM), and θ is the angle of diffraction.

A Fourier-Transform Infrared (FTIR) spectrophotometer (Shimadzu Prestige 21) was
used to verify the functional groups and chemical bonds in the photocatalyst in the
wavenumber 400–4000 cm−1. Scanning Electron Microscopy (SEM) equipped with Energy
Dispersive X-ray Analysis (EDX) was used to determine nanoparticle morphology and
nanoparticle composition, and to identify the photocatalyst light absorption profiles, UV–
Vis Specular Reflectance Spectroscopy (UV–Vis SRS) was used.

2.4. Photocatalytic Activity

The photocatalytic activity of the synthesized S-Co-TiO2 was studied for Rema-
zol Black (RBB) decolorization using a batch system in a closed reactor equipped with
4 UV lamps (@20 W, intensity 200 lm/m2) and 4 visible lamps (TL-D, intensity @20 W,
2000 lm/m2), which can be adjusted for use (Figure S2). For comparison, photocatalytic
activity tests were performed under the same conditions on other prepared photocatalysts
TiO2, S-TiO2, and Co-TiO2. The variables studied included the type of photocatalyst, light
source, initial pH, photocatalyst dose, dye concentration, and photocatalyst reuse test. In
the study of light source parameters, visible light or UV light can be adjusted as needed, so
the visible and UV tests were carried out under different conditions. At the beginning of
the photocatalytic reaction, the prepared photocatalyst was dispersed in RBB solution and
then magnetically stirred for 30 min in the dark without irradiation to achieve adsorption–
desorption equilibrium conditions. The following process is a photocatalytic reaction
initiated by contacting the solution with visible/UV light under continuous stirring. The
photocatalyst was separated from the solution by centrifugation at 5000 rpm for 10 min
at certain time intervals. Furthermore, the residual concentration after the photocatalytic
process was investigated using a UV–Vis spectrophotometer at a wavelength of 598 nm
(λmax = 598 nm). The efficiency of RBB removal by photocatalyst was determined using
Equation (3):

The removal efficiency of RBB (%) =
Ci − C f

Ci
100 (2)

where Ci was the initial RBB concentration (mg L−1) and Cf was the final RBB concentration
(mg L−1). Each experiment was repeated four times.
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2.5. pH Point of Zero Charge (pHPZC) of TiO2-S-Co

pHPZC of S-Co-TiO2 was determined using the procedures from previous work [28]
with a few modifications. A 0.1 g measure of catalyst was added to 25 mL 0.1 M NaNO3.
The pH of the solution was adjusted by adding HCl or NaOH solution to obtain pH values
in the range of 2–11. The final pH values of the solution were determined after constant
shaking for 2 h at 293 K and left for 24 h.

3. Results and Discussion

3.1. Photocatalyst Characterization

3.1.1. XRD Analysis

The crystal phase of the photocatalyst was analyzed using XRD, and the XRD pattern
is shown in Figure 1. The diffraction pattern of pure TiO2, S-TiO2, Co-TiO2, and co-doped
S-Co-TiO2 showed the major peaks of the crystal planes for (101), (200), (105), (211), (204),
and (215) corresponded to the anatase phase of TiO2 (JCPDS reference No. 21-1272), and
no other phases such as rutile or brookite appeared in the samples.
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Figure 1. XRD pattern of undoped, doped, and co-doped TiO2 photocatalyst.

There were no other crystallite peaks for S and Co ions in any samples, indicating that
the S and Co dopants were evenly distributed on the titania surface [15]. Furthermore, the
diffraction peaks of doped and co-doped samples shifted narrowly to a larger diffraction
angle, followed by a decrease in peak intensity compared to undoped TiO2. The difference
was also observed in the average crystallite size (D) (Table 1), which is estimated using
Scherrer’s equation (Equation (1)). It was shown that the presence of dopant reduced
the average crystallite size, with the most significant decrease attributed to the co-doping
effect. As previously reported, the shift in diffraction peaks accompanied by a decrease in
intensity and the average crystallite size after co-doping can be attributed to the presence
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of new bonds formed after the addition of sulfur and cobalt dopant to titania, in the form
of Ti–O–S or Ti–O–Co bonds or both, which suppresses titania crystal growth and causes
distortion of the crystal structure [25,29,30].

Table 1. The average crystallite sizes and the band gap energy of undoped TiO2 and S-TiO2, Co-TiO2,
and S-Co-TiO2.

Photocatalyst D (nm) Band Gap (eV)

TiO2 5.154 3.20
S-TiO2 3.504 3.16

Co-TiO2 5.170 3.15
S-Co-TiO2 4% 2.405 2.82
S-Co-TiO2 6% 2.079 2.83
S-Co-TiO2 8% 2.445 2.78

3.1.2. FTIR Analysis

The functional groups formed on the photocatalyst before and after doped and co-
doping were identified using the FTIR spectrum (Figure 2). Based on Figure 2, the spectrum
of undoped TiO2 displayed a broad absorption band at 3400–3600 and 1635 cm−1, which
were identified as stretching and bending vibrations of the hydroxyl groups on the TiO2
surface [20]. The adsorption band at 2924 cm−1 was defined as the Ti–OH2 group vibration,
and the strong absorption band at 500–800 cm−1 was defined for Ti–O strain vibrations [31].
In the S-TiO2 and Co-TiO2 doped samples, the Ti–O absorption band widens and shifts
slightly to a lower wavenumber due to the substitution of Ti4+ ions by Co2+ ions [32] and
Ti4+ by S6+/S4+ ions [33,34]. A more significant shift occurred in the S-Co-TiO2 sample,
which was associated with the substitution of the Ti4+ ion by the two dopants S6+ and
Co2+ ions. This replacement caused more defects, particularly oxygen vacancies, due to
the charge neutrality after the replacement of Ti4+ by Co2+ or/and S6+S4+ [32,35]. Then,
in the S-TiO2 and S-Co-TiO2 samples, a new peak appeared at 1047–1080 cm−1, which
corresponds to the bending vibration of Ti–O–S. This bond is formed from the substitution
of Ti4+ by S6+/S4+, which also causes the Ti–O bond to weaken [36]. Furthermore, the peak
at 1120–1125 cm−1 confirmed the S–O bending vibration in the form of SO4

2−, indicating
that S was presented in cationic species (S6+/S4+) since the substitution of Ti4+ by S6+/S4+

is chemically more favorable than the substitution of O2− by S2− (anionic sulfur), because
of the ionic radius of S2− (1.7 Å) is quite larger than O2− (1.22 Å), so this substitution is
difficult to achieve compared to the substitution by the cationic sulfur [20,34]. Meanwhile,
the shift in the Ti–O absorption peak was greater in the co-doped sample than the doped
sample, indicating that more Ti ions were replaced by S and Co dopants [15,18].
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Figure 2. FTIR spectra of (a) pure TiO2, (b) S-TiO2, (c) Co-TiO2, (d) S-Co-TiO2 4%, (e) S-Co-TiO2 6%,
and (f) S-Co-TiO2 8%.

3.1.3. SEM Analysis

SEM analysis was used to identify the surface morphology of the photocatalysts, and
the SEM micrographs of undoped, doped, and co-doped TiO2 are presented in Figure 3.
The surface of pure TiO2 showed a uniform spherical morphology and size homogeneity.
After being modified with Co dopant, the photocatalyst showed a surface with large and
inhomogeneous agglomerates, while after co-doped with S and Co, the particles formed
homogeneous spherical agglomerates with smaller sizes.

EDX was employed to classify the elemental composition of the photocatalyst. The
EDX pattern confirmed the presence of S, Co, or both dopants in the S-TiO2, Co-TiO2, or
co-doped TiO2 samples in addition to the main elements Ti and O (Figure 3). A small
amount of sulfur could not be identified in the S-Co-TiO2 4% sample, which may be due to
the dopants’ content being too small. Other than that, the EDX pattern confirmed that all
the targeted elements are in the TiO2 co-doped sample (Table 2).

Table 2. The elemental composition of undoped TiO2, S-TiO2, Co-TiO2, and S-Co-TiO2.

Element
% Atom

TiO2 S-TiO2 Co-TiO2 S-Co-TiO2 4% S-Co-TiO2 6% S-Co-TiO2 8%

Ti 27.28 22.53 29.07 21.26 20.93 22.94
O 72.72 77.37 69.35 78.37 78.60 76.25
S - 0.10 - - 0.09 0.17

Co - - 1.58 0.38 0.39 0.63
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Figure 3. SEM images of (a) pure TiO2, (b) S-TiO2, (c) Co-TiO2, (d) S-Co-TiO2 4%, (e) S-Co-TiO2 6%, and (f) S-Co-TiO2 8%.

3.1.4. UV–Vis SRS Analysis

The UV–Vis SRS spectrum revealed the optical properties and band gap energy of
the photocatalyst. Figure 4 exhibits the UV–Vis SRS spectrum and Tauc’s plot of undoped,
doped, and co-doped TiO2. As shown in Figure 4a, TiO2 shows an ultraviolet absorption
semiconductor profile (200–400 nm) due to the large band gap energy of anatase TiO2
(3.2 eV). A small red-shift to the visible region was observed in the S-TiO2 sample due
to the formation of a new sub-band gap in the valence band (VB) from the formation
of the Ti–O–S bond after S doped to titania [37]. The new sub-band gap is formed by
mixing the S3p orbital with the O2p orbital, which narrows the band gap of TiO2 [25]. The
distinctive red-shift was also observed in the Co-TiO2 sample, indicating that Co-TiO2
has an absorption in the visible region. The optical absorption mechanism of undoped
TiO2 is the transition energy from the valence band to the conduction band. The sp-d
exchange interaction between the band electrons and the localized d-electrons of the Co2+

ion replacing the Ti4+ cation is responsible for the red-shift in the Co-TiO2 sample. This
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interaction between sp and pd causes a downward shift in the conduction band (CB) and
an upward shift in VB, narrowing the band gap system [38].
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Figure 4. (a) UV–Vis SRS spectrum and (b) Tauc’s plot of prepared photocatalysts.

Meanwhile, the red shift in the co-doping sample (S-Co-TiO2) was the most significant
compared to the previous two doping samples (S-TiO2 or Co-TiO2). The S-Co-TiO2 sample
displayed a high adsorption profile in the ultraviolet region, even higher than undoped
and doped TiO2. Then, the absorption bands are significantly widened to the visible
light region, implying that the photocatalyst activity in visible light has increased due
to the impurity of S and Co co-dopants in TiO2. The SRUV–Vis absorption data were
implemented into a Tauc’s plot between (αhV)2 versus hV to determine the band gap energy
before and after modification, and the results are presented in Figure 4b. The band gap
energy of undoped TiO2 was identified to be 3.2 eV. When impurity S is present in TiO2, the
band gap is reduced to 3.16 eV, while doping by Co lowered the band gap to 3.15 eV. The
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decrease in band gap energy was more significant when TiO2 was co-doped by S and Co.
The addition of 4% and 6% CoSO4 as a single precursor of co-dopants caused a decrease
in the band gap to 2.82 and 2.83, respectively. The most significant decrease occurred at
the S-Co-TiO2 8% sample, resulting in a band-gap width of 2.78 eV (Table 1). The more
significant band-gap narrowing in the co-doped sample may be due to the formation of two
impurity states close to the VB and CB. One is formed by mixing the S3p orbitals with the
O2p orbitals of the S dopant, and the other is formed by exchange interactions between the
sp on the electrons band and d-electrons of the Co2+ ion that replaces the Ti4+ ion [25,38,39].

3.2. Photocatalytic Performance on RBB Removal

3.2.1. Effect of Different Photocatalyst

The prepared photocatalysts TiO2, S-TiO2, Co-TiO2, and S-Co-TiO2, were used in the
photocatalytic removal of RBB under visible or UV-light irradiation separately to evaluate
the photocatalytic activity before and after modification. In this experiment, 20 mg L−1

of RBB solution was added with the prepared photocatalyst and then irradiated with
visible/UV light for a certain time. The results of RBB removal using various photocatalysts
are shown in Figure 5.

−

  

− −

Figure 5. The effect of various photocatalysts on the removal efficiency of RBB using (a) visible, and (b) UV–light irradiation,
RBB concentration: 20 mg L−1, photocatalyst dosage: 1 g L−1, and pH: 5.5.

In order to determine the photolysis properties of RBB, the removal concentration
without the addition of the photocatalyst was also investigated. The results showed that
RBB did not undergo photolysis after 150 min of UV or visible light exposure.

Figure 5a shows the photocatalytic activity of various prepared photocatalysts under
visible light. A reasonably good result is shown in the S-TiO2 sample. The undoped TiO2
was only able to degrade 49% of RBB after 150 min of visible light exposure. Meanwhile,
after dopant addition, the removal efficiency of RBB increased to 94% and 61% for S-TiO2
and Co-TiO2 after 120 min of exposure, respectively. However, the most effective removal
of RBB was obtained from the TiO2 co-doped by S and Co 8% (S-Co-TiO2 8%) photocatalyst.
Although S-TiO2 reduced 94% of dye concentration, time efficiency can be achieved in
co-doped samples (S-Co-TiO2 8%), which can remove 96% of RBB in 90 min of visible light
irradiation. Thus, the S-Co-TiO2 8% demonstrated the best photocatalytic performance
compared to other prepared photocatalysts.

Under UV irradiation, the S-Co-TiO2 8% sample also demonstrated the highest photo-
catalytic activity compared to other photocatalysts. During 90 min of UV irradiation, 98%
of RBB could be removed, while S-TiO2, Co-TiO2, and pure TiO2 removed 95%, 76%, and
74% of RBB concentration, respectively. These findings confirm that S-and-Co-co-doped
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TiO2 (S-Co-TiO2) exhibits the most significant increase in photocatalytic activity in visible
or UV light.

Pure TiO2 displayed significant photocatalytic activity in UV light but not in visible
light since the energy from visible light is insufficient to activate TiO2. The UV light energy
corresponds to the expansive band-gap energy of TiO2 (3.2 eV). However, the presence
of S and Co as impurity dopants in the titania structure can enhance the photocatalytic
activity in visible light due to the formation of new sub-levels energy in the titania structure,
resulting in a narrowing of the TiO2 band gap energy [25]. The new energy level formed
by the S atom was attributed to the substitution of Ti4+ by S6+ from mixing the S3p orbital
with the O2p orbital close to the valence band (VB), which narrowed the band gap of TiO2
and increased the absorption of visible light [13,25,29]. On the other hand, Co dopant
contributes to lowering the band gap energy from the substitution of Ti4+ by Co2+. Co
dopant directs the sp-d exchange interaction between the band electrons and localized d-
electrons of the Co2+ ion that replace the Ti4+ ion. This interaction causes a downward shift
of the conduction band (CB), resulting in a narrowing of the band gap system [25,30,38].
The synergetic effect of S and Co dopants forming two new energy levels on the S-Co-TiO2
sample resulted in the most optima in decreasing the band gap energy and encouraging
the visible-light absorption compared to S-TiO2 or Co-TiO2 samples.

Although both were doped, S-TiO2 had a much higher photocatalytic activity than
Co-TiO2. According to the literature, the higher activity of S-TiO2 can be attributed to
the presence of hydroxyl groups on the surface of the sulfur oxide photocatalyst, which
can create an acidic environment on the surface. Then, the substitution of Ti4+ by S6+

ions in the TiO2 lattice causes a charge imbalance in the structure of TiO2. The extra
positive charge formed will attract anions from the solution, such as hydroxide ions, to the
surface of the photocatalyst, thereby neutralizing the charge imbalance [40]. Furthermore,
this extra positive charge can adsorb the hvb

+ formed by the photocatalyst induced by
light to produce hydroxyl radicals, which have strong oxidizing power to decompose the
organic compounds such as RBB dyes. The difference in electronegativity between the S
and O atoms in the Ti-O-S bond causes electron transfer from the less electronegative S
atom to the more electronegative O atom. This causes the sulfur atom to be deprived of
electrons and will retain e− generated by the photocatalyst. As a result, the electron and
hole recombination rate decreases, and hvb

+ will be abundantly available to generate more
hydroxyl radicals on the surface of the photocatalyst [13]. The abundant availability of
hydroxyl radicals will increase the decontamination efficiency of organic compounds such
as RBB dyes.

The co-doped samples demonstrated the most superior photocatalytic activity in
visible or UV-light due to a variety of factors, including a better narrowing in band gap,
a decrease in particle size, and an increase in surface-area-reduced electron and hole
recombination [15,41]. This result is in accordance with the band gap energy (Eg) obtained
from the UV–vis SRS data, such that S-Co-TiO2 8% produces the most significant decrease
in Eg, which is 2.78 eV and corresponds to the energy of visible light irradiation.

The decolorization process by the photocatalyst starts with the surface adsorption
process and continues with the photocatalytic reaction. In order to evaluate the surface
adsorption properties of the S-Co-TiO2 8% photocatalyst as well as to evaluate whether the
adsorption process continued along with the photocatalytic process, the adsorption of the
S-Co-TiO2 8% catalyst was carried out in the dark for 150 min without irradiation as shown
in Figure 6. The undoped TiO2 adsorption test was also used for comparison purposes.
The results indicate that adsorption takes place in the first 15 min and the concentration
of the dye tends not to decrease, which implies that the next process is photocatalytic
decolorization after a contact period of 15 min.
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Figure 6. Adsorption of RBB by TiO2 and S-Co-TiO2 8% in the dark condition at RBB concentration:
20 mg L−1, photocatalyst dosage: 1 g L−1, and initial pH: 5.5.

3.2.2. Effect of pH

The effect of pH is a critical parameter in the efficiency of the decolorization process
because it can affect the photocatalyst surface, dye characteristics, and the rate of decol-
orization. As shown in Figure 7, the effect of the initial pH on RBB removal by the S-CoTiO2
8% catalyst under 60 min of visible light exposure was evaluated in the range of 2.0–10.0.
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Figure 7. Influence of pH on photocatalytic decolorization of RBB under 60 min of visible light
irradiation by the S-Co-TiO2 8% photocatalyst, RBB concentration: 20 mg L−1, photocatalyst dosage:
1 g L−1.

As shown in Figure 7, when the initial pH was reduced from 5.0 to 3.0, the decoloriza-
tion efficiency of RBB increased from 88% to 97% at 60 min of irradiation. However, there
was no increase in decolorization when the pH was reduced to 2.0. However, increasing
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the solution pH to 8.0, 9.0, and 10.0 reduced the decolorization efficiency to 67%, 54%,
and 53%, respectively. This result can be explained by the fact that TiO2 has a positive or
negative charge depending on the pH of the solution:

pH < pHZPC: Ti-OH + H+ → TiOH2
+ (3)

pH > pHZPC: Ti-OH + OH− → TiO− + H2O (4)

The optimum pH for RBB decolorization was found to be 3.0, and the pHPZC of S-Co-
TiO2 8% was found to be 6.41 (Figure 8). When the solution pH is below the pHPZC, the TiO2
surface will be positively charged. At acidic medium (pH = 3.0), RBB has sulfonate (SO3

−)
and sulfite (SO3

2−) groups, which can be adequately adsorbed by the positive charge
on the surface of TiO2 through electrostatic force at the beginning of the decolorization
process [3,42]. As a result, the optimal pH of RBB adsorption on the catalyst surface is 3.0.
When the pH of the solution is lowered from 7.0 to 10.0, the removal efficiency decreases as
well. It can be explained because at alkaline pH conditions, the surface of TiO2 is negatively
charged, leading to charge repulsion with the RBB, which is also negative.
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Figure 8. pHPZC of the S-Co-TiO2 8% photocatalyst.

3.2.3. Effect of Catalyst Dosage

The effect of photocatalyst amount on the RBB removal under visible light irradi-
ation was investigated by varying the mass of the S-Co-TiO2 8% from 0.2 to 1.0 g L−1

(C0 = 20 mg L−1, pH = 3.0). The obtained results are shown in Figure 9.
As shown in Figure 9, increasing the photocatalyst mass from 0.2 to 1.0 mg L−1 resulted

in additional RBB removal, which was associated with an increased adsorption rate on
the catalyst surface and increased hydroxyl radical formation. The photocatalyst mass
of 1.0 g L−1 provided the highest decolorization efficiency. However, the amount of dye
adsorbed on the surface of the photocatalyst was very high at the beginning of the reaction,
whereas the photocatalytic reaction became insignificant. It can be seen that after 60 min
of irradiation, the photocatalytic reaction did not continue since an excessive amount of
photocatalyst had increased the number of active sites on the surface of the photocatalyst,
allowing adsorption to dominate at the start of the process while the photocatalytic reaction
becomes insignificant.
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Figure 9. The effect of the S-Co-TiO2 8% photocatalyst dosage on RBB removal at RBB concentration:
20 mg L−1 and initial pH: 3.0.

The photocatalyst mass of 0.6 mg L−1 was chosen for further investigation due to its
high photocatalytic efficiency after 30 min of adsorption–desorption. When the photocata-
lyst dosage was increased from 0.6 to 1.0 mg L−1, decolorization was almost insignificantly
different.

3.2.4. Effect of Dye Concentration

The color removal process is affected by the initial concentration of pollutants. There-
fore, the effect of RBB concentration on the efficiency of decolorization by the S-Co-TiO2 8%
photocatalyst was carried out by varying the RBB concentration from 20 to 50 mg L−1, and
the results obtained are presented in Figure 10. The decolorization efficiency decreased
from 98% to 57% as the RBB concentration increased from 20 mg L−1 to 50 mg L−1. This is
due to the fact that as the dye concentration increases, the number of molecules adsorbed
on the photocatalyst surface increases, obstructing direct contact with the holes and in-
hibiting the formation of hydroxyl radicals. Furthermore, at higher concentrations, the dye
molecules adsorbed more photons, thereby reducing the light intensity and decolorization
efficiency [28,43].
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Figure 10. The effect of RBB concentration on S-Co-TiO2 8% dose 0.6 g L−1, initial pH: 3.0, and 90 min
of visible light irradiation.
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3.2.5. The Recyclable Ability of S-Co-TiO2 8% Photocatalyst

The stability and reusability of photocatalysts are critical parameters in the study
of photocatalysts for use in sustainable wastewater treatment. The S-Co-TiO2 8% pho-
tocatalyst was tested for stability and reuse four times. In each test, S-Co-TiO2 8% was
centrifuged and then washed and dried before being used in the next cycle under the same
experimental conditions for 90 min of visible light irradiation. The reuse test results for
S-Co-TiO2 8% photocatalyst are shown in Figure 11. The results showed that the S-Co-TiO2
8% sample had high decolorization efficiency after four reuse cycles, but there was a 44%
decrease in decolorization efficiency after four uses. This could be due to the loss of pho-
tocatalyst during the iteration process. These findings suggest that the co-doped sample
S-Co-TiO2 8% photocatalyst has promising potential and can be used repeatedly to remove
dye pollutants.
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Figure 11. Recyclability of S-Co-TiO2 8% for RBB removal under visible light illumination, RBB
con-centration: 20 mg L−1, initial pH: 3.0, and photocatalyst dosage: 0.6 g L−1.

3.3. Mechanism of RBB Photocatalytic Decolorization

Photocatalytic removal reactions can occur when TiO2 absorbs photons with energies
equal to or greater than their band gap energy. S and Co co-dopants create impurity states
close to VB and CB, resulting in a narrowing of the TiO2 band gap, thereby increasing pho-
tocatalytic visible light activity. The schematic of the S-Co-TiO2 photocatalyst mechanism
is presented in Figure S6. The characterization results using XRD, FTIR, SEM-EDX, and
SRS UV–vis indicate that the modification of the addition of S and Co co-dopants to TiO2
has been successfully carried out.

When S-Co-TiO2 is exposed to visible light radiation, electrons in the VB are excited
towards the CB (eCB

−), producing holes (hVB
+) in the VB. These excited electron–hole pairs

are commonly referred to as excitons [44]. The mechanism that occurs is as follows:

S-Co-TiO2 + hν→ hVB
+ + eCB

− (5)

The holes can react with adsorbed hydroxyl anion on the TiO2 surface to form hydroxyl
radicals, which have high oxidizing power and can decompose organic pollutants, and
excited electrons (eCB

−) can reduce O2 to form oxygen radicals, which can be converted
into hydroxyl radicals in water as follows:

OH− + hVB
+ → •OH (6)

•OH + RBB → degradation pollutant (Cl−, NO3
−, SO4

2−, CO2 and H2O) (7)
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4. Conclusions

The decolorization of Remazol Black (RBB) was investigated using an S-Co-TiO2
photocatalyst. This photocatalyst was prepared through one-pot synthesis using a single
precursor as a source of S and Co dopants. Characterization using XRD, FT-IR, SEM-EDX,
and UV–Vis SRS showed that S-and-Co co-doped TiO2 was successfully synthesized and
degraded RBB under visible light better than TiO2 or S-TiO2 and Co-TiO2. Eight percent
(w/w) of CoSO4 as a single precursor of S and Co provides the best reduction in band gap
energy to 2.78 eV and is supported by the best photocatalytic activity when compared
to other photocatalysts. After 90 min of temporary visible light, the S-Co-TiO2 8% can
degrade 96% of RBB, whereas S-TiO2, Co-TiO2, and undoped TiO2 can decrease to 89%,
56%, and 39%, respectively, and the optimum decolorization results are obtained at pH
3.0. Reuse studies show that S-Co-TiO2 8% has the potential to be used repeatedly for the
removal of dye pollutants in the environment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/photochem1030032/s1, Figure S1: Chemical structure of Remazol Black (RBB); Figure S2:
Schematic diagram of photoreactor for photocatalytic experiment; Figure S3: EDX pattern of (a)
TiO2, (b) S-TiO2, (c) Co-TiO2, (d) S-Co-TiO2 4%, (e) S-Co-TiO2 6%, and (f) S-Co-TiO2 8%; Figure S4:
Absorption spectrum of Remazol Black analyzed by spectrophotometry, Remazol Black concentration:
20 mg L−1; Figure S5: Spectrum of Remazol Black after decolorization by S-Co-TiO2 8% photocatalyst
for 150 min visible light irradiation, photocatalyst dose: 1.0 g L−1, initial pH: 5.5, Remazol Black
concentration: 20 mg L−1, Figure S6: Schematic diagram of photocatalytic decolorization of RBB by
S-Co-TiO2 photocatalyst.
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In recent years, the formulation of innovative photocatalysts activated by visible
or solar light has been attracting increasing attention because of their notable potential
for environmental remediation and use in organic synthesis reactions. Generally, the
strategies for the development of visible-light-active photocatalysts are mainly focused on
enhancing degradation efficiency (in the case of environmental remediation) or increasing
selectivity toward the desired product (in the case of organic synthesis). These goals can be
achieved by doping the semiconductor lattice with metal and/or non-metal elements in
order to reduce band gap energy, thereby providing the semiconductor with the ability to
absorb light at a wavelength higher than the UV range. Other interesting options are the
formulation of different types of heterojunctions (to increase visible absorption properties
and to reduce the recombination rate of charge carriers) and the development of innovative
catalytic materials with semiconducting properties. This Special Issue is focused on visible-
light-active photocatalysts for environmental remediation and organic synthesis, featuring
the state of the art as well as advances in this field.

Currently, this issue has collected six papers addressing the preparation and char-
acterization of novel photocatalytic materials and their use in the visible (or solar) light-
driven photocatalytic removal of pollutants from liquid phases and in the inactivation
of bacteria [1–6]. The photocatalytic efficiencies of Ag3PO4 nanoparticles [2], Bi12NiO19
sillenite crystals [3], g-C3N4/nanodiamond heterostructures [4], Ag/Cu2O [5], and acti-
vated carbon/TiO2 [6] are shown. An improvement in photocatalytic activity toward the
simultaneous removal of phenol and Cr(VI) under visible light is also evidenced by MoS2
decorated on a g-C3N4 heterostructure catalyst [1].

Moreover, a review article highlighting recent progress in the development of visible-
light-active heterogeneous photocatalysts based on the design of sustainable synthetic
methodologies and the use of biomass and waste as sources of chemicals embedded in the
final photoactive materials [7] is also included in this Special Issue.

I sincerely hope that additional papers and/or review articles will be submitted to this
interesting Special Issue in order to achieve a collection covering all of the aspects related to
the preparation and chemical–physical characterization of different types of photocatalyst
to be studied both for environmental purposes and in the selective synthesis of organic
compounds (e.g., phenol from benzene, aniline from nitrobenzene, and methanol from
methane).

The Guest Editor would like to express their sincere appreciation to all of the authors
and reviewers for their contribution to this Special Issue of Photochem. Special thanks
should also be given to the MDPI assistant team for their constant and kind support.
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Abstract: In this study, molybdenum disulfide (MoS2) decorated on graphitic carbon nitride (g-C3N4)
heterostructure catalysts at various weight ratios (0.5%, 1%, 3%, 10%, w/w) were successfully pre-
pared via a two-step hydrothermal synthesis preparation method. The properties of the synthesized
materials were studied by X-ray diffraction (XRD), attenuated total reflectance–Fourier transform
infrared spectroscopy (ATR-FT-IR), UV–Vis diffuse reflection spectroscopy (DRS), scanning electron
microscopy (SEM) and N2 porosimetry. MoS2 was successfully loaded on the g-C3N4 forming
heterojunction composite materials. N2 porosimetry results showed mesoporous materials, with
surface areas up to 93.7 m2g−1, while determined band gaps ranging between 1.31 and 2.66 eV
showed absorption over a wide band of solar light. The photocatalytic performance was evaluated
towards phenol oxidation and of Cr(VI) reduction in single and binary systems under simulated
sunlight irradiation. The optimum mass loading ratio of MoS2 in g-C3N4 was 1%, showing higher
photocatalytic activity under simulated solar light in comparison with bare g-C3N4 and MoS2 for
both oxidation and reduction processes. Based on scavenging experiments a type-II photocatalytic
mechanism is proposed. Finally, the catalysts presented satisfactory stability (7.8% loss) within
three catalytic cycles. Such composite materials can receive further applications as well as energy
conversion.

Keywords: C3N4; MoS2; composite; photocatalytic oxidation; Cr(VI) reduction

1. Introduction

Energy crisis and environmental pollution are currently among the most serious
problems for humans [1]. Emerging and priority environmental pollutants comprise
several chemical categories such as pharmaceuticals, pesticides and plasticizers. Phenol
and in general phenolics may be present in several wastewater streams from different
production processes as well as degradation products from the previously mentioned
pollutants. In addition, toxic metal ions such as Cr(VI) may be present in combined
wastewater streams; thus, treatment methods should be capable of removing both organic
and inorganic pollutants. However, conventional treatment methods present either low
removal of certain organic pollutants or are incapable of simultaneous removal of organics
and toxic metal ions [2]. Therefore, there has been an increased interest in the development
of more efficient and environmentally friendly methods for the removal of pollutants
from wastewater, and for this reason the advanced oxidation processes (AOPs) are widely
used. Their effectiveness for organics removal is based on the production of hydroxyl
radicals, which are powerful oxidizing agents. Heterogeneous photocatalysis, which
presents advantages over other removal techniques as it can be applied for both oxidation
and reduction of pollutants in ambient conditions in the presence of solar radiation and for
organic pollutants, can lead to complete mineralization [2–6].
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Graphitic carbon nitride (g-C3N4) has drawn widespread attention and become a
hotspot in various scientific disciplines as a metal-free semiconductor due to its advan-
tages. It has an appealing electronic structure with a 2.7 eV band gap, it can be fabricated
with low-cost precursors (e.g., urea, thiourea, melamine) [3,7,8] and it is environmentally
friendly. However, the rapidly photogenerated electron–hole recombination diminishes
the photocatalytic efficiency. The coupling of g-C3N4 with other semiconductors with an
appropriate band gap was considered to increase photocatalytic efficiency.

Molybdenum sulfide (MoS2) has attracted attention as an emerging photocatalytic
cocatalyst material due to its distinctive features, such as high stability and hardness, relia-
bility, non-toxicity and low cost. It possesses a narrow band gap (1.2–1.9 eV), which offers a
wide spectral absorption range and provides high speed channels for the interfacial charge
transfer in heterostructures [3]. Previous studies have explored the application of MoS2
in Cr(VI) reduction. Photoreduction and chemical reduction (redox between MoS2 and
Cr(VI)) were determined through a collaborative contribution to reducing Cr(VI) by MoS2
under light conditions [9–11]. The coupling of two semiconductors (MoS2, g-C3N4) could
significantly reduce the charge carrier recombination and highly improve photocatalytic
activity compared to those bare materials. MoS2/g-C3N4 has been synthesized and tested
for energy conversion, as a supercapacitor and for organic dye degradation [3,12–15]; how-
ever, its application to the simultaneous oxidation/reduction of environmental pollutants
has not been studied so far.

Based on the above, the present study deals with the preparation of a series of
MoS2/g-C3N4 heterostructure composite catalysts and their application for the removal
of phenol and Cr(VI) for aqueous solutions. There are few works exploring the synthe-
sis of MoS2/g-C3N4 heterojunction structure via various methods such as hydrothermal
treatment, impregnation-sulfidation and photodeposition [16–19]. Here, a two-step hy-
drothermal synthesis combined with a sonication–liquid exfoliation preparation method is
proposed.

2. Materials and Methods

2.1. Materials and Chemicals

Urea (99.5%, Mw: 60.06 gmol−1), thiourea (>99%, Mw: 76.12 gmol−1) and 1,5-diphenyl
carbazide (98% (Mw: 242.28) were obtained from Acros Organics (Geel, Belgium). Ammo-
nium molybdate tetrahydrate (99%, Mw: 1235.86 gmol−1) was supplied by Janssen Chimica.
Potassium dichromate (KCr2O7, Mw: 294.18 gmol−1) was obtained from Sigma-Aldrich
(St. Louis, MO, USA). Phenol (Mw: 94.11 gmol−1) was purchased by Merck kGaA (Darm-
stadt, Germany). Methanol (MeOH), sulfuric acid >95% (H2SO4), methanol HPLC grade
(MeOH, Mw: 32.04 gmol−1) and water HPLC grade (Mw: 18.02 gmol−1) were supplied
by Fischer Scientific (Loughborough, Leics, UK). Distilled water was used throughout the
experimental procedures of the study.

2.2. Preparation of g-C3N4, MoS2 and Composite MoS2/g-C3N4 Photocatalysts

2.2.1. Synthesis of Bare Carbon Nitride (g-C3N4) and Molybdenum Disulfide (MoS2)

Graphitic carbon nitride (g-C3N4) was synthesized by thermal treatment of urea as a
precursor compound. In a typical synthesis of g-C3N4, 30 g of urea was put in a crucible.
After being dried at 90 ◦C it was heated to 500 ◦C at a heating rate of 10 ◦C/min and kept
at this temperature for 4 h. The resulting yellow powder was collected and ground into a
powder.

Molybdenum disulfide was prepared by hydrothermal synthesis. Hexaammonium
heptamolybdate tetrahydrate and thiourea were dissolved in 10 mL of deionized water
by stirring for 1 h at room temperature. The resulting solution was then placed in a
Teflon-lined autoclave reactor and heated in an oven at 200 ◦C for 12 h.
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2.2.2. Synthesis of MoS2/g-C3N4 Heterostructure

MoS2/g-C3N4 heterostructures with 0.5%, 1%, 3%, 10% (wt%) ratios were synthesized.
An appropriate amount of bulk g-C3N4 was added in isopropanol into a beaker, and
the mixture was sonicated for 2 h at room temperature. In a separate beaker, MoS2
nanoparticles was added in a water/isopropanol (2:1) solution, and the mixture was
sonicated for 2 h at room temperature. The solutions were mixed together and sonicated
for another 2 h at room temperature. The product was cleaned with water and ethanol,
collected by centrifuging and dried at 60 ◦C [18]. Then it was calcinated in air at 200 ◦C for
4 h.

2.3. Material Characterization

The crystal forms of the photocatalysts were analyzed from their X-ray diffraction
(XRD) patterns using a Bruker Advance D8 X-ray powder diffractometer (Billerica, MA,
USA) working with Cu-Ka (λ = 1.5406 Å) radiation. Diffractograms were scanned from
2θ 10◦ to 90◦. The patterns were assigned to crystal phases with the use of the International
Center for Diffraction Data (ICCD).

Attenuated total reflectance–Fourier transform infrared spectroscopy (ATR-FT-IR) was
conducted to characterize the functional groups of different catalysts. A Shimadzu IR Spirit-
T spectrophotometer (Kyoto, Japan) with a QATR-S single-reflection ATR measurement
attachment equipped with diamond prism was used. The photocatalysts were scanned in
the range 4000–400 cm−1.

The UV–Vis diffuse reflectance spectra (DRS) of the catalyst powders were recorded
using a Shimadzu 2600 spectrophotometer bearing an IRS-2600 integrating sphere (Kyoto,
Japan) in the wavelength of 200–800 nm at room temperature using BaSO4 (Nacalai Tesque,
extra pure reagent, Kyoto, Japan) as a reference sample.

The morphology of the catalysts was examined by scanning electron microscopy
(SEM) using a JEOL JSM 5600 (Tokyo, Japan) working at 20 kV.

Nitrogen adsorption–desorption isotherms were collected by porosimetry using a
Quantachrome Autosorb-1 instrument (Bounton Beach, FL, USA) at 77K. The samples
(≈80 mg) were degassed at 150 ◦C for 3 h. The Brunauer–Emmet–Teller (BET) method was
used to calculate the specific area (SSA) of each material at relative pressure between 0.05
and 0.3. The adsorbed amount of nitrogen at relative pressure P/P0 = 0.95 was used in
order to calculate the total pore volume (VTOT). The Barrett, Joyner and Halenda (BJH)
method was used to determine the pore size distribution (PSD) of the photocatalysts.

2.4. Photocatalytic Experiments

Photocatalytic experiments were carried out using Atlas Suntest XLS+ (Atlas, Ger-
many) solar simulator apparatus equipped with a xenon lamp (2.2 kW) and special filters
in place to prevent the transmission of wavelengths below 290 nm. During the experiments
the irradiation intensity was maintained at 500 W m−2.

Aqueous solutions (100 mL) and the catalyst (10 mg) were transferred into a double-
walled Pyrex glass reactor, thermostated by water flowing in the double-skin of the reactor.
In binary systems the pH was adjusted to ca. 2 with sulfuric acid in order to achieve high
adsorption efficiency of Cr(VI) onto the catalysts and avoid Cr(OH)3 deposition on the
catalyst surface, based on previous studies [11,20]. Before exposure to light, the suspension
was stirred in the dark for 30 min to ensure the establishment of adsorption–desorption
equilibrium onto the catalyst surface. The obtained aliquot (5 mL) was withdrawn at
different time intervals and was filtered through 0.45 µm filters in order to remove the
catalyst’s particles before further analysis. Quantification of phenol for the kinetic studies
in aquatic solutions was carried out by high performance liquid chromatography (HPLC)
(Schimadzu, LC 10AD, Diode Array Detector SPD-M10A, Degasser DGU-14A). The column
oven (Schimadzu, CTO-10A) was set at 40 ◦C. The mobile phase used was a mixture of
water HPLC grade (50%) and methanol HPLC grade (50%). The concentration of Cr(VI)
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was determined by the diphenylcarbazide colorimetric method measuring the absorbance
at the wavelength of 540 nm using a UV–Vis spectrophotometer (Jasco-V630, Tokyo, Japan).

3. Results and Discussion

3.1. Characterization of the Prepared Photocatalysts

3.1.1. Structural Characterization

The XRD patterns for g-C3N4, MoS2 and MoS2/g-C3N4 composites are shown in
Figure 1. For g-C3N4 two characteristic intense peaks were observed at 13.1◦ and 27.4◦. A
broad peak was observed corresponding to the (100) plane, arising from in-plane stacking
of the tri-s-triazine motif, and to the (002) interlayer stacking of the conjugated aromatic
rings. For MoS2 three characteristic intense peaks at 13.4◦, 33.5◦ and 57.8◦ were observed,
which can be indexed to the (002), (100) and (110) planes, respectively, corresponding to
the hexagonal phase of MoS2 (JCPDS 87-1526) [21–24].

  

(a) (b) 

−

−

−

−

−

− −

Figure 1. XRD patterns of (a) g-C3N4, MoS2, (b) composite catalysts.

For the prepared composite catalysts no diffraction peaks corresponding to MoS2 can
be recognized, which may be because of the small quantity of MoS2 contents and high
dispersion in g-C3N4 photocatalysts.

The ATR-FT-IR spectra of g-C3N4, MoS2 and g-C3N4/MoS2 composite are shown in
Figure 2. The prepared catalysts presented the main characteristic peaks of both g-C3N4
and MoS2 suggesting the formation of composite heterostructures. The peaks of g-C3N4
can be observed at 1573, 1465, 1403, 1319 and 1241 cm−1 confirming the stretching vibration
of C–N (–C)–C or C–NH–C heterocycles. The broad peaks between 3300 and 3000 cm−1

are related to the stretching vibration of N-H, and the peak at 1637 cm−1 corresponds to
the C=N bending vibration. The peak at 810 cm−1 corresponds to heptazine ring vibration.
The peak at 1400 cm−1 confirms the presence of amino groups. The peaks of MoS2 can be
observed at 689 cm−1, confirming the stretching vibration of Mo–O. The peak at 1112 cm−1

corresponds to the stretching vibration of S=O [25].

3.1.2. Morphology Surface Analysis

The morphological evaluation of all catalysts was carried out by scanning electron
microscopy (Figure 3). Figure 3a shows the morphology of g-C3N4 consisting of packed
sheets. Figure 3b presents aggregation of flower-like spherical particles of MoS2 [26].
Figure 3c (1MoS2/g-C3N4) shows a morphology that seems to be close to that of g-C3N4;
this may be because of the small quantity of MoS2 contents on the surface of g-C3N4. The
10MoS2/g-C3N4 (Figure 3d) reveals MoS2 spheres attached on the surface of the g-C3N4
sheets.
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Figure 2. ATR-FT-IR spectra of (a) g-C3N4, MoS2, (b) composite catalysts.

 

  

(a) (b) 

  

(c) (d) 

Figure 3. SEM images of (a) g-C3N4, (b) MoS2 and (c) 1MoS2/g-C3N4 and (d) 10MoS2/g-C3N4.

The nitrogen adsorption–desorption isotherms for the prepared photocatalysts are
presented in Figure 4.

All composites samples exhibited typical type IV(a) adsorption and desorption isotherms
with H3 hysteresis loop according to the IUPAC classification, suggesting mesoporous ma-
terials [27]. BET specific surface area ranged between 2.0 m2g−1 for MoS2 and 93.7 m2g−1

for g-C3N4. MoS2 presented a non-porous structure with some porosity owed to the aggre-
gation of spherical particles. The calculated specific surface area, average pore diameter
and total pore volume of the catalysts are shown in Table 1.
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Figure 4. Nitrogen adsorption–desorption isotherms and pore size distributions for g-C3N4, MoS2, 1MoS2/g-C3N4,
3MoS2/g-C3N4.

Table 1. Specific surface area, average pore diameter and total pore volume of prepared catalysts.

Catalyst
Specific Surface Area SBET

(m2g−1)
Average Pore Diameter

(nm)
VTOT

(cm3 g−1)

MoS2 2.0 31 0.016
g-C3N4 81.3 8.3 0.169

0.5% MoS2/g-C3N4 93.7 10.2 0.238
1% MoS2/g-C3N4 62.2 9.5 0.148
3% MoS2/g-C3N4 90.2 10.9 0.245

10% MoS2/g-C3N4 92.1 10.5 0.239

3.1.3. UV–Vis Spectroscopy and Band Gap Determination

The diffuse reflectance spectroscopy (DRS) results and the energy band gap (Eg),
calculated with the Kübelka–Munk function, of all photocatalysts are presented in Figure 5.
The absorption edge of MoS2 was determined at 946 nm, while the absorption edge of g-C3N4
was at 480 nm indicating visible light response. The absorption edges of the prepared
composite catalysts varied between 466–946 nm and the energy band gap 1.31–2.66 eV. The
band gap energy and corresponding absorption edges are shown in Table 2.
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Figure 5. (a) UV–Vis absorption spectra of prepared catalysts, (b) Kübelka–Munk plots for g-C3N4, MoS2 and 1MoS2/g-C3N4

for indirect band gap semiconductors.

Table 2. Energy band gap and absorption edge of prepared catalysts.

Catalyst Energy Band Gap (eV) Absorption Edge λ (nm)

g-C3N4 2.58 480
MoS2 1.31 946

0.5% MoS2/g-C3N4 2.56 484
1% MoS2/g-C3N4 2.66 466
3% MoS2/g-C3N4 2.64 469

10% MoS2/g-C3N4 2.64 469

MoS2/g-C3N4 heterojunction samples presented enhanced light absorption in the
visible region as compared to g-C3N4. The absorption intensity of the prepared samples
strengthened with increasing MoS2 contents, which agrees with the color of the prepared
samples that vary from light yellow to grey.

The band edge position of conduction band (CB) and valence band (VB) of prepared
catalysts was determined applying Equations (1) and (2).

EVB = X − E0 + 0.5Eg (1)

ECB = EVB − Eg (2)

where EVB is the VB edge potential, ECB is the CB edge potential, Eg is the band gap energy
of the catalysts, X is the electronegativity of g-C3N4 (4.67 eV) and MoS2 (5.33 eV) [28] and
E0 is the energy of free electrons on the hydrogen scale (4.5 eV). The EVB and ECB of g-C3N4
was calculated at 1.46 and −1.12 eV, respectively, while for MoS2 the corresponding values
were 1.48 and 0.17 eV.

3.2. Photocatalytic Study

The photocatalytic performance of composite catalysts was studied against the ox-
idation of phenol (single system: Cph = 10 mg L−1, Ccat = 100 mg L−1) as well as the
simultaneous photocatalytic reduction of Cr(VI) and oxidation of phenol (binary system:
phenol/Cr(VI) = 1/10, Ccat = 100 mg L−1, pH = 2 [29,30]) under simulated sunlight irradia-
tion. The results of all photocatalytic experiments are shown in Figure 6 and Tables 3 and 4.

63



Photochem 2021, 1

 

 

(a) 

 

(b) (c) 

−

Figure 6. Photocatalytic degradation kinetics of (a) phenol in single system, (b) phenol and (c) Cr(VI) in binary system
under solar light irradiation.

Table 3. Kinetic parameters (first-order kinetic constants (k), half-life (t1/2) and correlation coeffi-
cients (R2) of phenol in single system.

Catalyst k (min−1) t1/2 (min) R2

g-C3N4 0.022 31.5 0.9401
MoS2 0.0002 3465.0 0.5016

0.5MoS2/g-C3N4 0.006 116.0 0.9528
1MoS2/g-C3N4 0.009 77.0 0.9940
3MoS2/g-C3N4 0.005 139.0 0.9250

10MoS2/g-C3N4 0.006 116.0 0.9158

The first-order apparent reaction rates for phenol photocatalytic degradation in single
system follows the sequence kg-C3N4 > k1MoS2/g-C3N4 > k0.5MoS2/g-C3N4 > k10MoS2/g-C3N4 >
k3MoS2/g-C3N4 > kMoS2 . In the binary system, reaction rates of phenol oxidation were as
follows: k1MoS2/g-C3N4 > kg-C3N4 > k3MoS2/g-C3N4 > k0.5MoS2/g-C3N4 > k10MoS2/g-C3N4 > kMoS2 ,
and as to the reduction of Cr(VI) it was as follows: kg-C3N4 > k1MoS2/g-C3N4 > k10MoS2/g-C3N4

> k0.5MoS2/g-C3N4 > k3MoS2/g-C3N4 > kMoS2 .
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In comparison, the prepared catalysts exhibit faster kinetics of phenol and Cr(VI)
removal in binary than in single systems.

Table 4. Kinetic parameters (first-order kinetic constants (k), half-life (t1/2) and correlation coefficients
(R2)) of phenol and Cr(VI) in binary system.

Binary Phenol Cr(VI)

Catalyst k (min−1) t1/2 (min) R2 k (min−1) t1/2 (min) R2

g-C3N4 0.068 10.2 0.9978 0.003 231.0 0.9477
MoS2 0.002 346.5 0.9373 0.002 346.5 0.9694

0.5MoS2/g-C3N4 0.042 16.5 0.9738 0.002 346.5 0.9552
1MoS2/g-C3N4 0.091 7.6 0.9246 0.003 231.0 0.9740
3MoS2/g-C3N4 0.042 16.5 0.9513 0.002 346.5 0.9478
10MoS2/g-C3N4 0.031 22.4 0.9374 0.003 231.0 0.9325

3.3. Photocatalytic Mechanism for the Composite Photocatalysts

Different photoinduced reactive species, such as hydroxyl radicals (OH·), superox-
ide radicals (O2

−) and holes (h+), may be involved in the photocatalytic process after
electron–hole pairs are generated. Thus, photocatalytic experiments in the presence of
isopropanol (IPA), superoxide dismutase (SOD) and triethanolamine (TEOA) were used to
scavenge •OH, O2

− and h+, respectively, during the photodegradation of phenol in order
to investigate the photocatalytic mechanism [3]. As shown in Table 5, the degradation
rate constant (k) for phenol was 0.009 min−1 after exposure for 120 min under simulated
sunlight without scavenger addition, and this changed after adding, IPA, SOD and TEOA,
to 0.003, 0.004 and 0.002 min−1, respectively. It is clearly observed that the degradation of
phenol was inhibited with the addition of scavengers, though TEOA was the most obvious.
The degradation kinetics of phenol in the presence of scavengers are shown in Figure 7 and
Table 5.

Table 5. Kinetic parameters (first-order kinetic constants (k), half-life (t1/2) and correlation coefficients
(R2)) of phenol in scavenging experiments.

Scavenger k (min−1) t1/2 (min) R2

IPA 0.003 231 0.9742
SOD 0.004 173.2 0.9590

TEOA 0.002 346.5 0.9553
no scavenger 0.009 77.0 0.9940

− −

−

−

−

−

 

−

Figure 7. Photocatalytic degradation kinetics of phenol in single system in the presence of scavengers
and 1MoS2/g-C3N4 photocatalyst under solar light irradiation.
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According to the above analysis, the proposed photocatalytic mechanism (Type II),
involving the carrier transfer and photodegradation of phenol was illustrated as shown in
Figure 8. The photogenerated electron–hole pairs were induced in the conduction band
(CB) and valence band (VB) of g-C3N4 and MoS2 under irradiation. The photogenerated
electrons transferred from the CB of g-C3N4 to that of MoS2, while holes moved from
the VB of MoS2 to that of g-C3N4, leading the photogenerated electron–hole pair to be
separated and transferred effectively. The holes (h+) in the VB of g-C3N4 participate in
the degradation process. Simultaneously, electrons (e−) in the CB together with H+ can
reduce O2 to H2O2, which forms hydroxyl radicals. The e− on the CB of g-C3N4 and
MoS2 participates in the reduction of Cr(VI) to Cr(III). The proposed mechanism provides
additional explanation for the better removal performance in the binary system. Regarding
the reduction process, the electrons on MoS2 have weaker reduction ability; consequently
they can reduce strong oxidation agents such as Cr(VI), enhancing the target reduction
reaction without other reactions, such as O2 reduction. As far as the oxidation pathway
is concerned, the enhancement is due to the better charge separation. The results of
the present study indicate that the MoS2 could be a promising candidate as a non-noble
metal co-catalyst for g-C3N4 photocatalysts. The composite catalysts can receive further
applications either for degradation of pollutants or in energy conversion.

−

−

Figure 8. Schematic illustration of carrier transfer in the MoS2/g-C3N4 heterojunction.

3.4. Recyclability of the Composite Photocatalysts

The stability of the prepared photocatalysts was investigated by examining the pho-
tocatalytic activity of the most efficient photocatalyst (1MoS2/g-C3N4) against oxidation
of phenol in binary system for three continuous cycles (Figure 9). Reaction constants of
phenol oxidation were 0.090, 0.089 and 0.083 min−1 for the first, second and third cycle,
respectively (Table 6). A total loss of photocatalytic activity about 7.8% after the third
photocatalytic cycle showed the sufficient stability of the catalyst considering also the
possible losses of catalyst particles during the recovery process after each cycle. In addition,
the catalyst separated at the end of the third catalytic cycle was characterized by XRD, SEM
and ATR-FT-IR (Figure 10a–c), revealing a nearly identical pattern to the starting material.

Table 6. Kinetic parameters (first-order kinetic constants (k), half-life (t1/2) and correlation coeffi-
cients (R2)) of phenol degradation by 1MoS2/g-C3N4 catalyst after three consecutive cycles.

Cycle k (min−1) t1/2 (min) R2

1 0.09 7.7 0.9510
2 0.089 7.8 0.9453
3 0.083 8.3 0.9496
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Figure 9. Reusability performance of 1MoS2/g-C3N4 photocatalyst for three continuous cycles.
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Figure 10. (a) SEM image, (b) XRD pattern, (c) ATR-FT-IR spectra of 1MoS2/g-C3N4 photocatalyst after the third photocata-
lyst cycle.

4. Conclusions

In this work, mesoporous MoS2/g-C3N4 heterostructures were successfully synthe-
sized via a two-step hydrothermal synthesis at various weight ratios (up to 10% w/w
of MoS2) and assayed for the simultaneous oxidation of phenol and Cr(VI) reduction.
Composite materials show higher photocatalytic activity under solar light in comparison
with bare g-C3N4 and MoS2 for both oxidation and reduction processes, while the material
with 1% MoS2 loading was found as the catalyst with the best efficiency. A considerable
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enhancement of the photocatalytic efficiency was observed for the binary system compared
to the single component systems, indicating a promoting synergistic effect. The three
cycling experiments indicated that the catalysts presented a good stability. Finally, type-II
band alignment was proposed as the photocatalytic mechanism for the composed catalysts.
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Abstract: For the first time, heterostructures of electrospun carbon nanofibers decorated with Ag3PO4

nanoparticles (Ag3PO4/CNFs) were successfully fabricated by the combination of simple and versa-
tile electrospinning technique followed by carbonization and incorporation of Ag3PO4 nanoparti-
cles via colloidal and precipitation synthesis approaches. The as-fabricated heterostructures were
characterized by FESEM with EDS, XRD, TEM with HRTEM, FTIR and UV-vis diffuse reflectance
spectroscopy. Experimental results revealed that the heterostructure obtained by colloidal synthesis
approach (Ag3PO4/CNFs-1) was decorated with small-sized (~20 nm) and uniformly distributed
Ag3PO4 nanoparticles on the surface of CNFs without any evident agglomeration, while in the
heterostructure obtained by the precipitation synthesis approach (Ag3PO4/CNFs-2), CNFs were
decorated with agglomerated and bigger-sized Ag3PO4 nanoparticles. The visible-light-driven
photocatalytic investigation signified that the Ag3PO4/CNFs-1 heterostructure can exhibit higher
performance towards the photodegradation of MB dye solution compared to the Ag3PO4/CNFs-2
heterostructure, which could be attributed to the synergistic effect between the uniformity and small
size of Ag3PO4 nanoparticles and CNFs that can serve as a conductivity network to prevent the
recombination of charge carriers. Moreover, the mechanism of the photocatalytic activity as-prepared
heterostructure is proposed.

Keywords: electrospinning; carbon composite nanofibers; water pollution; Ag3PO4; photocatalyst;
visible light

1. Introduction

Photocatalysis, a “green technique”, has been accepted as a potential remedy for the
removal of organic pollutants from wastewater [1]. The discovery of the electrochemi-
cal photocatalysis of water at TiO2 electrode by Honda and Fujishima [2] has inspired
researchers working in the field of photocatalysis to design and synthesize semiconductor-
based photocatalysts. Hence, a number of semiconductor-based photocatalysts such as
metal oxides, sulfides and composites have been studied so far [3–6]. In particular, in-
tense research works are focused on the fabrication of visible-light-driven photocatalysts
to avoid the cost of UV light and create a comfortable environment for all living be-
ings [7–10]. On that note, Ye and coworkers [11] carried out a breakthrough work to study
the photocatalytic activity of silver orthophosphate (Ag3PO4) towards water splitting and
decomposition of organic contaminants in aqueous solution under visible light irradiation.
Afterwards, Ag3PO4 as a photocatalyst has attracted much more attention for the removal
of various types of organic contaminants from wastewater [12–14]. Ag3PO4 is a promising
semiconductor material being used as an efficient photocatalyst to achieve significantly
higher photocatalytic activity utilizing visible light, but its application is limited due to
photocorrosion under repetitive use when used without sacrificial reagent [11].
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Indeed, the process of photocorrosion is the insurmountable problem that mostly oc-
curs in silver-based catalysts [15,16]. In this connection, various attempts have been made
for designing and developing a Ag3PO4-based photocatalyst with a sufficient charge sepa-
ration ability and high photocatalytic stability in the visible light region either by doping
SO4

− ions [17] and coupling with other semiconductor/s [18–20] or by fabricating com-
posites with graphene [21–23], carbon nanotubes [24,25], and non-metallic adsorbent [26].
However, the effect of the incorporation of Ag3PO4 nanoparticles on the surface of carbon
nanofibers (CNFs) to enhance its photocatalytic performance has been rarely reported [27].
Due to its one-dimensional structure, high specific surface area, good electrical conduc-
tivity and high chemical stability, the use of CNFs in the form of scaffold/supporters as
well as ideal electron pathways has attracted great interest in recent years [28,29]. Addi-
tionally, some reports have demonstrated that CNFs are capable of capturing electrons
and serve as the conductivity network by transforming photogenerated electrons along
their longitude conductive length [30,31]. Based on these unique properties of CNFs,
fabrication of Ag3PO4/CNFs heterostructures could be an ideal strategy for hindering the
recombination of photogenerated electrons and holes thereby improving the photocatalytic
performance of Ag3PO4. The introduction of surface functional groups on CNFs that can
act as anchoring sites for nanoparticles to obtain uniform dispersion is another important
task. Therefore, various approaches have been proposed to introduce surface functional
groups on CNFs, such as chemical oxidation [32], air oxidation [33], plasma treatment [34],
and electrochemical oxidation [35]. Among these, the chemical oxidation of CNFs by acid
treatment is being used widely to introduce oxygen containing functional groups under
different conditions [36].

Herein, we report a facile approach to fabricate novel organic–inorganic heterostruc-
tures composed of functionalized CNFs and Ag3PO4 nanoparticles by the combination of
carbonization of electrospun precursor PAN nanofibers and decoration of Ag3PO4 nanopar-
ticles on the surface of functionalized CNFs following colloidal and precipitation synthesis
approaches. To the best of our knowledge, there has been no report on the fabrication and
visible light photocatalytic properties of Ag3PO4/CNFs heterostructures with sufficient
electron–hole separation ability. The experimental results showed that the Ag3PO4/CNFs
heterostructure obtained by the colloidal synthesis approach exhibited higher photocat-
alytic activity in the visible light region compared to the heterostructure obtained by the
precipitation synthesis approach. Additionally, due to the high length-to-diameter ratio
of CNFs, the as-fabricated Ag3PO4/CNFs heterostructures could be separated by the
sedimentation process. Furthermore, we present a study on the effect of solution concen-
trations on the morphology of nanostructures (nanoagglomerates or nanoparticles) as well
as their size.

2. Materials and Methods

2.1. Materials

Polyacrylonitrile (PAN, MW-150000), silver nitrate (AgNO3), sodium phosphate dia-
basic dihydrate (Na2HPO4.2H2O), and methylene blue (MB) were purchased from Sigma-
Aldrich, St. Louis, MO, USA. N,N-dimethylformamide (DMF) and nitric acid (HNO3, 65%)
were purchased from Daejung Chemicals, Seoul, Korea. All the chemicals were used
as received.

2.2. Fabrication of Carbon Nanofibers

A 10 wt% of PAN solution was prepared by dissolving required amount of PAN
powder in DMF at room temperature under constant magnetic stirring for 12 h. The
precursor solution was then loaded into a plastic syringe equipped with metallic needle
connected to a high-voltage power supply (high voltage power supply, HV 30/ESN-
HV30N, Nano NC, Seoul, Korea) capable of producing DC voltages from 0 to 30 kV and
electrospun at 18 kV with a constant flow rate of 1 mL/h through a syringe pump. The
nanofibers were collected on aluminum foil wrapped over a rotating drum collector at
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15 cm apart from the needle tip. All experiments were conducted at room temperature and
atmosphere pressure. The as-fabricated precursor PAN-nanofibers were vacuum dried
at 70 ◦C for 12 h in order to remove the residual solvent. For carbonization, the vacuum-
dried PAN-nanofibers were placed in a tube furnace and stabilized in air at 250 ◦C for
1 h with a heating rate of 1 ◦C/min, then carbonized in nitrogen up to 800 ◦C at a rate
of 5 ◦C/min, and finally cooled to room temperature to the obtained electrospun carbon
nanofibers (CNFs).

2.3. Fabrication of Ag3PO4/CNFs Heterostructures

At first, the oxidation of CNFs was carried out by treating with HNO3 (65%) at 45 ◦C
for 12 h followed by washing with distilled water until the pH became 7 then dried at
80 ◦C for 9 h. Afterwards, Ag3PO4/CNFs heterostructures were fabricated following
two synthetic approaches, i.e., colloidal and precipitation synthesis approach simply by
adjusting the concentrations of reactants (Na2HPO4.2H2O and AgNO3) as described by
Khan et al. [37]. In the colloidal synthesis approach, 0.1 g of acid-treated CNFs were
added to 100 mL of (0.02 M) AgNO3 solution and stirred for 30 min. Then, 100 mL
of (0.02 M) Na2HPO4 solution was added to the CNFs/AgNO3 mixture solution in a
dropwise manner under constant stirring. The product was collected and washed with
distilled water and ethanol followed by vacuum drying at 70 ◦C for 12 h. Likewise, in the
precipitation synthetic approach, the concentration of reactants was adjusted to 0.1 M, while
the post-treatment process of the mixture was the same as that of the colloidal synthesis
approach. The schematic illustration for the fabrication of Ag3PO4/CNFs heterostructures
is given in Figure 1. For the convenience of description, the Ag3PO4/CNFs heterostructures
were herein called Ag3PO4/CNFs-1 and Ag3PO4/CNFs-2 synthesized from the colloidal
synthesis approach and precipitation synthesis approach, respectively.

Figure 1. Schematic illustration for the fabrication of Ag3PO4/CNFs heterostructures.

2.4. Characterization

A field emission scanning electron microscope (FESEM, GeminiSEM 500, Carl Zeiss
Microscopy GmbH, 73,447 Oberkochen, Germany) and transmission electron microscope
(TEM/HR-TEM; JEM-2200FS, JEOL Ltd., Akishima, Tokyo, Japan) equipped with energy
dispersive X-ray spectroscopy (EDS) were used to characterize the morphology and dis-
tribution of nanoparticles on the surface CNFs. EDS being attached to FESEM was used
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to analyze the composition of samples. X-ray diffraction (XRD) measurement was carried
out to characterize the phase and crystallinity of as-prepared samples using an X-ray
diffractometer (XRD, Empyrean, PANAlytical, Eindhoven 5651 GH, the Netherlands) with
Cu Kα (λ = 1.540 Å) radiation over Bragg angles ranging from 10◦ to 80◦. Fourier transform
infrared (FTIR) spectroscopy was performed to characterize the bonding configurations of
CNFs with nanoparticles by using Fourier-transform infrared (FT-IR, FT/IR-4200, Jasco,
international Co., Ltd., Hachioji, Tokyo, 193-0835, Japan). UV-vis diffuse reflectance spectra
(DRS) were measured using a UV-vis spectrophotometer (UV-2600 240 EN, SHIMADZU
CORPORATION, Kyoto, Japan).

2.5. Photocatalytic Test

Photocatalytic performances of different photocatalysts were examined by observing
the degradation of MB dye solution. For comparison, standard photocatalyst such as Evonic
P25 TiO2 was also employed in this study. All the experiments were performed at room
temperature using a solar simulator (DYX300P, DYE TECH Co., Seoul, Korea) equipped
with an internal xenon lamp and provided with a UV cut-off filter. Typically, suspension
of each photocatalyst was prepared by dispersing 150 mg of photocatalyst in 50 mL of
dye solution with initial concentration of 10 ppm and magnetically stirred in the dark for
30 min to attain adsorption/desorption equilibrium between dye and photocatalyst. The
suspension was then irradiated with visible light (λ > 420 nm) produced from a 200 W
xenon lamp under constant magnetic stirring. Aliquots were taken at 10 min time interval
and the concentration of dye solution was measured using a UV-Vis spectrophotometer
(HP 8453 UV-Vis spectroscopy system, Hudson, MA, USA).

3. Results and Discussion

The surface morphology of the precursor PAN nanofibers, CNFs and Ag3PO4/CNFs
heterostructures were observed in FESEM images (Figure 2). As shown in Figure 2a,
electrospun precursor PAN nanofibers exhibited uniform and continuous nanofibers with
random orientation forming an interwoven 3-D network without the presence of any beads.
The average diameter of these precursor nanofibers was found to be 320 nm. However, after
carbonization of precursor PAN nanofibers, it could be clearly seen that CNFs still kept
their nanofibrous morphology with a relatively smooth surface and random orientation
without the presence of any secondary nanostructures. The average diameter of the CNFs
was found to have decreased to 240 nm (Figure 2b). This decrease in fiber diameter can
be attributed to the shrinkage in volume of PAN nanofibers due to weight loss during
carbonization process. This is because during carbonization evaporation of residual solvent,
removal of unwanted elements, densification of carbon, and evolution of the various gases
such as H2O, N2, HCN, etc. from the precursor PAN nanofibers takes place, resulting in a
decrease in fiber diameter [38,39].

After fabrication of heterostructures, both the samples remained with nanofibrous mor-
phology. However, the surface of CNFs was no longer smooth due to growth of secondary
Ag3PO4 nanoparticles (Figure 2c,d). High-magnification FESEM image of Ag3PO4/CNFs-1
heterostructure (inset of Figure 2c) depicted the uniform distribution spherical Ag3PO4
nanoparticles with an average size of 20 nm grown on the surface of CNFs without any
evident aggregation offering a high level of exposure of the nanoparticle surface; however,
the nanoparticles are not visible in low-magnification images (Figure 2c). On the other
hand, in the Ag3PO4/CNFs-2 heterostructure, the Ag3PO4 nanoparticles with a bigger size
were not evenly distributed across the surface of CNFs and found in agglomerated form,
causing lesser exposure of their effective surface (Figure 2d). Figure 2e,f are the EDS spectra
of CNFs and Ag3PO4/CNFs-1 heterostructure, respectively. It was indicated that C and O
elements existed in pure CNFs, while C, O, Ag, and P elements existed in Ag3PO4/CNFs-1
heterostructure, confirming the successful fabrication of Ag3PO4/CNFs heterostructures.

Figure 3 represents the elemental mapping of the Ag3PO4/CNFs-1 heterostructure;
as shown in the figure, carbon (Figure 3b) and oxygen (Figure 3e) have high density as
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they are incorporated in CNFs; however, silver (Figure 3c) and phosphorus (Figure 3d)
have relatively low density. Additionally, from the elemental mapping, one can suggest
the formation of Ag3PO4 nanoparticles on the CNFs surface.

 

Figure 2. FESEM images; (a) precursor PAN nanofibers, (b) CNFs, (c) Ag3PO4/CNFs-1 heterostructure, and
(d) Ag3PO4/CNFs-2 heterostructure. Panel (e,f) represent FESEM-EDS of CNFs, and Ag3PO4/CNFs-1 heterostructure,
respectively. Inset; high-magnification FESEM image of Ag3PO4/CNFs-1 heterostructure.

 

θ

Figure 3. Elemental mapping analysis; (a) Ag3PO4/CNFs-1 heterostructure, (b) carbon, (c) silver,
(d) phosphorus, and (e) oxygen elements.
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XRD analysis of different samples (Ag3PO4 powder, CNFs, Ag3PO4/CNFs-1 het-
erostructure, and Ag3PO4/CNFs-2 heterostructure) was carried out to characterize their
composition and crystal structure (Figure 4). The broad peak centered at around 25◦ was
attributed to the (002) plane of the carbon structure in the CNFs, Ag3PO4/CNFs-2, and
Ag3PO4/CNFs-2 (Figure 4b–d). Compared to the CNFs, the diffraction peaks at 2θ of
20.879◦, 29.700◦, 33.300◦, 36.581◦, 47.799◦, 52.682◦, 55.019◦, 57.280◦, 61.658◦, and 71.898◦

in Ag3PO4 powder, Ag3PO4/CNFs-1, and Ag3PO4/CNFs-2 were attributed to the crystal
planes of (110), (200), (210), (211), (310), (222), (320), (321), (400), (421) and (332) of Ag3PO4
(JCPDS card No: 74-0911), respectively (Figure 4a, c, d) [40]. Furthermore, no peaks for
any other impurities were observed. Therefore, these results suggested that both the het-
erostructures were composed of CNFs and Ag3PO4 nanoparticles with high crystallinity
and purity, which was also justified by FESEM-EDS.

Figure 4. XRD patterns; (a) Ag3PO4 powder, (b) CNFs, (c) Ag3PO4/CNFs-1 heterostructure, and
(d) Ag3PO4/CNFs-2 heterostructure.

The fiber morphology and degree of dispersion of nanoparticles on the surface of
CNFs were observed by HR/TEM analysis (Figure 5). Figure 5a represents a typical TEM
image of CNF with nanofibrous morphology possessing a relatively smooth surface as
described in FESEM analysis. It is noteworthy that the morphology of CNFs obtained
after acid treatment was also consistent and well-retained (inset, Figure 5a). As com-
pared to the CNFs (Figure 5a), the heterostructure (Ag3PO4/CNFs-1) exhibited numerous
Ag3PO4 nanoparticles uniformly distributed and successfully loaded on the surface of
CNFs (Figure 5b). The average size of Ag3PO4 nanoparticles was found to be 20 nm. More
interestingly, the sonication process conducted during the sample preparation for TEM
analysis did not cause the Ag3PO4 nanoparticles decrease of the CNFs. This indicated
that Ag3PO4 nanoparticles were successfully grown on the surface of CNFs with strong
attachment. Moreover, highly magnified TEM images of the Ag3PO4/CNFs-1 heterostruc-
ture obtained from the marked area in Figure 5b is shown in Figure 5 c in order to display
the attachment of colloidal nanoparticles with the CNFs surface. At the same time, the
perfectly crystalline structure of Ag3PO4 nanoparticle was observed by HR-TEM image
(Figure 5d) recorded from the marked area in Figure 5c. As shown in the figure, the inter
planer spacing of 0.299 nm and 0.268 nm corresponding to (200) and (210) crystallographic
planes of Ag3PO4 nanoparticle were clearly observed revealing its excellent crystallinity.
Additionally, the heterojunction displayed that Ag3PO4 nanoparticles were attached on the
surface of CNF having disordered stacking features indicating its low crystallinity.

In order to analyze the interaction between CNFs and inorganic phase, FTIR anal-
ysis was performed; the results are displayed in Figure 6. The IR absorption spectra of
Ag3PO4 powder (Figure 6a) were compared with that of acid treated CNFs (Figure 6b)
and Ag3PO4/CNFs-1 heterostructure (Figure 6c). As depicted in the figure, the broad
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absorption band centered at about 3200 cm−1 for Ag3PO4 powder or Ag3PO4/CNFs het-
erostructure and a strong absorption band at about 1660 cm−1 for Ag3PO4 powder were
attributed to the stretching vibration of O-H and bending vibration of H-O-H of water
molecules, respectively. Furthermore, for Ag3PO4 powder, two absorption bands cen-
tered at about 1055 cm−1 and 1400 cm−1 could be assigned to the molecular vibrations
of PO4

3− [41] and the stretch of the doubly bonded oxygen P=O [42]. For CNFs, a strong
broad band was observed at about 3400–3500 cm−1, which might be attributed to the
bending vibration of absorbed water molecule and stretching vibration of -OH groups [43].
Similarly, two bands obtained at about 1200 cm−1 and 1580 cm−1 were due to the C-C
stretching vibration [44,45] and carboxylic stretching COO− vibration [46]. Hence, FTIR
analysis clearly showed that the CNFs were -COOH functionalized; however, their peak
intensities in the Ag3PO4/CNFs heterostructures were found to be decreased after the
growth of Ag3PO4 nanoparticles on CNFs surface. Additionally, in the heterostructures,
the bands corresponding to PO4

3− and P=O were observed with a decrease in their peak
intensities, suggesting that the carboxylic groups might play a significant role for the
nucleation sites during ion exchange reaction.

 

−

−

− −

Figure 5. TEM images; (a) CNF, (b) Ag3PO4/CNFs-1heterostructure, (c) magnified TEM image of
heterojunction region of red circled area for (b), and (d) HR-TEM image of blue circled area for (c).
Inset, TEM image of acid-treated CNF.

Since the catalytic performances of any photocatalyst depends on its optical absorption
properties, UV-vis diffusive reflectance spectra of Ag3PO4 powder and Ag3PO4/CNFs
heterostructures were analyzed to investigate their optical properties; the results are pre-
sented in Figure 7. The pure Ag3PO4 powder could absorb light with a wavelength at
around 520 nm (Figure 7a) and exhibit strong absorption in the visible range as reported
before [47]. In the case of heterostructures, Ag3PO4/CNFs-1 (Figure 7b) also exhibited
excellent absorption in the visible region with a wavelength at around 520 nm, while
Ag3PO4/CNFs-2 (Figure 7c) could show relatively weak absorption in the visible region.
Thus, these results indicated that Ag3PO4/CNFs-1 sample could absorb more photon and
might prove itself as a more favorable photocatalyst with enhanced activity.
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Figure 6. FTIR spectra; (a) Ag3PO4 powder, (b) acid-treated CNFs, and (c) Ag3PO4/
CNFs-1 heterostructure.

Figure 7. Uv-vis diffuse reflectance spectra; (a) Ag3PO4 powder, (b) Ag3PO4/CNFs-2 heterostructure,
and (c) Ag3PO4/CNFs-1 heterostructure.

Results of photocatalytic performances exhibited by different photocatalysts towards
the photodegradation of MB dye solution under simulated solar light irradiation are shown
in Figure 8a. In order to evaluate the absorption property of electrospun CNFs, an experi-
ment was carried out under similar conditions using bare CNFs, which showed negligible
absorption of MB. The degradation is represented as the variation of (C/C0) with irradia-
tion time, where C0 and C are the concentrations of dye solution at the initial time and at
time t, respectively. When using P25 as the standard photocatalyst, only ~38% of MB dye
solution was degraded in 50 min, indicating a low photocatalytic activity of P25. Similarly,
the degradation results showed that less than 95% of MB dye solution was degraded within
50 min utilizing Ag3PO4 powder and Ag3PO4/CNFs-2 heterostructure. Contrastingly,
more than 98% of dye solution was degraded within 40 min utilizing Ag3PO4/CNFs-1 het-
erostructure. Here, we believe that the higher photocatalytic efficiency of Ag3PO4/CNFs-1
heterostructure than that of Ag3PO4/CNFs-2 heterostructure is attributed to the strong
uniformity and smaller Ag3PO4 particles dispersed on CNFs offering high level of expo-
sure. Additionally, the lower photocatalytic activity of Ag3PO4 powder may refer to its low
solubility and photocorrosion [48]. Furthermore, the enhanced photocatalytic activity of
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Ag3PO4/CNFs heterostructures can be assigned to the synergistic effect between Ag3PO4
and CNFs due to their interfacial adhesion, which leads to the migration of excited electron
from conduction band (CB) of Ag3PO4 to CNFs. As mentioned earlier [28,29], CNFs exhibit
good conductivity and can act as an electron sink to prevent the recombination of photo-
generated charge carriers [30]. Hence, this transfer phenomenon of electrons from CB of
Ag3PO4 to CNFs could protect Ag3PO4 from photocorrosion, as shown in Formula (1) [25].

Ag+ + e− −−−−→ Ag (1)

Figure 8. (a) Photocatalytic performances of CNFs, P25, Ag3PO4 powder, and Ag3PO4/CNFs het-
erostructures towards the photodegradation of MB solution; (b) absorbance variation of MB solution
utilizing Ag3PO4/CNFs-1heterostructure; (c) cyclic photocatalytic performances of Ag3PO4/CNFs-
1heterostructure, and (d) XRD pattern of used Ag3PO4/CNFs-1heterostructure. Insets; (b) digital
photo of change in color of MB solution corresponding to degradation times and (d) TEM image of
nanofiber of used Ag3PO4/CNFs-1 heterostructure.

The absorbance variations of MB solution utilizing Ag3PO4/CNFs-1 heterostructure
under visible light irradiation at different times are shown in Figure 8b. The absorbance
peak corresponding to MB at 665 nm is diminished gradually with the increase in irra-
diation time. At the same time, the color of MB dye solution also gradually diminished
in presence of Ag3PO4/CNFs-1 heterostructure, as shown in inset, Figure 8b. Further-
more, the maximum absorption wave lengths of MB were not shifted, which indicated
that the benzene/heterocyclic ring was decomposed rather than the simple decoloration
process [49]. Moreover, the stability of the photocatalyst was evaluated by conducting a
cycle test for the degradation of MB solution. For this purpose, used sample was separated
by centrifugation and dried at room temperature then applied again for the degradation
process under similar conditions. From the results (Figure 8c), it was found that the
Ag3PO4/CNFs-1 heterostructure could work as a stable and efficient visible light photocat-
alyst up to the third cycle; however, there was a decrease in the activity during the recycling
reaction, which might be attributed to the loss of photocatalyst during cycling experiments.
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Moreover, to elucidate the structural integrity of photocatalyst, XRD analysis and TEM
characterization of used Ag3PO4/CNFs-1 heterostructure were performed. Figure 8d
depicts the XRD pattern of the Ag3PO4/CNFs-1 heterostructure after the third time cyclic
test. As shown in the XRD pattern, an additional minor diffraction peak of metallic Ag
appeared along with the corresponding diffraction peaks of Ag3PO4 and CNFs indicating
the partial reduction of Ag3PO4 during the cyclic process. Additionally, the TEM image
(inset, Figure 8d) of nanofiber of used Ag3PO4/CNFs-1 heterostructure showed its integrity
even after three cycle tests without a significant loss of nanoparticles.

From the above discussions and results, it can be supposed that the CNFs play a
key role in enhancing the photocatalytic activity and stability of Ag3PO4. However, the
exact mechanism for the photocatalytic degradation of MB dye solution by Ag3PO4/CNFs
heterostructures still needs further study; we have proposed a possible mechanism as
shown in the schematic illustration (Figure 9) based on the above discussion and previous
reports [13,50]. Under visible light irradiation, electrons (e−) from the valance band (VB) of
Ag3PO4 become excited due to the conduction band (CB) generating electron–hole (e−–h+)
pairs (photogenerated charge carriers). During the photochemical reaction, the excited
electrons in the CB of Ag3PO4 can ultimately migrate to the CNFs and react with adsorbed
oxygen molecules to form O2

•− radicals. At the same time, isolated h+ can be utilized in the
degradation of MB dye solution by direct oxidation, or it can react with water to produce
OH• radicals. Thus, the obtained reactive oxygen species (ROS) O2

•− and OH• radicals
as well as holes (h+) ultimately oxidize MB dye solution. The possible photochemical
reactions taking place can be summarized by Formula (2)–(7) as follows:

Ag3PO4
hv

−−−−→ h+(VB) + e−(CB) (2)

Ag3PO4
(

e−CB
)

+ O2 −−−−→ Ag3PO4 + O• −
2 (3)

Ag3PO4
(

h+
VB

)

+ OH− −−−−→ Ag3PO4 + OH• (4)

Ag3PO4
(

e−CB
)

+ CNFs −−−−→ Ag3PO4 + CNFs
(

e−
)

(5)

CNFs
(

e−
)

+ O2 −−−−→ CNFs + O• −
2 (6)

h+/OH•/O• −
2 + dye solution −−−−→ degradation (7)

AgଷPOସሺeେ୆ି ሻ  ൅   CNFs                      ሱ⎯⎯⎯⎯⎯ሮ   AgଷPOସ ൅ CNFs ሺeିሻ CNFs ሺeିሻ  ൅  Oଶ                       ሱ⎯⎯⎯⎯⎯ሮ   CNFs ൅   Oଶ• ି
hା/OH•/Oଶ• ି  ൅  dye solution                       ሱ⎯⎯⎯⎯⎯ሮ   degradation

 

Figure 9. Schematic illustration for the photodegradation of MB solution using proposed
Ag3PO4/CNFs heterostructure.
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4. Conclusions

In summary, with the aid of electrospinning and the carbonization process, two
types of Ag3PO4/CNFs heterostructures are fabricated. FESEM and TEM analyses re-
vealed the uniform distribution of small crystalline Ag3PO4 nanoparticles on the surface of
CNFs in the Ag3PO4/CNFs heterostructure obtained by the colloidal synthesis approach
(Ag3PO4/CNFs-1). Contrastingly, bigger-sized Ag3PO4 nanoparticles were found to be
distributed on the surface of CNFs with remarkable agglomeration in the Ag3PO4/CNFs
heterostructure obtained by the precipitation synthesis approach (Ag3PO4/CNFs-2). Pho-
tocatalytic investigation of both the formulations towards the degradation of MB solution
under visible light irradiation suggested that Ag3PO4/CNFs-1 is more advantageous over
Ag3PO4/CNFs-2. Additionally, Ag3PO4/CNFs heterostructures could be easily separated
from solution after use by sedimentation caused due to the high length-to-diameter ra-
tio of CNFs. Finally, it is believed that the Ag3PO4/CNFs-1 heterostructure possessing
enhanced photocatalytic performances will promote its practical application to remove
organic pollutants from wastewater.
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Abstract: This article covers the structural and optical property analysis of the sillenite Bi12NiO19

(BNO) in order to characterize a new catalyst that could be used for environmental applications.
BNO crystals were produced by the combustion method using Polyvinylpyrrolidone as a combustion
reagent. Different approaches were used to characterize the resulting catalyst. Starting with X-ray
diffraction (XRD), the structure was refined from XRD data using the Rietveld method and then the
structural form of this sillenite was illustrated for the first time. This catalyst has a space group of
I23 with a lattice parameter of a = 10.24 Å. In addition, the special surface area (SSA) of BNO was
determined by the Brunauer-Emmett-Teller (BET) method. It was found in the range between 14.56
and 20.56 cm2·g−1. Then, the morphology of the nanoparticles was visualized by Scanning Electron
Microscope (SEM). For the optical properties of BNO, UV-VIS diffusion reflectance spectroscopy
(DRS) was used, and a 2.1 eV optical bandgap was discovered. This sillenite′s narrow bandgap
makes it an effective catalyst for environmental applications. The photocatalytic performance of the
synthesized Bi12NiO19 was examined for the degradation of Basic blue 41. The degradation efficiency
of BB41 achieved 98% within just 180 min at pH ~9 and with a catalyst dose of 1 g/L under visible
irradiation. The relevant reaction mechanism and pathways were also proposed in this work.

Keywords: sillenite Bi12NiO19; Rietveld method; optical properties; photodegradation; BB41 dye

1. Introduction

Traditional methods of water treatment cannot effectively eliminate pollutants from
wastewaters and could cause great harm to the environment [1–4]. On the other hand, it
has been shown that photocatalysis is a promising approach for the degradation of non-
biodegradable compounds in water [5,6]. It is based on a photocatalyst that can be activated
by light such as sunlight and using this energy to remove various types of pollutants [7].
Among these pollutants, basic blue 41 (BB41) has been identified as one of the most
problematic dyes. It is present in industrial effluents and commonly used in acrylic, nylon,
silk, cotton, and wool dyeing [8–10]. This dye is potentially fatal to living organisms. It is
effective as a strainer for identifying avian leukocytes, blood, and bone marrow cells. It can
also induce short periods of fast or difficult breathing when inhaled, and it can also cause
nausea, vomiting, excessive perspiration, mental disorientation, and methemoglobinemia
when consumed through the mouth [11]. Therefore, its detection and elimination are
challenging goals. Based on our previous studies, photocatalysis-using catalysts have
successfully removed both organic and inorganic pollutants in wastewater [12,13]. A novel
catalyst with high photocatalytic activity and a narrow bandgap must be developed and
tested in order to achieve this goal [14].
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The increase in research in recent years for new material categories allowed new
studies on structural and optical properties [15,16]. Among these materials—despite be-
ing relatively new—sillenites have attracted the attention of many researchers due to
their unusual crystal formations, their peculiar electronics, their interesting photochromic,
photorefractive, electro-optic, piezoelectric, dielectric properties, and promising optical
activity [17–19]. They are used in various industrial applications, such as image amplifi-
cation, phase conjugation, real-time and multiwavelength holography, optical memories
for data storage, optical communications, signal processing and a variety of photocatalytic
applications [20,21]. Sillenite crystals with a general formula of Bi12MO20x (BMO) have a
body-centered cubic crystal structure crystallized in the I23 space group [22]. Their overall
structure is described by the atom of bismuth surrounded by seven oxygen atoms that share
corners with other similar Bi polyhedrons and with MO4 which represents a tetravalent
ion or a combination of ions that exist both at the cube center and on the corners in the
BMO structure [23,24]. There are a significant number of new sillenites that are used as
photo-catalysts in previous research, such as Bi12TiO20 [25], Bi12GeO20 [21], Bi12PbO19[22],
Bi12CoO20 [26], Bi12SiO20 [21], Bi12MnO20 [17], Bi12FeO20 [27] and Bi12ZnO20 [28]. Among
the sillenite crystals, bismuth nickelate Bi12NiO19 (BNO) has not been used as a photo-
catalyst yet, although it has recently gained considerable attention because of its tiny
bandgap, its high photoconductivity, ease of separation of photogenerated electron-hole
pairs and ease of recycling [29–31]. BNO is a single-phase multiferroic, which co-exists
with ferroelasticity and has a magnetic character. It is also a lead-free and environmentally
friendly material, which makes it very promising for photocatalytic applications. Due to
its novelty in the photocatalyst field and its interesting proprieties, we selected BNO as a
photocatalyst for this work.

We report in this study the synthesis of Bi12NiO19 sillenite by the sol-gel method using
polyvinylpyrrolidone (PVP) as a combustion reagent. Firstly, the phase of the crystals
was identified by X-ray diffraction (XRD); then, the structure and lattice constants of the
phase were refined using the Rietveld method. The special surface area (SSA) of BNO was
determined by the Brunauer–Emmett–Teller (BET) method. Then, the morphology of the
nanoparticles was investigated by Scanning Electron Microscope (SEM). After that, the
BNO’s optical properties were investigated using UV-VIS diffusion reflectance spectroscopy
(DRS), and the obtained bandgap was discussed. The photocatalytic activity of the sillenite
Bi12NiO19 was tested for photodegradation of basic blue 41 dye.

2. Materials and Methods

2.1. Chemicals

Chemicals used in the present study were: nickel nitrate hexahydrate [Ni(NO3)2·6H2O]
(98% Biochem), bismuth nitrate pentahydrate [Bi(NO3)3·5H2O] (98.5% Chem-Lab),
Polyvinylpyrrolidone PVP K30 (Pharmalliance pharmaceutical company, Ouled Fayet,
Algeria), ethanol (Biochem), nitric acid, HCl and NaOH (Sigma Aldrich; St. Louis, MO,
USA). The basic blue 41 (>98% purity) was provided by Aldrich. Distilled water was used
as a solvent. Without further purification, all chemicals were used as obtained.

2.2. Synthesis of the Sillenite Bi12NiO19

The Bi12NiO19 material (sillenite type) was synthesized by mixing nitrates of bismuth
pentahydrate [Bi(NO3)3·5H2O], and nickel nitrate hexahydrate [Ni(NO3)2·6H2O] was
dissolved in water using stoichiometric amounts (12:1 ratio). In order to improve the
solubility of the solutions, nitric acid was added. The reaction was carried out according to
the following equation:

12 [Bi(NO3)3·5H2O] + [Ni(NO3)2·6H2O] → Bi12NiO19 + 38 NO2 + 66 H2O + 19/2 O2 (1)

After total solubilization, PVP K30 as a complexing agent was added to the reaction
solution with a concentration of 15% w/w to obtain its complexing role [32]. The obtained
solution was dehydrated by evaporation on a hot plate until it turned to a gel, then burned
to form Xerogel, an amorphous powder, and after that denitrified at 600 ◦C for 3 h. Before
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calcination, the obtained powder was homogenized by grinding in an agate mortar; it was
calcined then in an air oven for 6 h at 800 ◦C. The calcination step was done to increase
the crystallinity and to remove all carbonated waste left after the combustion reaction. All
the synthesis process was summarized and illustrated in Figure 1. Then, the sample was
subjected to phase identification, structural characterization and optical study.

 

Degradation	efficiency	%	 = ௔ௗݏܾܽ − ௔ௗݏܾܽݏܾܽ × ௔ௗݏ100ܾܽ ݏܾܽ

Figure 1. Process for preparing Bi12NiO19.

2.3. Characterization

X-ray diffraction (XRD) was conducted using a Phillips PW 1730. With the MAUD
software (version 2.9.3), the Rietveld technique was used to measure structural properties,
refinement and crystallinity. VESTA (version 3.4.0) was used to create the structure illustra-
tion. With an electron scanning microscope FEI Quanta 650, crystal pictures were captured.
The sample’s UV-visible diffuse reflection (DRS) was measured using a Cary 5000 UV-Vis
spectrophotometer.

2.4. Photocatalysis Test

The photocatalytic degradation of Basic Blue 41 was carried out in a double-walled
reactor with a magnetic stirring and cooling system. A 1 g/L dose of catalyst was suspended
in a solution of BB41 aqueous solution with a concentration of 15 mg/L and pH ~9, which
was found to be optimal conditions. The pH was modified by adding small amounts of
HCl and NaOH. The adsorption experiment was performed in the absence of irradiation
for 120 min before the photocatalysis test to reach the adsorption equilibrium. After the
adsorption equilibrium, the reactor was exposed to visible irradiation using a tungsten
lamp supplied by Osram (200 W). The temperature of the solution was maintained at a
nearly constant 25 ◦C during the photocatalytic experiments using a thermostatic bath and
a double-walled reactor as a cooling system. The concentration of BB41 was followed by
measuring the absorbance in the wavelength (610 nm) with a UV–Vis spectrophotometer
(OPTIZEN, UV-3220UV). The degradation efficiency was calculated from the relation:

Degradation efficiency % =
absad − abs

absad
× 100 (2)

where absad and abs are the initial absorbance of BB41 and absorbance after time t, respec-
tively.

3. Results

3.1. Characterization of the Sillenite Bi12NiO19

3.1.1. Phase Identification and Structural Investigation

To explore the formation of sillenite crystals Bi12NiO19, X-ray diffraction (XRD) was
used (Figure 2). All diffraction peaks are attributed to the sillenite phase of Bi12NiO19
(JCPDS card, PDF No. 43-0448) [33]. This indicates good crystallization at 800 ◦C. The
XRD data and I23 cubic structure were used to conduct Rietveld refinement, experimental
findings and theoretical data determined by Maud are shown in Figure 2 as points and
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red lines, respectively. According to the results, the findings estimated using the Rietveld
technique matched well with the experimental X-ray diffraction pattern. The Rietveld
refinement results gave identical results compared to other known methods of structural
properties. [34,35]. Figure 1 also showed the purity and good crystallinity of our sillenite
phase through the great congruence between the results of the experiment and the theoreti-
cal data. It was determined that the refined values represented a cubic form with a space
group of I23 and a lattice parameter of a = 10.24 Å. The Rietveld refined parameters such
as reliability factors Rp, Rexp, Rwp and Sig with the cell parameter (a) and atomic position
(x,y,z) are presented in Table 1.

-

 

Figure 2. XRD diffractogram of Bi12NiO19 with Reitveld refinement.

Table 1. Structural and lattice parameters.

Phase Bi12NiO19

Groupe
Space I 2 3

a (Å) 10.244759

Atoms

Atom x y z Biso
Ni1 0.000000 0.000000 0.000000 0.077
Ni2 0.8216535 0.68130636 0.9814812 0.077
Bi1 0.000000 0.000000 0.000000 0.923
Bi2 0.9814812 0.68130636 0.8216535 0.923
O1 0.83216524 0.6798176 0.459461 1
O2 0.729963 0.729963 0.729963 1
O3 0.123646714 0.123646714 0.123646714 0.75

V (Å3) 1083.4283
D (nm) 59.46

R Factors

Rb 9.5436
Rexp 4.0007
Rwp 14.3421
Sig 3.58
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The structural representation of the sillenite BNO was illustrated in Figure 3 by Vesta
using the structural parameters in Table 1. The atoms′ colors for Ni, Bi and O are green,
yellow and red, respectively. As can be seen, the phase is a cubic structure (space group
I23). The atoms in the crystal structure show shared occupancy between bismuth and
nickel while bismuth atoms are dominant at around 92% due to the ratio of atoms being
12:1 for bismuth and nickel.

 
 

′

ܦ = (ߠ)	cosߚߣܭ
ߩ = ܸ	஺ܰܯܼ

ܵ = 6	 × 	10ଷܦ	 × ߩ
βߠ ஺ܰ ܯ

− ߩ	 ܼܸ	(1083.428335	Å	3)

Figure 3. The structural representation of the crystal Bi12NiO19.

The crystallite size, X-ray density, and special surface area were calculated from the
following equations [36]:

D =
Kλ

β cos (θ)
(3)

ρ =
ZM

NA V
(4)

S =
6 × 103

D × ρ
(5)

where D is the regular phase crystallite, K is the Scherener constant, β is the full width at
the highest half of the phase, θ is the angle Braggs, NA is Avogadro’s number, M is the
Molecular mass of BNO (2870.45 g·mol−1), ρ is the density of X-ray, Z is the count of model
units in a cell (Z = 2 for sillenites [26]) and V is the unit cell volume (1083.428335 A 3) and
S is the specific surface area.

The crystallite size was calculated from the main peaks of the XRD diffractogram, and
it was found in the range between 33.20 and 33.20 nm. The density of X-rays was found
to be 8.79 g·cm−3. The special surface area (SSA) of the particular BNO was estimated by
the Brunauer–Emmett–Teller (BET) method in Equation (4), and it was found in the range
between 14.56 and 20.56 cm2·g−1.

3.1.2. Morphology Investigation

In order to analyze the morphology of the BNO crystals, a Scanning Electron Mi-
croscopy (SEM) was used. Figure 4 shows typical SEM images of the BNO crystals. A
small agglomeration can be seen due to the ultrafine nature of the sample [37]. This leads
to a non-uniform distribution of crystals of different shapes and a noticeable porosity in
the sample [28]. The viscosity of the suspension in the synthesis route plays an important
role in the development of the porous structure [1,38]. The viscosity of suspension during
synthesis causes the porous structure to get compacted. The sol-gel method is well-known
for its great viscosity because it forms a gel during the synthesis. Due to this, we have
significant porosity in our sample.
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Figure 4. SEM images of the crystals Bi12NiO19.

3.1.3. Optical Study

To determine the catalyst’s performance, knowledge about the gap is highly necessary.
The optical properties of BNO crystals were investigated using UV-vis diffuse reflectance
spectroscopy (DRS). The bandgap energy (Eg) is determined by plotting the Tauc plot
(Figure 5), which is the dependence of the absorption coefficient (α) on the photon energy
(hv). It is expressed in the following relationship [37,39]:

(αhv)
1
n = K

(

hv − Eg
)

(6)

where α is the absorption coefficient, K is a proportionality constant, and the exponent
n= 2 or 1/2 refers to the nature of the transition. The direct bandgap was estimated by
the interception of the linear plot (αhv)2 and the hv axis. The band-gap energy (Eg) of
NBO crystals was about 2.1 ± 0.1 eV which is a smaller bandgap than of TiO2 and ZnO
(3.2 eV) [40,41]. This shows that BNO has a significant absorption level for both UV and
visible light from wavelength 200 to 800 nm where the fraction of the light irradiance is
converted into electrical and/or chemical energy. This tends to be more effective than
the photocatalysts ZnO and TiO2 and leads in visible light irradiation to an increase in
the formation of pairs of electron holes. This sillenite’s narrow bandgap makes it a new
promising catalyst for photocatalysis applications for environmental aquatic pollution.
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Figure 5. UV–Vis diffuse reflectance spectrum of the crystals Bi12NiO19.
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3.2. Photocatalytic Activity

To test the photocatalytic activity of this catalyst, BB41 was selected as a topical
example of organic pollutants. The photolysis effect of irradiation must be taken into
account. An irradiation test for the elimination of the effects of photolysis was carried
without the Catalyst BNO. Photolysis showed only a small percentage of BB41 degradation,
not even above 5% percent. The effects of photolysis could consequently be overlooked.
After that, the test was performed in the presence of the catalyst BNO. Before illumination
of the photocatalytic reactor, it is important to eliminate the adsorption effect in a dark
condition, the adsorption has not a significant removal for BB41.

After that, photocatalysis tests were started by the effect of pH, as the pH played
a major role in the degradation. The tests were done in different pH mediums with a
concentration of 15 mg/L and a catalyst dose of 1 g/L for 3 h, the results are shown in
Figure 6. As can be seen, pH 9 was the optimal pH condition, because BB41 is a cationic
dye, its photodegradation is favored in the basic medium, and the photodegradation
performance of BNO for BB41 is boosted in the basic condition.
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Figure 6. Effect of pH on the degradation of BB41.

After selecting the optimal pH, a test with a kinetic study was carried out under
optimal conditions. The results are illustrated in Figure 7; Figure 7a shows the evolution
of BB41 degradation as a function of time, where Figure 7b shows the associated UV-
vis spectra for each point and the absorption peaks of BB41 at 610 nm can be observed
decreasing with time. As can be observed, the degradation efficiency of BB41 achieved 98%
within just 180 min at pH ~9 and 25 ◦C. This result can be explained by the gap energy of
the catalyst (2.1 eV), which offers a higher absorption in both UV and visible areas from
200 to 800 mm [42].

It was already demonstrated in our previous works [13,14] that the degradation
of the dye as an organic compound in the photocatalytic process is mainly due to the
reactive oxidative species (ROS) such as superoxide radicals (O2

•−) and hydroxyl radicals
(•OH), where the electrons of Bi12NiO19 conduction band are degraded the Basic Blue
41 by reducing the absorbed O2 to the super-radical anion O2

•−. The oxidation occurs
concomitantly by radicals •OH through a valence band that reacts with H2O [43]. In order
to investigate the active species for the degradation of BB41, isopropanol and benzoquinone
were chosen as scavenger agents to capture •OH and O2

•−, respectively. Figure 8 shows
the degradation efficiency with and without the presence of scavengers.
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Figure 7. (a) Photocatalytic efficiency on BB 41 as a function of time [Co = 15 mg/L, dose =1 g/L, pH ~ 9 and T = 25 ◦C]. (b)
UV–visible spectra.
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Figure 8. Effect of scavengers on the degradation of BB41.

As can be seen, adding benzoquinone and isopropanol to the solution reduced
the BB41 degradation efficiency, indicating that both O2

•− and •OH were important ac-
tive species in the photocatalytic activity. The photocatalytic reactions that occur at the
solid/liquid interface can be bonded according to the following reaction mechanism:

Bi12NiO19 + hv → e− CB + h+
VB (7)

h+
VB + H2O → •OH + H+ (8)

e− CB + O2 → O2
•− (9)

Dye + •OH / O2
•− → Degradation products (10)

4. Conclusions

The main objective of this work was devoted to the study of the structural and optical
properties of Bi12NiO19 and its application as a photocatalyst for the disposal of the basic
blue 41 dye, used in the textile industry, under visible irradiation. BNO nanoparticles were
synthesized using the combustion method using Polyvinylpyrrolidone as a combustion
reagent. Different approaches were used to characterize the resulting catalyst. Starting
with X-ray diffraction (XRD), the Rietveld method was used to refine the structure based
on XRD data. which showed the purity and good crystallinity of our sillenite phase. Then,
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the structural form of this sillenite was illustrated for the first time. This catalyst has a
space group of I23 with a lattice parameter of (a = 10.24 Å) for this catalyst. The special
surface area (SSA) of BNO was determined by the Brunauer–Emmett–Teller (BET) method,
it was found in the range between 14.56 and 20.56 cm2·g−1. Then, the morphology of the
nanoparticles was visualized by Scanning Electron Microscope (SEM). Finally, the optical
properties of BNO were determined by UV-VIS diffusion reflectance spectroscopy (DRS), a
2.1 eV optical bandgap was discovered. This narrow bandgap and the good crystallinity
allow this sillenite to be a promising and effective catalyst for photocatalytic applications in
the environmental field such as the treatment of polluted water under visible light radiation.
That was confirmed by the application of this sillenite by performing the decomposition of
the basic blue 41 dye under visible irradiation where a total degradation was obtained at
pH ~9 and 25 ◦C in less than 180 min. For future research, we will test the effects of this
sillenite on the degradation and reduction of organic and inorganic pollutants, as they are
both hazardous contaminants to the environment.
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Abstract: Heterogeneous photocatalysis has emerged as a promising alternative for both micropollu-
tant removal and bacterial inactivation under solar irradiation. Among a variety of photocatalysts
explored in the literature, graphite carbon nitride (g-C3N4) is a metal-free semiconductor with
acceptable chemical stability, low toxicity, and excellent cost-effectiveness. To minimize its high
charge recombination rate and increase the photocatalyst adsorption capacity whilst keeping the
metal-free photocatalyst system idea, we proposed the heterojunction formation of g-C3N4 with
diamond nanocrystals (DNCs), also known as nanodiamonds. Samples containing different amounts
of DNCs were assessed as photocatalysts for pollutant removal from water and as light-activated
antibacterial agents against Staphylococcus sureus. The sample containing 28.3 wt.% of DNCs pre-
sented the best photocatalytic efficiency against methylene blue, removing 71% of the initial dye
concentration after 120 min, with a pseudo-first-order kinetic and a constant rate of 0.0104 min−1,
which is nearly twice the value of pure g-C3N4 (0.0059 min−1). The best metal-free photocatalyst was
able to promote an enhanced reduction in bacterial growth under illumination, demonstrating its
capability of photocatalytic inactivation of Staphylococcus aureus. The enhanced photocatalytic activity
was discussed and attributed to (i) the increased adsorption capacity promoted by the presence of
DNCs; (ii) the reduced charge recombination rate due to a type-II heterojunction formation; (iii) the
enhanced light absorption effectiveness; and (iv) the better charge transfer resistance. These results
show that g-C3N4/DNC are low-cost and metal-free photoactive catalysts for wastewater treatment
and inactivation of bacteria.

Keywords: photodegradation; heterostructure; diamond nanocrystals; bacterial photoinactivation

1. Introduction

The conversion of solar energy into chemical energy using a semiconductor material
has been extensively investigated to generate clean fuels and degradation of persistent
organic pollutants (POPs) through environmentally friendly processes [1]. For efficient
solar energy conversion, semiconductor photocatalysts are required to effectively absorb
light in the visible range to achieve practical applications, present satisfactory stability
under experimental conditions, and substantially possess suitable energy band positions
and the ability to avoid photogenerated charge recombinations [2–4].

In a photocatalytic reaction, the conduction band (CB) and valence band (VB) energy
position of the semiconducting photocatalyst must present more negative and more positive
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values, respectively, compared to the reduction and oxidation potentials of the target
molecules [4]. Examples include, but are not limited to, CO2 reduction [5], H2 and O2
evolution by water splitting [3], and degradation of organic pollutants [6]. In the latter,
in addition to the direct reduction or oxidation of the target molecules by the electrons
and holes generated at the CB and BV, respectively, reactive oxygen species (ROS) such
as superoxide anions (O2

•−) and hydroxyl radicals (HO•) are commonly involved in the
pollutant removal and, in this case, the electron and hole potentials have to be suitable for
their formation [4,7–9]. Additionally, some other relevant and desirable characteristics for
a semiconductor material consist of low cost, recyclability, simple and scalable synthesis,
and environmentally friendly composition [10,11].

Graphitic carbon nitride (g-C3N4) is a metal-free semiconductor that meets some of the
above requirements since it presents good physicochemical stability and cost-effectiveness,
negligible toxicity, and suitable CB energy as well as is easily prepared from a variety of
precursors [12–14]. In regard to its energy band structure, g-C3N4 presents VB energies
ranging from 1.40 to 1.59 eV (vs. NHE, at pH = 7), CB from −1.3 to −1.13 eV (vs. NHE, at
pH = 7), and bandgap (Eg) energies of about 2.7 eV [15]. Its relative mild-gap provides only
partial visible-light absorption, which along with its low separation efficiency of excited
electron–hole pairs and deficient active sites, consists of the most relevant challenges con-
cerning its optical activity [15]. These limitations, however, can be overcome by combining
g-C3N4 with other suitable materials and thus fabricating heterojunctions [2,16–19].

Diamond nanocrystals (DNCs) are reported to have activation sites for both reduction
and oxidation reactions, due to their high carrier mobility [20], as well as due to their
potential intragap states caused by surface defects, unsaturated bonding, or impurities [21].
Based on its electronic properties, pristine DNC should not present significant photocat-
alytic activity under visible-light irradiation because of its high Eg value, of approximately
5.5 eV for bulk diamond and 3.3 eV for DNC powders [22], but the presence of impurities
or defects may create donor or acceptor levels in its bandgap (intragap), facilitating the
absorption of photons under visible-light irradiation conditions [23]. A coupling may
occur between diamond and nondiamond C electrons in such a way that bandgap energies
of less than 3.0 eV may be observed for the DNC [24]. The intragap states have been
observed (but not commented on) in previous works [25], and treated as VB and CB of the
DNC. However, DNC presents little to no cytotoxicity [26] and has been recognized as an
outstanding material in photocatalysis along with graphene-based composites [24,27].

Relatively few works have applied DNC for photocatalytic degradation of pollu-
tants [16,28,29], and even fewer have explored g-C3N4/DNC heterojunctions for wastew-
ater purification and H2 production [16,25,30]. Due to the various loose ends in the
discussion on the chemical, physical, and photocatalytic properties of this system, further
studies are highly desired. In the study carried out by Haleem et al. [30], 0.4 wt.% of DNC
was added to g-C3N4 and the photocatalyst showed ~50% increased photocatalytic H2 evo-
lution compared to pristine g-C3N4, which was attributed to an enhanced charge transfer,
low recombination rate, and higher surface area of the hybrid material. In a later work, the
g-C3N4/DNC heterojunction prepared with 10 wt.% DNC showed the best photoactivity
for H2 evolution under visible-light irradiation [25]. In this case, the enhanced photoactiv-
ity was attributed to two factors: (i) the more localized charge carrier generation due to
light-trapping from scattering properties of the DNCs, and (ii) the appropriated energy
level matching of both materials to form a type-II heterojunction. Concerning a different
preparation method and larger amounts of DNC in the heterojunction [16], a recent work
evaluated the photocatalytic efficiency against the degradation of the methylene blue (MB)
dye. The best photocatalytic degradation rate and dye adsorption capacity were observed
in the sample containing 33 wt.% of DNC, which was associated with increased light
absorption and greater surface area. Therefore, the g-C3N4/DNC is a metal-free composite
material that has the potential to act as a photocatalyst in different photoactivated reactions.

Amongst the useful applications of g-C3N4 and DNC, their antibacterial capabilities
have also been individually studied; a fact that is motivated by the urgent demand for
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new materials capable of tackling pathogenic bacteria [31–33]. Under light illumination,
g-C3N4 alone and in association with metals/semiconductors inactivated microorgan-
isms through the generation of ROS [31]. Besides having photochemotherapy capabilities,
g-C3N4 nanosheets also displayed cytotoxicity by inducing the rupture of the cell mem-
brane of bacteria upon direct mechanical contact [34]. A similar physical mechanism of
action is proposed for DNC-based antimicrobial agents [33]. These materials have gained
increased biomedical interest due to their favorable biocompatibility; however, cytotoxicity
against both Gram-positive and Gram-negative bacteria was displayed by modifying their
surface composition [35]. Nanodiamonds could also inhibit biofilm formation and disrupt
biofilms, which is particularly important considering that microorganism aggregates are
harder to tackle than planktonic dispersions [36]. In addition, the combination of DNC with
photosensitizers enabled the photodynamic antimicrobial chemotherapy against planktonic
S. aureus [37,38] and its biofilms [37].

In this context, we prepared metal-free photocatalysts by making a heterojunction
between g-C3N4 and as-obtained DNC under the in situ urea decomposition. The het-
erojunctions were prepared, characterized, and evaluated in terms of their photocatalytic
activities for the photodegradation of MB and Staphylococcus aureus photoinactivation.
The mechanism of improved photocatalytic efficiency under illumination was thoroughly
revised, revealing it to be a combination of increased adsorption capacity, better light
absorption effectiveness, enhanced charge transfer resistance, and decreased charge recom-
bination rate by a type-II heterojunction formation. These results show that g-C3N4/DNC
are efficient low-cost and metal-free photoactive catalysts for wastewater treatment and
photoinactivation of bacteria.

2. Materials and Methods

2.1. Pristine Samples Preparation

The g-C3N4 samples were obtained through urea decomposition (Alphatec—São
Paulo, Brazil, 99.9%) in an alumina crucible with a loose lid (see details in Figure S1,
Supplementary Materials), according to previous reports with modifications [39,40]. After
cooling naturally, the obtained content was macerated into a yellow powder and stored at
room temperature. Non-detonated DNC samples were purchased from NaBond with a
purity of 99.95% and used without further purification.

2.2. Synthesis of the g-C3N4/DNC Heterojunctions

For the heterostructures formation, a suitable amount of urea (Table S1) was solubi-
lized in 25 mL of deionized water in a crucible with a loose lid for 15 min, under magnetic
stirring. The amount of urea was calculated based on the mean yield of its conversion to
g-C3N4 that in our experiments was 4.4%. Then, a certain mass of DNC (Table S1) was
added to the mixture and sonicated (UltraCleaner 1400 A—model unique, 40 kHz—315 W
RMS) for 30 min. For the DNC, the initial mass was calculated considering the rate of mass
loss obtained at 550 ◦C by thermogravimetric analysis (TGA). The solution was dried at
120 ◦C for 6 h using a heating rate of 5 ◦C min−1. Next, the crucible was heated at 550 ◦C
for 2 h using a rate of 3 ◦C min−1 under an air atmosphere. The obtained porous powder
was ground and stored for further analysis. The flowchart in Scheme 1 illustrates the
described methodology. Samples were named as g-C3N4/DNC-2, g-C3N4/DNC-11, and
g-C3N4/DNC-28, according to their approximated experimental DNC w/w%, respectively,
found by TGA analysis (see TGA results) and considering their calculated synthesis yield
of 3.0%, 2.3%, and 1.9%, respectively (Table S1).
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Scheme 1. The standard synthesis procedure of g-C3N4/DNC heterojunctions.

2.3. Characterization

Thermogravimetric (TGA) and differential scanning calorimetry (DSC) analysis were
performed with a Netzsch STA 449 F3 Jupiter equipment under N2 atmosphere, from
25 ◦C to 900 ◦C, with a 10 ◦C min−1 rate and 1 ◦C interval between measurements. The
morphological features of the samples were observed by scanning electron microscopy
(SEM) by using a JEOL JSM-6380 LV microscope and transmission electron microscopy
(TEM) by using an FEI MORGANI 268 D operated at 80 kV. SEM measurements were
performed by placing small amounts of the powder samples on the top of a carbon tape
and TEM by dispersing the samples into isopropyl alcohol followed by deposition on
carbon-coated Cu grids. Crystallinity was investigated by X-ray diffraction (XRD) using a
Shimadzu XRD-6100 diffractometer. For the XRD analysis, the diffractometer was adjusted
to 40.0 kV—30.0 mA, and 2θ scanning was in the 5◦–85◦ range. Obtained diffractograms
with Co-Kα X-ray source (λCo = 1.792850 Å) were adapted to typical Cu-Kα source typical
conditions (λCu = 1.544390 Å) to compare the peaks with the ones from the literature.
Fourier transform infrared spectroscopy (FTIR) was carried out with an attenuated total
reflection (ATR) accessory in a Perkin Elmer Spectrum 100 equipment. For dynamic light
scattering (DLS) and Zeta potential (ZP) measurements (Malvern, Zetasizer Nano ZS),
approximately 0.5 mg of each sample were sonicated in DI water for 10 min, and three
measurements with 12 runs each were recorded at room temperature. Diffuse ultraviolet-
visible reflectance spectroscopy (DRS-UV–Vis) with a Ø60 mm integrating sphere and Tauc
plots was applied to determine the other optical bandgap. Brunauer−Emmett−Teller (BET)
specific surface area measurements were examined by N2 adsorption−desorption with
an ASAP 2420 Micromeritics instrument. Steady-state photoluminescence (PL) studies
were performed using an FS-2 fluorescence spectrometer (Scinco, Seoul, Korea) and data
were collected at room temperature using right-angle geometry (90◦ excitation/emission
geometry) and a quartz cuvette with four polished faces and a 10 mm optical path length.
The PL spectra were obtained using a 150 W Xe-arc lamp as an excitation source; Czerny–
Turner monochromators for selecting excitation and emission wavelengths; and an R928
photomultiplier for collecting the photoluminescence signal. PL emission spectra were
obtained under excitation at 371 nm.

Electrochemical impedance spectroscopy (EIS) and Mott–Schottky (M–S) analysis
were performed using a CorrTest potentiostat/galvanostat in a standard three-electrode
electrochemical cell, with samples as the working electrode, Ag/AgCl as the reference
electrode, and a platinum wire as the counter electrode, all immersed in a 0.1 M Na2SO4
electrolyte (pH 6). The photoelectrode preparation was carried out by sonicating 4 mg of the
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as-prepared sample powders in 2 mL of H2O and then drop-casting 200 µL of catalyst ink
directly onto a limited area of 1 cm−2 of pre-cleaned fluorine-doped tin oxide (FTO) glass
substrate. After drying, 20 µL of Nafion solution (0.3 wt.%) was dropped on the film surface
and left to dry spontaneously. EIS measurements were conducted with frequencies varying
from 40 mHz to 100 kHz, the amplitude of 10 mV, and applied potential set as 0 V vs. the
open circuit potential (OCP), under dark conditions. The Mott–Schottky (M–S) analyses
were carried out by ranging the applied potential from −0.2 to −1.2 V at 1000 and 2000 Hz.
Potentials versus the Ag/AgCl reference electrode (EAg/AgCl) were converted to RHE
(ERHE) by using the Nernst equation, where ERHE = EAg/AgCl + (0.059 × pH) + 0.197 V.

2.4. Photocatalytic Degradation Study

The photocatalytic properties of the samples were investigated against the photodegra-
dation of methylene blue (MB) dye as a cationic model molecule to simulate pollutants
removal from water. For each experiment, 25 mg of the photocatalyst was added to 25 mL
of MB solution (30 mg L−1) and left under dark conditions for 40 min (20 min under
sonication and 20 min under magnetic stirring) to achieve dye adsorption equilibrium.
The photoreactor was a borosilicate beaker placed below an Abet-Tech solar simulator
equipped with a 150 W Xe lamp. The photon flux was calibrated to 200 mW cm−2 using a
reference cell, as described elsewhere [9,41]. Once under irradiation, the solution was kept
under magnetic stirring and the concentration of the remaining MB was monitored through
UV−Vis spectrophotometry at 664 nm [42] every 20 min up to 160 min. Adsorption of the
MB dye was investigated by C/Ci curves, where C is the concentration of MB at the time
“t” and Ci is the initial concentration of MB. The photocatalytic effect was accounted for by
the C/C0 curves, where C0 is the concentration of MB when the light was turned on.

2.5. Photocatalytic Inactivation of Bacteria

The photocatalytic bactericidal effect was tested against a Staphylococcus aureus strain
(ATCC 25923). The bacterial suspensions were prepared with 40 µL of the bacterial strain
added to 4 mL of Müller−Hinton Broth and incubated at 37 ◦C for 24 h. The catalyst at
125 mg L−1 was dispersed in 2 mL of a physiological saline (0.9% NaCl) solution containing
the bacterial inoculum at 1.5 × 108 CFU/mL. After that, the samples were shaken at
120 rpm for 60 min. After the incubation, the samples were separated into two groups:
non-illuminated and illuminated. The illuminated samples were placed in a 96-well plate
(250 µL/well) and submitted to visible-light irradiation provide by RGB light-emitting
diodes (LEDs). The samples were illuminated at 18 mW cm−2 for 1 h. Then, a serial dilution
was performed until 1:32 for both illuminated and non-illuminated samples. Finally, the
colony-forming units (CFU) were counted after 24 h of incubation at 37 ◦C.

3. Results and Discussions

Metal-free photocatalysts are of great interest for solar energy conversion due to their
low cost of production. Herein, we prepared heterojunction composites between g-C3N4
prepared from urea decomposition and as-obtained DNC through an in situ methodology.
To obtain the experimental percentage of DNC in the g-C3N4/DNC heterostructures, as
well as the thermostability of the composites, TGA experiments were carried out (Figure 1).
Small weight losses (~2%) are observed from room temperature up to 200 ◦C for both the
pristine g-C3N4 and g-C3N4/DNC composites which are attributed to desorption of physi-
cally adsorbed and intercalated water [43]. From 200 to 500 ◦C, it is clear that the samples
presented almost negligible weight loss, and for higher temperatures, the decomposition
of g-C3N4 could be evidenced, which was completed at around 770 ◦C, in agreement with
previous reports [44]. For the DNCs, the residual mass observed was as high as 94.4% at
794 ◦C, similar to that obtained by Piña-Salazar et al. [45]. This small mass loss of the DNC
refers to the release of gases adsorbed on its surface, such as CO, CO2, and H2O. Based on
that, the temperature of 794 ◦C was used as a reference point for obtaining the residual
masses (as indicated in the graph) and consequently the wt.% of DNC in the composites,
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since at this temperature the residual mass percentage of the g-C3N4 is negligible. The
amount (wt.%) of DNC in the photocatalysts was then estimated to be 1.6, 11.1, and 28.3%
for samples g-C3N4/DNC-2, g-C3N4/DNC-11, and g-C3N4/DNC-28, respectively. This
quantification considers the fact that the calculated synthesis yield decreased with respect
to the increase in the initial DNC mass in the heterojunctions (Table S1). Therefore, there is
a significant difference between the nominal amount of DNC introduced during the in situ
synthesis and the experimentally obtained one, and this difference comes mainly from the
reduced synthesis yield of g-C3N4 due to the presence of the DNC particles. To explain the
synthesis yield decrease, we hypothesize that DNCs behaves as nanometer spots of heat
transfer due to their highest thermal conductivity among existing materials [46], locally
elevating the temperature of the surrounding intermediated products and accelerating
the urea decomposition. As a result, the system ended with a lower content of g-C3N4
during the in situ heterojunction formation compared to the case without DNC. In addition,
the DSC curve of the pristine g-C3N4 exhibited an endothermic peak centered at 720 ◦C,
which shifted to 710 ◦C for the sample g-C3N4/DNC-28 (Figure S2 of the supplementary
material). It shows that the g-C3N4 decomposition in the heterojunctions started and was
accomplished earlier compared to the pristine g-C3N4. In addition, it is well-known that
the yield of synthesis is strongly dependent on the temperature and time of reaction, and
few increases in the temperature may result in a significantly reduced mass of g-C3N4
during the precursor decomposition [15]. To further validate our hypothesis, we prepared
the heterojunctions by only physically mixing the DNC with the already prepared g-C3N4.
The TGA results revealed a DNC experimental content remarkably close to the expected
value (Figure S3), showing that in fact DNCs do not, in fact, cause direct decomposition of
g-C3N4 but alters the kinetics and yield of urea decomposition to form the g-C3N4.

 

Figure 1. TG curves of pristine g-C3N4 and the g-C3N4/DNC heterojunctions.

Figure 2a,b, respectively, show a representative SEM and TEM image of the pure
g-C3N4 sample that confirms that the morphology is composed of nanometer-thick sheets,
as expected for a 2D material. Figure 2c shows the SEM image of the DNC sample, revealing
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the formation of individual nanoparticles of about 100–200 nm, without formation of large
aggregates. DLS results confirmed the formation of non-agglomerated particles in solution,
with mean diameters of 125.4 ± 48.9 nm (see Figure S4). SEM and TEM analysis were also
used to investigate the morphology of the g-C3N4/DNC heterojunctions (Figure 2d–h). As
a result, g-C3N4 nanosheets functioned as supports for the DNC nanoparticles, preventing
the formation of large crystal clusters and, consequently, enhancing the physical interaction
between both materials. For the lower concentration of DNC (g-C3N4/DNC-2, Figure 2d),
the sample morphology is like that of the g-C3N4 pristine sample, as expected. Additionally,
a slight fragmentation of the g-C3N4 structure occurred when increasing the amount of
DNC (Figure 2e,f). The representative TEM images of the g-C3N4/DNC-28 heterojunction
confirm that DNC particles are dispersed and anchored over the nanosheet structures
(Figure 2g–h).

 

Figure 2. SEM (a) and TEM image (b) of the g-C3N4 photocatalyst. SEM images of the DNC pristine sample (c) and of the
g-C3N4/DNC heterojunctions with (d) 1.6 wt.%, (e) 11.1 wt.%, and (f) 28.3 wt.% of DNC. Representative TEM images (g,h)
of g-C3N4/DNC-28 heterojunctions.

Figure 3 shows the diffraction patterns of the pristine and heterojunctions samples.
The XRD pattern of pristine g-C3N4 shows two peaks located at 12.8◦ and 27.4◦ that
can be indexed as the (100) and (002) diffraction planes, respectively, of a graphite-like
structure (JCPDS 87-1526). In addition, the latter corresponds to an interlayer distance
of d = 0.326 nm, which matches the value commonly reported for graphite-like carbon
nitride materials [47]. The former peak is, on the other hand, a signature of tri-s-triazine-
based g-C3N4 formation [15,48]. For the DNC pristine sample, the XRD pattern contains
one peak located at 44.3◦ that can be indexed as the (111) diffraction planes of diamond
cubic structure (JCPDS 03-065-0537) [49]. The XRD patterns of the heterojunctions contain
only the three peaks reported above, without a signal of secondary impurity phases.
Additionally, with the increase in the concentration of DNC, there is an increase in the
intensity of the diffraction peak located at 44.3◦ which is consistent with the expected higher
concentration of DNC in the samples. A close look at the (002) planes of g-C3N4 reveals an
angular shift of the diffraction peak from 27.5◦ to 27.9◦ for the heterojunctions which is a
consequence of a decrease in the distances between the adjacent g-C3N4 layers [15]. Similar
behavior has also been reported when the annealing of urea was conducted at different and
increasing temperatures, from 450 to 600 ◦C, where an increase in the crystal stability of
g-C3N4 was hypothesized [39]. This assumption is also supported also by the reduced full
width at half maximum (FWHM) of the (002) peaks as the DNC was introduced, revealing
that the g-C3N4 is more crystalline. Therefore, in agreement with TGA findings, the DNCs
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increased the crystal stability of the g-C3N4 in the heterojunction by the in situ formation
of tight-packed nanosheets during the decomposition of urea. This result also confirms
the hypothesis of localized spots of heat transfer around the DNC that may decrease the
amount of g-C3N4 by facilitating its decomposition at temperatures slightly higher than
550 ◦C.
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Figure 3. XRD patterns of pristine g-C3N4 and DNC, and the g-C3N4/DNC heterojunctions.

FTIR spectroscopy revealed chemical features of pristine DNC, g-C3N4, and the
g-C3N4/DNC heterojunctions (Figure S5). It is possible to see that the spectra of pris-
tine g-C3N4 and the heterojunctions are very similar and reflect the overall characteristics
reported for g-C3N4 systems [15]. They show a sharp band at 810 cm−1 that is character-
istic of this material and is attributed to the breathing mode of tri-s-triazine units [15,39].
The band at 890 cm−1 is ascribed to the out-of-plane C–H bond in aromatic domains [40]
and, as also observed before, the spectra additionally present several strong bands in the
1200–1650 cm−1 region that are ascribed to the stretching mode of aromatic CN heterocy-
cles [50]. These peaks together constitute a fingerprint of the g-C3N4 formation. Finally,
the broadband observed between 3400 and 3000 cm−1 is ascribed to stretching vibrations
of OH (3500–2500 cm−1) and NH (3400–3300 cm−1) groups, coming from water molecules
physically adsorbed and/or the bridging C–NH–C units, respectively [15]. As expected,
the pristine DNC presents less intense absorption bands since it contains fewer functional
groups in both the bulk and surface chemical composition, showing a broad peak in the
3500–3000 cm−1 range, as observed for g-C3N4, as well as three main characteristic ad-
ditional peaks at 1085, 1625, and 1707 cm−1. The bands at 1085 and 1625 cm−1 can be
attributed to the stretching vibration of C–O, and O–H, respectively. The broad band at
1700–1800 cm−1 is assigned to the C=O stretching vibration from the surface of DNC. It is
also possible to observe that the DNC spectrum shows some minor features at 966, 915,
and 810 cm−1 that together with the previously described peaks, are a fingerprint of the
DNC. Therefore, the DNC surface contains functional groups that may help strengthen the
physicochemical interaction with organic molecules or bacterial cells near the photocatalyst
surface and enhance the overall composite photoactivity.

Figure 4a presents the UV−Vis−DRS curves of the samples. The g-C3N4 exhibited an
optical reflectance edge at approximately 425 nm that corresponds to a direct bandgap of
2.91 eV (see Tauc plot in Figure 4b). Additionally, the increase in DNC concentration did
not induce significant changes in the absorption edge (all samples presented bandgaps of
~2.9–3.0 eV) but resulted in an evident decrease in the total reflectance within the entire
visible light range. This is a result of increased light absorption and/or light scattering effect
caused by the addition of DNC. Su et al. observed similar results and mainly attributed
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it to the effective light scattering of NDs [25]. However, it is noteworthy that as the DNC
and g-C3N4 refractive indexes are, respectively ~2.4 and <1.5, the DNC would promote
the incident light propagation through refraction, increasing its optical path at the junction
interface [51,52] and, thus, the probability of photon absorption by the g-C3N4 in the
heterojunctions. In fact, the optical properties of the DNC show thought-provoking aspects.
The first is that two linear regions could be found in Tauc plots (Figure 4c), which represent
two distinct bandgap energies of 2.64 and 4.83 eV. The latter is well-recognized for the
bulk diamond structure and the former possibly comes from an intragap state due to
(i) structural or surface defects or (ii) quantum confinement effects [23,53]. Therefore,
the DNC studied herein, although to a lesser extent, may harvest visible light photons,
especially considering electron jumps from its intragap energy level, and scattering is not a
negligible factor.
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Figure 4. Diffuse reflectance spectra of pristine g-C3N4 and DNC, and the g-C3N4/DNC heterojunctions (a). Tauc plot for
the indirect bang gap determination of pristine g-C3N4 and the prepared heterojunctions (b), and Tauc plot for the direct
bang gap determination of the DNC (c).

To investigate the photocatalytic activity of the samples, experiments for photodegra-
dation of the MB dye in water were conducted under simulated solar irradiation. Firstly,
the MB dye adsorption efficiency without irradiation was studied for 40 min (Figure 5a),
revealing that increasing DNC content enhances the adsorption efficiency of the MB in
the photocatalysts, and pure DNC took a slightly longer time to achieve equilibrium in
the dark (60 min, Figure S6). Similarly, the presence of DNC affected the zeta potential
values, as the larger amount, the more electronegative were the heterojunctions: g-C3N4
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(−17.2 mV), g-C3N4/DNC-2 (−15.5 mV), g-C3N4/DNC-11 (−18.2 mV), g-C3N4/DNC-28
(−27.6 mV), and DNC (−29.5 mV). The highly negative surface charge of the DNC favors
the adsorption process through electrostatic interactions between cationic molecules and
the negatively charged surface groups present in the photocatalysts. Specific surface area
(SBET) was determined according to the Brunauer−Emmett−Teller (BET) method using ni-
trogen adsorption isotherms, and the results show that the SBET values of the pristine DNC
and g-C3N4 are 83.6 and 60.9 m2 g−1, respectively. All studied heterojunctions showed
higher SBET values than the pristine materials but with values very close to each other,
where g-C3N4/DNC-11 presented the largest surface area of 111.7 m2 g−1, followed by
g-C3N4/DNC-28 (106.9 m2 g−1) and g-C3N4/DNC-2 (104.1 m2 g−1). Therefore, as it can
be seen that the MB adsorption onto the photocatalysts does not follow the surface area
trending perfectly. It is worth noting that the adsorption of the pollutant target molecule is
an important but not the only step regarding its photocatalytic treatment. In this context,
among the studied photocatalysts, the g-C3N4/DNC-28 showed a higher photoactivity for
the removal of the MB under simulated solar irradiation at 200 mW cm−2 (Figure 5b). All
photocatalytic results had a superior performance compared to the photolysis (the isolated
light effect), showing that the photocatalyst material is crucial for MB degradation under
light irradiation. The kinetic of the MB photocatalytic degradation follows a pseudo-first-
order model with a constant rate of 0.0104 min−1 for the g-C3N4/DNC-28 sample, which
is 76% higher than that obtained for pure g-C3N4 (0.0059 min−1).

− −

−

−

−
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Figure 5. (a) C/Ci bar curves for MB adsorption under dark conditions (20 min under sonication followed by 20 min under
magnetic stirring) at initial [MB] = 30 mg L−1, 1 mg mL−1 of photocatalyst, and 25 mL liquid volume. (b) Photocatalytic
removal of MB dye in water using pristine g-C3N4 and DNC, and g-C3N4/DNC heterojunction samples under simulated
solar illumination (AM1.5G filter) at 200 mW cm−2. Note: Figure 5b was produced immediately after the adsorption step
in the dark (40 min for all samples, except DNC* that presented the highest adsorption ability where 60 min under dark
was necessary to establish equilibrium—Figure S6), and represents the concentration of MB at the time “t” divided by the
concentration of MB at the moment the light was turned on (C0). The MB concentration was not restored to 30 mg L−1 and
error bars represent the mean standard deviation of the triplicate experiments.

As the produced heterojunctions showed efficient results for the photocatalytic degra-
dation of MB, we studied their ability for the photoinactivation of a model bacterium.
Figure S7 shows representative images of Petri dishes with photocatalyst-containing Staphy-
lococcus aureus colonies grown under illumination and dark conditions. Exposure to the
heterojunction composites photocatalyst in the dark or under light and without the pho-
tocatalysts (photolysis) did not impair the Staphylococcus aureus growth, Figure 6. On the
other hand, g-C3N4 induced a significant reduction in bacterial growth under illumina-
tion, demonstrating its capability of photocatalytic inactivation of Staphylococcus aureus.
In contrast, DNC did not promote the photocatalytic inactivation of bacteria under the
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conditions explored herein, but the heterojunction containing 28 wt.% of DNC presented
an improved photoinactivation capacity compared to the DNC-free sample (g-C3N4). This
result may be due to the existing additional channel for oxidative radicals’ production
promoted by the heterojunction. Recent studies have demonstrated that g-C3N4 by itself
can promote bacterial photocatalytic inactivation under visible-light illumination [14] and
had its photoinactivation activity enhanced by preparing heterojunctions of g-C3N4 with
different semiconductor nanomaterials [54,55].
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Figure 6. CFU mean values (±standard deviation) of Staphylococcus aureus when subjected to H2O (negative control),
and catalysts (g-C3N4, g-C3N4/DNC-28, and DNC) at 31 mg L−1 under dark (a) or LED irradiation (b). The duration of
inactivation tests was 1 h and the irradiation source was RGB light-emitting diodes (LEDs) operated at 18 mW cm−2. Means
denoted by a different letter indicate significant differences between treatments (p < 0.05).

The photoluminescence (PL) technique can elucidate the role of DNC in the promo-
tion or inhibition of e−/h+ recombination in g-C3N4. It is important to note that after
photoexcitation of electrons to an excited state above or at the CB of a semiconductor,
electron−hole pairs can recombine radiatively or non-radiatively, and these processes
may occur through different routes with or without photon emissions, respectively [56].
Electron−hole recombination only contributes to PL band edge emission when photons
are emitted with energies near the semiconductor bandgap, whilst nonradiative decays
normally involve charge trapping at defect states within the bandgap [56,57]. This latter
process involves the successful relaxation of charge carriers to the shallow surface trap
states and the bottom of the CB−top of the VB in the case of holes. One should note that
further radiative recombination coming from these trapped charges (donor−acceptor lev-
els) may produce additional emission bands of lower energy than the band edge emission
and may represent signs of intragap states in semiconductor materials. In addition, the
intensity of emitted photons depends on the type/structure of materials [58] and the rate
of e−/h+ recombination, where a lower PL emission intensity (at a fixed wavelength near
the absorption band edge) may be indicative of lesser e−/h+ recombination [9,41,59,60].
Figure 7a presents the PL emission spectra obtained under excitation at 371 nm (excitation
spectrum of pristine g-C3N4 is available in Figure S8) of the pristine g-C3N4 and the het-
erojunction samples. All samples show a broad PL emission that could be satisfactorily
decomposed on three main Gaussian peaks (Figure 7b) centered at 438 nm (sigma ≈ 20),
466 nm (sigma ≈ 47), and 505 nm (sigma ≈ 47) which results from the recombination of
e−/h+ from different pathways in g-C3N4 [30,61]. According to previous reports [62,63],
these recombination paths come from the sp3 C–N σ band, sp2 C–N π band, and the lone
pair (LP) state of the bridge N atom transitions, respectively, as depicted in the inset of
Figure 7b. Additionally, the pure DNC did not show PL signal under these conditions,
and as the amount of DNC increased, the overall PL intensity of the heterojunction was
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lowered, indicating that photogenerated electrons in the excited g-C3N4 are transferred to
the DNC immediately after the photo-production, reducing, therefore, the recombination
rate of charge carriers, as also reported before [25,29,30,61].
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− −

Figure 7. PL emission spectra under excitation at 371 nm (a); Gaussian peak fitting of g-C3N4 PL emission spectrum (b); EIS
spectra under simulated solar light irradiation (c); and Mott−Schottky curves under dark conditions at 1000 Hz (d).

To further understand the charge transfer properties of the heterojunctions we per-
formed EIS as a tool to study the charge transfer resistance at the interface formed between
the semiconductor and the electrolyte and, indirectly, the separation of e−/h+ pairs at
the electrode surface by monitoring the radii of the formed semicircles in the Nyquist
plot (Figure 7c). It is known that the smaller the radius of the semicircle, the lower the
resistance of charge transfer [64,65]. The EIS data showed a single semicircular arch for
all the samples, and the radius of the semicircle diminished with the introduction of DNC
in the compositions, thus indicating a lower charge transfer resistance when the diamond
nanoparticles are present in the photoelectrode. Therefore, the EIS results corroborate
the PL findings, indicating that DNC is working as an efficient cocatalyst on the surface
of the g-C3N4, decreasing the recombination of the photogenerated charges and, conse-
quently, improving the photocatalytic activity, as seen in the MB photodegradation and
photoinactivation of Staphylococcus aureus bacteria.

For a better understanding of the photoactivity activity including the electronic prop-
erties of the photocatalysts, we conducted Mott–Schottky (M–S) analysis to determine the
type of conductivity and the flab band potential (Vfb) of both pristine g-C3N4 and DNC,
which is close to the CB in the case of n-type semiconductors. The M–S analysis consists
of plotting 1/C2 against V, where C is the space charge layer capacitance, and V is the
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applied voltage [66]. The Vfb of the electrode material can be obtained through the curve
intercept at the horizontal axis, Figure 7d. The M–S plots of pristine and the heterojunction
samples showed positive slopes, demonstrating that the photocatalysts present n-type
conductivity and electrons are the majority charge carriers. The Vfb of the electrodes is
~−0.52 and −0.36 V (vs. Ag/AgCl) for both pristine g-C3N4 and DNC, respectively, and
changed to an intermediate value of −0.42 V (vs. Ag/AgCl) for the heterojunction with
10% wt. of DNC. As the Vfb of n-type semiconductor materials lies very close to their CB
minimum (~0.1–0.2 eV) [66], we can assume CB minimum positions of g-C3N4 and DNC
at −0.17 and −0.01 V (vs. RHE), respectively. Therefore, by using the bandgap values of
the individual semiconductors, their respective VB maximum values could be estimated
as 2.73 and 4.82 V (vs. RHE), and the band position alignment of the heterojunction is
proposed as illustrated in Figure 8.

 

−

Figure 8. Mechanism of charge transfer and ROS formation in the g-C3N4/DNC nanosheets/NPs
heterojunction.

The improved photoactivity of a heterojunction may come from the better separation
of photogenerated charges and increased light absorption due to the dual-absorber semi-
conductor configuration [4,8]. Since more photons are absorbed, more free charges become
available in the CB and VB of semiconductor materials. Depending on their electronic con-
figurations, the photogenerated charges can physically separate, with electrons migrating
to one of the semiconductors, and the holes to the other [4]. In this case, the recombination
of electrons and holes decreases due to the created physical barrier, increasing the proba-
bility of redox reactions to occurs on the surface of the photocatalyst. On one hand, the
photogenerated holes can drive direct oxidation reactions or react with H2O or OH− to
produce hydroxyl radical hydroxyl, and on the other hand, the photogenerated electrons
can drive direct reduction reactions or react with oxygen to form superoxide radicals.

In our case, a type-II g-C3N4/DNC heterojunction formed, in such a way that after
photoexcitation of electrons to the CB of g-C3N4, those that did not straight recombine
with the holes at the VB of g-C3N4 straight away could migrate to the CB of DNC due to its
more positive potential. This latter surface works as an electron sink and triggers reduction
reactions to directly attack the targeting adsorbed molecules or to generate superoxide
radicals (Figure 8). On the other hand, after photoexcitation of electrons to the intragap
states of DNC, they can recombine back to the VB of DNC or migrate to the VB of g-C3N4
due to its more negative potential, and recombine with holes present therein. However,
it is important to note that the photoexcitation of DNC is not as efficient as for g-C3N4
under simulated solar light or LED irradiation and, therefore, the photoholes in the latter
material are not completely consumed by recombination with electrons coming from the
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DNC intragap states. Therefore, the oxidation reactions can still occur at the surface of the
g-C3N4, with the reduction counterpart reactions happening at the DNC surface.

Therefore, the enhanced photocatalytic activity of the g-C3N4/DNC nanosheets het-
erojunction is a combination of some important factors. The first ones are the increased
adsorption capacity of targeting molecules and enhanced light absorption effectiveness
promoted by the presence of DNC. This is due to DNC’s large surface area, available
surface functional groups, and intragap states formation. Secondly, but no less important,
is the decreased charge recombination rates due to the type-II heterojunction formation.
Finally, the in situ formation of tight-packed g-C3N4 nanosheets during the decomposition
of urea in the presence of DNC, correlated with the higher electrical conductivity of the
latter, may facilitate charge transfer at the semiconductor/water interface. These results
show that g-C3N4/DNC are efficient low-cost and metal-free photoactive catalysts for
wastewater treatment and photoinactivation of bacteria.

4. Conclusions

This work demonstrated an effective and simple methodology to prepare type-II
g-C3N4/DNC heterojunctions by adding DNC into urea decomposition in situ. Their
structural, morphological, optical, and electronic properties were investigated in detail
and the materials were applied as photocatalysts for the degradation of MB and photoin-
activation of Staphylococcus aureus. The morphology of pure g-C3N4 was composed of
nanometer-thick sheets, whilst DNC formed individual nanoparticles with a mean diam-
eter of 125.4 ± 48.9 nm. Under the g-C3N4/DNC heterojunctions formation, the g-C3N4
nanosheets were slightly fragmented and functioned as supports for the DNC nanopar-
ticles. The pristine g-C3N4 exhibited a direct bandgap of 2.91 eV and the DNC showed
two distinct bandgap energies of 4.83 and 2.64 eV, the latter being a signal of intragap
states due to structural/surface defects and/or quantum confinement effects. The obtained
g-C3N4/DNC nanocomposite heterojunctions exhibited enhanced photocatalytic activity
against MB degradation and Staphylococcus aureus inactivation under simulated solar light
and LED irradiation, respectively. Due to its negative surface charge, the DNC enhanced
the adsorption efficiency of the targeting molecules onto the photocatalyst by favoring elec-
trostatic interactions between the cationic molecules and their negatively charged surface
groups. The MB photocatalytic degradation followed a pseudo-first-order kinetic and the
best photocatalyst (28 wt.% of DNC) showed a 76% higher degradation constant than pure
g-C3N4. This sample also presented the highest Staphylococcus aureus photoinactivation
activity. As the amount of DNC increased in the heterojunctions, the overall PL intensity
was lowered, and the charge transfer resistance at the semiconductor/electrolyte interface
followed an inverse trend, decreasing with increasing DNC concentration. This indicates
that photogenerated electrons in the excited g-C3N4 are physically separated from the holes
by transferring to the DNC nanoparticles immediately after photoexcitation, resulting in a
reduced recombination rate of charge carriers. Both the g-C3N4 and DNC showed n-type
semiconducting features and the mechanism of the decreased charge recombination was
evidenced by a type-II heterojunction formation, with reduction and oxidation reactions oc-
curring at the DNC and g-C3N4 surfaces, respectively. Overall, the improved photoactivity
of the heterojunctions was due to better separation of photogenerated charges, increased
light absorption, enhanced adsorption, and decreased charge transfer resistance. These
results suggest that g-C3N4/DNC are efficient low-cost and metal-free photoactive catalysts
for wastewater treatment and bacterial photoinactivation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/photochem1020019/s1. Flowchart of g-C3N4 synthesis (Figure S1); DSC of g-C3N4 and
g-C3N4/DNC-28 (Figure S2); TGA profiles for yield comparisons (Figure S3); DLS of the pristine
DNC (Figure S4); Normalized FTIR spectra of pristine and prepared heterojunctions (Figure S5);
Adsorption of MB under dark using the diamond nanocrystals (Figure S6); Growth of Staphylococcus
aureus colonies in Petri dishes (Figure S7); Excitation PL spectrum of pristine g-C3N4 for emission
fixed at 443 nm (Figure S8); Nominal content of DNC (wt%), masses used of both precursors in
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the synthesis, and the obtained experimental DNC content (Table S1); and Kinect constant (k) and
R-squared values for first-order MB photodegradation reaction using prepared samples (Table S2).
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Abstract: The mineralization of nitrobenzene was executed using an innovative method, wherein
Ag/Cu2O semiconductors stimulated by visible light irradiation were supported with persulfate
anions. Batch-wise experiments were performed for the evaluation of effects of silver metal contents
impregnated, persulfate concentrations and Ag/Cu2O dosages on the nitrobenzene removal efficiency.
The physicochemical properties of fresh and reacted Ag/Cu2O were illustrated by X-ray diffraction
analyses, FE-SEM images, EDS Mapping analyses, UV–Vis diffuse reflectance spectra, transient
photocurrent analyses and X-ray photoelectron spectra, respectively. Because of intense scavenging
effects caused by benzene, 1-propanol and methanol individually, the predominant oxidant was
considered to be sulfate radicals, originated from persulfate anions via the photocatalysis of Ag/Cu2O.
As regards oxidation pathways, nitrobenzene was initially transformed into hydroxycyclohexadienyl
radicals, followed with the production of 2-nitrophenol, 3-nitrophenol or 4-nitrophenol. Afterwards,
phenol compounds descended from denitration of nitrophenols were converted into hydroquinone
and p-benzoquinone.

Keywords: nitrobenzene; Ag/Cu2O; persulfate; sulfate radical

1. Introduction

Nitrobenzene is commonly used for the manufacture of polyurethane by way of
intermediates of aniline. It has been also applied in the following industries: plastics,
pesticides, pharmaceuticals and explosives [1]. Due to high risks for mutagenicity and
carcinogenicity suffered, effluent contaminated with nitrobenzene and related derivatives
would cause strong damage to the aqueous circumstances [2,3]. Consequently, much effort
has been focused on the development of economically and effectively treating manners for
industrial wastewater.

Advanced oxidation processes have been extensively explored for the mineralization
of nitrobenzene in wastewater due to its resistance to biodegradation resulted from the
electron-withdrawing property of nitro groups [4]. Firstly, much research has been carried
out on hydroxyl radical-based processes, such as Fenton’s methods [5–7], Fenton-like
manners [8–10], Fenton reagents with auxiliary ultrasound [11] and Fenton reagents cou-
pled with fluidization flow patterns [12,13]. Secondly, as commercial titanium dioxide is
under investigation, the significant enhancement of the nitrobenzene destruction efficiency
took advantage of doping ferric oxides, which successfully prevent the combination of
photon-induced electrons with holes [14]. In another aspect, ultraviolet absorbance band
was obviously changed to the visible light range by virtue of impregnating ammonium and
cerium nitrates simultaneously [15,16]. On the other hand, ozone supported with ultra-
sound was employed for nitrobenzene removal, wherein hydroxyl radicals were claimed
to be predominant oxidizing agents [17,18]. The oxidation of nitrobenzene through the
catalysis of ozone over aluminum silicate was performed to elucidate the influences of op-
erating parameters [19,20]. Additionally, the electrochemical oxidation of nitrobenzene was
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conducted by the modified PbO2 electrode plates, which were incorporated with titanium
dioxide nanotubes, resulting in ordered arrangement and surface areas extended [21,22].

To date, sulfate-radical-related processes have been also dedicated to decomposing
nitrobenzene in wastewater. The thermal activation of persulfate was effective for the
disposal of effluents contaminated with nitrobenzene, wherein reaction pathways consist
of 2-nitrophenol, 4-nitrophenol, 2,6-dinitrophenol and 2,4-dinitrophenol [23]. Except fer-
rous ions for the catalytic transformation of persulfate to sulfate radicals, zinc metal and
magnetized iron metal also exhibited fruitful performance on nitrobenzene removal [24–26].
With a view to promoting nitrobenzene abatement, experiments were carried out utilizing
persulfate anions irradiated with ultraviolet light [27]. Even though persulfate activated
with photoelectrons descended from semiconductors excited by visible light, this has been
barely studied in regard to nitrobenzene oxidation. As expected, the band gap energy of
semiconductors meets the luminous energy of the incident light, leading to the generation
of photo-induced electron–hole pairs. Persulfate anions would be transformed into reactive
sulfate radicals via the activation of photo-induced electrons [28].

In this research, an innovative technique for the effective removal of nitrobenzene
in wastewater was developed. Considerable sulfate radicals could be produced by way
of persulfate via photoelectrons originated from Ag/Cu2O irradiated with visible light,
which are well known as semiconductors [29–32]. The influences of operating parameters
on the nitrobenzene degradation behaviors were explored, such as persulfate concentra-
tions and Ag/Cu2O dosages. Nitrobenzene decomposition pathways catalyzed by the
Ag/Cu2O coupled with persulfate under visible light irradiation would be investigated in
the meantime.

2. Experimental Methods

2.1. Testing of Photocatalytic Oxidation of Nitrobenzene by Ag/Cu2O with Assistance of Persulfate

The experimental system containing the main equipment was referred to in our
previous report [33]. The photocatalytic cell was a quartz cylinder fitted internally with
a magnetic stirrer and cooling coils, in which the testing temperature was maintained
through a thermostat (PIIN JIA Technol. Co. New Taipei City, Taiwan). Visible light
irradiation was supplied from twelve lamps (8.6 W each) surrounding the cell with three
chief peaks of 438 nm, 550 nm and 619 nm, respectively (Philips Corp. PL-S, Hanover,
MD, US). Owing to consistence with practical concentrations of industrial wastewater,
feedstock was prepared at 1.0 mM concentrations of nitrobenzene (≥99.5%, Riedel-de
Haen, Seelze, Germany) [34], being well agitated with proper weights of sodium persulfate
(≥99.5%, Fluka, Seelze, Germany) beforehand. The Ag/Cu2O, manufactured from Cu2O
powder (SHOWA, Tokyo, Japan) by incipient impregnation with 1–5 wt% of silver nitrate
(≥99.5%, Fluka), respectively, and sequential 3 h calcination at 473 K by sieving with 400
mesh [35], was carefully loaded into the basket and fixed near the center of photocatalytic
cell. For the duration of tests, samples were taken from the cell at constant time intervals,
and sequentially quenched to the temperature of 273 ± 0.5 K to terminate nitrobenzene
oxidation [36]. Aqueous samples were executed on total organic carbon analyses to evaluate
residual organic compounds. The Ag/Cu2O separated from oxidation tests were examined
by an X-ray photoelectron spectrometer. In this work, experiments were performed in a
series of persulfate concentrations of 35.0 to 70.0 mM to elucidate the sulfate radical effect
at the pH values of 5 to 6. Photocatalytic tests under diverse dosages of Ag/Cu2O (1.05 up
to 1.50 g L−1) were carried out for enhancement on nitrobenzene removal efficiency. All
experiments were undertaken repeatedly for the affirmation of data reliability.

2.2. Total Organic Carbon (TOC) Analysis

Within the duration of photocatalytic testing by Ag/Cu2O assisted with persulfate,
wastewater was periodically sampled and measured, utilizing a TOC analyzer (GE Corp.
Sievers InnovOx, Boston, MA, USA). The hydrocarbons involved were completely oxi-
dized into carbon dioxide and quantified through nondispersive infrared (NDIR) analyses,
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wherein persulfate mineralization was carried out under supercritical water conditions. On
the contrary, non-hydrocarbons were exhausted in the species of carbonic acid. In this work,
the TOC concentrations reported were calibrated to the standard curve, fulfilled faithfully
in the range (0–5.0 mM) utilizing standard chemicals of potassium hydrogen phthalate.

2.3. Physicochemical Properties of Ag/Cu2O

The crystal compositions of fresh Ag/Cu2O semiconductors were examined using
an X-ray diffractometer (Rigaku, MiniFlex II, Tokyo, Japan) integrated with high-intensity
monochromated CuKα radiation at the wavelength of 0.15418 nm, operating with the
current of 30 mA and 40 kV volts over the 2θ range from 10 to 80 degrees. For the inspection
of surface morphology and silver content impregnated on Ag/Cu2O semiconductors,
surface scanning was executed by a field-emission scanning electron microscope (JEOL,
JSM-6500F) equipped with an energy dispersive X-ray spectroscope (JEOL, JED-2300). As
far as light absorption band is concerned, the Ultraviolet–Visible diffuse reflectance spectra
on Ag/Cu2O were measured using a UV–Vis spectrometer (PerkinElmer, Lambda-850,
Waltham, MA, USA), of which wavelength was among the range of 250 to 800 nm with
reference to BaSO4. The photocurrent measurements of the samples were carried out
using a potentiostat (Zensor, ECAS-100, Etterbeek, Belgium) under continuous visible light
irradiation (Philips, PL-S), wherein a Pt wire served as an auxiliary electrode, coated with
Ag/Cu2O and polymer electrolyte membrane, and was referenced to a saturated calomel
electrode. Further, electronic states of fresh and reacted Ag/Cu2O semiconductors were
monitored by means of XPS spectra from an X-ray photoelectron spectrometer (Kratos
Analytical Ltd. Axis Ultra, Manchester, UK), in which monochromated AlKα irradiation
was used as a light source and the binding energy of samples was calibrated to 284.8 eV for
C 1s core level of adventitious carbon.

2.4. Gas Chromatography–Mass Spectrometry (GC-MS) Analysis

A proper amount of wastewater was withdrawn from the photocatalytic cell after
nitrobenzene oxidation testing for 30 min. The microextraction fiber spread with car-
boxen/polydimethylsiloxane (Supelco, Bellefonte, PA, USA) was added into aqueous
solution for the effective adsorption of degradation intermediates. Then, the fiber was
directly packed into a micro-needle which was immediately injected into the orifice of the
gas chromatograph–mass spectrometer (Hewlett Packard, MASS 59864B/5973, Palo Alto,
CA, USA). The metal capillary column for ingredient separation was used at the dimension
of 30 m × 0.25 mm (Ultra ALLOY UA-5), wherein helium gas served as the carrier gas. The
degradation intermediates resolved were trustworthy based on mass spectra obtained in
comparison with those of standards.

2.5. Scavenging Effects

In order to disclose the main oxidants on the mineralization of nitrobenzene, testing
was conducted in the presence of diverse scavengers simultaneously, such as methanol,
1-propanol and benzene, respectively [37,38]. The nitrobenzene degradation percentage
was determined on the basis of the peak area (262 nm) shown in a UV–Vis spectrophotome-
ter (PerkinElmer, Lambda 850) [8]. In the course of pretesting, benzene was verified as the
most sharp scavenger. The benzene scavenging effect may represent sulfate radical yields
at different experimental conditions. To evaluate sulfate radical yields, the decrement of
nitrobenzene degradation percentage was examined upon the addition of suitable amounts
of benzene scavenger into wastewater.

3. Results and Discussion

3.1. Comparison of Photocatalytic Oxidation by Ag/Cu2O Alone and Ag/Cu2O Assisted with
Persulfate Respectively

Figure 1 demonstrates the time flow patterns of TOC removal efficiency executed
by photocatalytic oxidation over Ag/Cu2O alone and Ag/Cu2O aided with persulfate,
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respectively. Apparently, the nitrobenzene removal rate caused by Ag/Cu2O supported
with persulfate process was much higher than those simply using persulfate anions, Cu2O
and Ag/Cu2O alone. Noteworthily, Ag(1%)/Cu2O integrated with persulfate displayed
a synergistic performance in comparison with photocatalytic behaviors exhibited with
the Ag(1%)/Cu2O and persulfate individually. The observation could be ascribed to
great enhancement on reactive sulfate radical yields. In fact, persulfate anions have been
successfully transformed to sulfate radicals through the photocatalysis of Cu2O [39]. It has
been also recognized that Ag metal functions as an electron sink and strengthens charge
separation, leading to the repression of the combination of photo-induced electrons and
holes over Cu2O [40,41]. As expected, a higher extent of Ag metal doped on the surface
of Cu2O gave rise to higher nitrobenzene removal efficiency (refer to Figure 2). The main
reactions that occurred could be concluded as follows.

(1) Ag/Cu2O + hυ → h+
vb + e−cb

(2) S2O8
2− + e−cb → SO4•

− + SO4
2−

(3) SO4
2- + h+

vb → SO4•
−

(4) H2O + h+
vb → HO• + H+

where in e−cb represents photo-induced electrons in the conduction band and h+
vb rep-

resents photo-induced holes in the valence band. Ag(5%)/Cu2O was chosen as a candidate
for next testing due to its better nitrobenzene degradation behavior.

−1

Figure 1. Time flow patterns of TOC removal efficiency by Cu2O, persulfate, Ag(1 wt%)/Cu2O,
Cu2O-persulfate and Ag(1 wt%)/Cu2O-persulfate, respectively under the conditions of visible light
power = 103.2 W, persulfate concentration = 50 mM, Cu2O or Ag(1 wt%)/Cu2O dosage = 1.20 g L−1

and T = 318 K.

XPS measurements were carried out to elucidate surface electronic states of Ag(5%)/
Cu2O. Figure 3 illustrates the Cu2p XPS spectra of fresh Ag(5%)/Cu2O and reacted
Ag(5%)/Cu2O. As far as fresh Ag(5%)/Cu2O semiconductor is concerned, two peaks
centered at 933.0 and 952.0 eV were clearly found, which were appointed to the bind-
ing energy of Cu+2p (3/2) and Cu+2p (1/2), respectively [42–44]. With regard to reacted
Ag(5%)/Cu2O, four peaks centered at 933.5, 941.0, 953.0 and 961.0 eV were present, which
were separately assigned to the binding energy of Cu+2p (3/2), Cu2+2p (3/2), Cu+2p (1/2)
and Cu2+2p (1/2) [45,46]. Obviously, Cu+ cations on the surface of reacted Ag(5%)/Cu2O
shifted to higher oxidation states in comparison with the fresh one, in consideration of
the migration of photo-induced electrons to persulfate anions [39,47]. The observations
manifest the above hypothesis that persulfate anions could be converted into sulfate rad-
icals upon activation by photo-induced electrons. Instead, sulfate anions may be also
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transformed to sulfate radicals via photo-induced holes over Ag(5%)/Cu2O [48]. It makes
partial contributions for nitrobenzene oxidation.

−1

υ→ −

− − → •− −

→ •−
→ HO•

−

–

Figure 2. Effect of silver metal contents on the TOC removal efficiency under the conditions of
visible light power = 103.2 W, persulfate concentration = 50 mM, Ag/Cu2O dosage = 1.20 g L−1 and
T = 318 K.

cteristic peak at 2θ value of 36.5
diffraction peak at 2θ values of 38.1
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Figure 3. X-ray photoelectron spectra of Cu+2p or Cu2+2p core level for original Ag(5 wt%)/Cu2O
and reacted Ag(5 wt%)/Cu2O semiconductors.

3.2. Physicochemical Properties of Ag/Cu2O

The X-ray diffraction patterns of Ag/Cu2O semiconductors are displayed in Figure 4.
Major peaks in the spectra were matched with crystal planes of Cu2O, wherein the charac-
teristic peak at 2θ value of 36.5◦ was ascribed to the (111) plane [48,49]. Conversely, the
diffraction peak at 2θ values of 38.1◦ was appointed to the (111) plane of Ag metal [50]. It is
evident that slight weight of Ag metal was doped on the surface of Cu2O. Figure 5 presents
field-emission SEM images of Ag/Cu2O semiconductors. Obviously, the majority of the
Cu2O surface was smooth. In contrast, a few irregular-shaped sediments were found over
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Ag/Cu2O and more clumps of particles were observed upon increasing Ag extent. It is ap-
parent that Ag metal was well spread on the surface of Cu2O. The Energy-Dispersive X-ray
Mapping analysis on Ag/Cu2O is illustrated in Figure 6. Ag metal was well dispersed, and
its contents measured agreed with those impregnated theoretically (see Table 1).

Figure 4. The XRD patterns of Cu2O and Ag/Cu2O semiconductors.

Figure 7 depicts the UV–Vis diffuse reflectance spectra for a series of Ag/Cu2O
semiconductors. The analogous spectra were observed between Ag/Cu2O and Cu2O
at the absorbance wavelength between 400 and 530 nm, which fall into the visible light
range. Particularly, the light absorbance intensity of Ag/Cu2O was stronger than that of
Cu2O. It implies that Ag/Cu2O semiconductors are more responsive to the visible light
irradiation. This phenomenon could be mainly ascribed to Ag metal dopant, creating an
electron sink and restraining a combination of photo-induced electrons with holes over
Cu2O [51,52]. Further, the Ag/Cu2O band gap energy was resolved by means of a Tauc’s
equation [(αhν)1/n = A(hν − Eg)], in which hν stands for incident optical energy. The
“n” parameter was set at the value of 1/2 according to the electronic transition state of
Ag/Cu2O semiconductors. The draft of (αhν)2 varied with incident optical energy; (hν)
was drawn to obtain the band gap energy by intercepting tangent lines to the X-axis [53–55].
Consequently, the Cu2O band gap energy was determined to be 2.17 eV, consistent with
that reported by Muthukumaran et al. [56]. For a series of Ag/Cu2O semiconductors, the
band gap energy was estimated to be 2.06, 1.92, 1.75, 1.55 and 1.43 eV, respectively, upon
increasing Ag metal doping (refer to Table 2). The superior photocatalytic performance
presented by Ag(5%)/Cu2O could be reasonably attributed to a significant yield of photo-
induced electrons, caused by a lower band gap energy. In other words, the optical energy of
visible light could stimulate Ag/Cu2O semiconductors for the generation of electron–hole
pairs. Persulfate anions would be effectively converted into reactive sulfate radicals via
activation of photo-induced electrons. Likewise, photo-induced holes may also transform
sulfate anions into sulfate radicals. Figure 8 illustrates transient photocurrence of Cu2O
and Ag(5%)/Cu2O excited under visible light irradiation. The photocurrent intensity of
the latter was clearly higher than that of the former. It means that Ag(5%)/Cu2O possessed
the higher yield of photo-induced electron [40,41]. The results support the issue of the
inhibition of a combination of photo-induced electrons and holes over Cu2O through the
impregnation of Ag metal.
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Figure 5. FE-SEM images of the (a) Cu2O, (b) Ag(1 wt%)/Cu2O, (c) Ag(2 wt%)/Cu2O, (d)
Ag(3 wt%)/Cu2O, (e) Ag(4 wt%)/Cu2O and (f) Ag(5 wt%)/Cu2O semiconductors.
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Figure 6. The EDS Mapping analyses on Ag/Cu2O semiconductors: (a) Ag(1 wt%)/Cu2O, (b)
Ag(2 wt%)/Cu2O, (c) Ag(3 wt%)/Cu2O, (d) Ag(4 wt%)/Cu2O and (e) Ag(5 wt%)/Cu2O.
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Table 1. The elemental compositions of semiconductors by EDS analyses.

Semiconductor Ag(wt%) Cu(wt%) O(wt%)

Cu2O 0.00 85.81 14.19
Ag(1 wt%)/Cu2O 1.15 87.41 11.44
Ag(2 wt%)/Cu2O 2.05 87.56 10.39
Ag(3 wt%)/Cu2O 3.56 84.32 12.12
Ag(4 wt%)/Cu2O 4.99 82.39 12.62
Ag(5 wt%)/Cu2O 6.84 80.67 12.49

 

–Figure 7. UV–Vis diffuse reflectance spectra of Cu2O, Ag(1 wt%)/Cu2O, Ag(2 wt%)/Cu2O,
Ag(3 wt%)/Cu2O, Ag(4 wt%)/Cu2O and Ag(5 wt%)/Cu2O semiconductors.

Table 2. The band gap energy of semiconductors by UV–Vis DRS analyses.

Semiconductor Band Gap Energy (eV)

Cu2O 2.17
Ag(1 wt%)/Cu2O 2.06
Ag(2 wt%)/Cu2O 1.92
Ag(3 wt%)/Cu2O 1.75
Ag(4 wt%)/Cu2O 1.55
Ag(5 wt%)/Cu2O 1.43

3.3. Effect of Scavenger Dosages on Photocatalytic Oxidation by Ag/Cu2O Assisted with Persulfate

Equivalent concentrations of benzene, 1-propanol and methanol were individually
blended with nitrobenzene in wastewater to disclose reactive radicals under photocatalysis
by Ag/Cu2O with assistance of persulfate. As demonstrated in Figure 9, nitrobenzene re-
moval efficiency was sharply faded upon the addition of benzene, due to a high reaction rate
constant for benzene and sulfate radicals (3 × 109 M−1 s−1) [37]. Alternatively, 1-propanol
and methanol slightly suppressed the nitrobenzene removal rate, on account of moderate
rate constants for 1-propanol and methanol, with sulfate radicals being 6.0 × 107 M−1 s−1

and 3.2 × 106 M−1 s−1, respectively [57]. It deserves noting that the extent of nitrobenzene
removal percentages faded corresponds to the reactive activity for various scavengers
and sulfate radicals. It was revealed that sulfate radicals were principal oxidants for
nitrobenzene degradation in wastewater.
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Figure 8. The transient photocurrent analyses of Cu2O and Ag(5%)/Cu2O under visible light irradiation.

–
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Figure 9. Effect of coexistence of benzene, 1-propanol and methanol, respectively, on the nitrobenzene
degradation efficiency.

3.4. Effect of Persulfate Concentrations on Photocatalytic Oxidation by Ag/Cu2O Assisted
with Persulfate

The optimal persulfate concentration for nitrobenzene elimination should be deter-
mined in consideration of commercialization. As presented in Figure 10a, the time flow pat-
terns of TOC removal efficiency were dependent on persulfate concentrations. Undoubtedly,
increasing persulfate concentrations enhanced nitrobenzene removal rates, wherein high
sulfate radical yields could be sensibly expected. Nonetheless, the nitrobenzene removal
efficiency faded under an excess persulfate concentration (70 mM). This phenomenon

124



Photochem 2021, 1

may be interpreted with probable side reactions for the overdosage of persulfate anions
and sulfate radicals [38,58]. Further, the photocatalytic oxidation of nitrobenzene was per-
formed in the existence of benzene scavengers to discriminate sulfate radicals yields under
various persulfate concentrations (refer to Figure 10b). Definitely, the scavenging effect dra-
matically displays an analogy between sulfate radical yields and TOC removal efficiency.
Accordingly, sulfate radicals were likely to be responsible for nitrobenzene oxidation.

−1

–
−1

Figure 10. (a) Effect of persulfate concentrations on the TOC removal efficiency under the conditions
of visible light power = 103.2 W, Ag(5 wt%)/Cu2O dosage = 1.20 g L−1 and T = 318 K. (b) The
difference of nitrobenzene degradation efficiency between the absence of benzene and presence of
benzene monitored by UV–Vis and served as scavenging effect under the conditions of visible light
power = 103.2 W, Ag(5 wt%)/Cu2O dosage = 1.20 g L−1 and T = 318 K.

3.5. Effect of Ag/Cu2O Dosage on Photocatalytic Oxidation by Ag/Cu2O Assisted with Persulfate

An optimal dosage of Ag/Cu2O semiconductor needs to be essentially established
from the process design viewpoint. Figure 11a illustrates the time flow patterns of TOC
removal efficiency as functions of Ag/Cu2O dosages. Evidently, the nitrobenzene degra-
dation rate raised with an increment of Ag/Cu2O dosages, whereas it reduced under
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overdosages of Ag/Cu2O (≥1.50 g L−1). The improvement in the nitrobenzene removal
efficiency could be attributed to high sulfate radical yields, caused by the massive activation
of persulfate anions via the photocatalysis of Ag/Cu2O. Conversely, lesser semiconductors
received optical energy because of scatter of visible light irradiation, resulting from exces-
sive dosages of Ag/Cu2O powder [59]. Nitrobenzene decomposition efficiency likewise
displayed a similar trend as benzene scavenging behaviors (refer to Figure 11b). The
outcomes convince us that sulfate radicals were chief oxidants toward nitrobenzene de-
struction. Especially, the optimal conditions for complete mineralization of nitrobenzene
were determined as follows: visible light power = 103.2 W, persulfate concentration =
60 mM, Ag/Cu2O dosage = 1.35 g L−1 and T = 318 K. In this work, the photocatalytic
stability of Ag/Cu2O was proved via repetitions of five tests (shown in Figure 12). Evi-
dently, nitrobenzene removal efficiency reached almost 98% during the overall experiment.
That convinces us of the feasibility for the potential application of Ag/Cu2O to industrial
wastewater treatment.

≥ −1

−1

Figure 11. (a) Effect of Ag(5 wt%)/Cu2O dosages on the TOC removal efficiency under the conditions
of visible light power = 103.2 W, persulfate concentration = 60 mM and T = 318 K. (b) The difference
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of nitrobenzene degradation efficiency between the absence of benzene and presence of benzene
monitored by UV–Vis and served as scavenging effect under the conditions of visible light power =
103.2 W, persulfate concentration = 60 mM and T = 318 K.

–

• elimination 

–

Figure 12. The photocatalytic stability of Ag(5 wt%)/Cu2O examined by means of repetitions of
five tests.

3.6. Reaction Pathways of Photocatalytic Oxidation of Nitrobenzene by Ag/Cu2O Assisted
with Persulfate

All reaction intermediates extracted from photocatalytic oxidation of nitrobenzene
using Ag/Cu2O with assistance of persulfate were examined by a GC-MS spectrometer. Ta-
ble 3 summarizes the ingredients procured, including nitrobenzene used for raw materials,
phenol, 2-nitrophenol, 3-nitrophenol, 4-nitrophenol, hydroquinone and p-benzoquinone.
In consideration of the source of 2-nitrophenol, 3-nitrophenol and 4-nitrophenol, it was
believed that nitrobenzene underwent O2 addition, followed with HO2• elimination for
the generation of hydroxycyclohexadienyl radicals and sequential hydroxylated com-
pounds [57,60]. Phenol was clearly monitored as an intermediate because of the probable
occurrence of nitrophenol denitration [61]. Afterward, phenol ordinarily executed oxi-
dation reaction to hydroquinone, accompanied with successive hydrogen abstraction to
p-benzoquinone. Ultimately, nitrobenzene would be mineralized into nitrate ions (analyzed
by UV–Vis 313 nm), water and carbon dioxide. Based on most degradation intermediates
cautiously identified, the hypothesized pathways for photocatalytic oxidation of nitroben-
zene by Ag/Cu2O aided with persulfate is demonstrated in Figure 13.

Table 3. Compositions of nitrobenzene and reaction intermediates identified by GC-MS.

Component m/z (Relative Abundance, %)

Feedstock
Nitrobenzene 50 (15.7), 51 (37.7), 65 (13.6), 74 (9.0), 77 (100), 78 (7.5), 93 (16.9), 123(70.2)

Reaction intermediate
Phenol

2-Nitrophenol
38 (5.4), 39 (12.5), 40 (6.9), 55(6.4), 63 (6.5), 65 (21.0), 66 (27.4), 94 (100), 95 (7.7)
39 (15.7), 53 (9.8), 63 (20.2), 64 (13.9), 65 (25.5), 81 (19.6), 109 (18.2), 139 (100)

3-Nitrophenol 39 (35.9), 53 (10.7), 63 (14.7), 64 (7.9), 65 (63.7), 81 (15.8), 93 (51.4), 139 (100)
4-Nitrophenol 39 (44.2), 53 (23.3), 63 (28.1), 65 (79.9), 81 (33.0), 93 (26.9), 109 (67.1), 139 (100)
Hydroquinone 39 (6.9), 53 (14.4), 54 (12.9), 55 (10.5), 81 (25.3), 82 (12.3), 110 (100), 143 (9.6)

p-Benzoquinone 26 (18.1), 52 (17.9), 53 (17.1), 54 (63.3), 80 (28.2), 82 (36.3), 108 (100), 110 (12.1)
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Figure 13. Overall reaction pathways of nitrobenzene in wastewater by photocatalysis of Ag/Cu2O with assistance
of persulfate.

4. Conclusions

In light of the above discussions, nitrobenzene contaminants were principally miner-
alized via reactive sulfate radicals, induced from persulfate anions activated effectively by
the photocatalysis of Ag/Cu2O semiconductors. It was intensely supported by benzene
scavenger, wherein sulfate radical yields display an analogy with nitrobenzene removal
efficiency. As far as GC-MS analyses are concerned, the overall reaction pathways on ni-
trobenzene oxidation could be proposed as follows. Firstly, nitrobenzene was transformed
into hydroxycyclohexadienyl radicals, followed with oxidation step into 2-nitrophenol,
3-nitrophenol and 4-nitrophenol separately. Sequentially, nitrophenol-related compounds
executed the denitration procedure to phenol, which was oxidized further for the synthesis
of hydroquinone and p-benzoquinone. As expected, nitrobenzene would be nearly miner-
alized into carbon dioxide, nitrate ions and water. The striking results persuade us that the
photocatalysis of Ag/Cu2O coupled with persulfate is an effective and synergistic manner
for disposal of industrial effluents.
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Abstract: The exploitation of visible-light active photocatalytic materials can potentially change the
supply of energy and deeply transform our world, giving access to a carbon neutral society. Currently,
most photocatalysts are produced through low-ecofriendly, energy dispersive, and fossil-based syn-
thesis. Over the last few years, research has focused on the development of innovative heterogeneous
photocatalysts by the design of sustainable and green synthetic approaches. These strategies range
from the use of plant extracts, to the valorization and recycling of metals inside industrial sludges or
from the use of solventless techniques to the elaboration of mild-reaction condition synthetic tools.
This mini-review highlights progresses in the development of visible-light-active heterogeneous pho-
tocatalysts based on two different approaches: the design of sustainable synthetic methodologies and
the use of biomass and waste as sources of chemicals embedded in the final photoactive materials.

Keywords: photocatalysis; visible light; biomass; waste; green chemistry; nanocatalysis

1. Introduction

Photochemistry plays a crucial role in the so-defined “Earth green transition”, i.e.,
the transition towards a climate-neutral economy [1,2]. Indeed, thanks to photocatalytically
active materials, it is possible to exploit sunlight as an energetical source for unlimited func-
tions ranging from the evolution of hydrogen through water splitting to the degradation of
pollutants or to photopolymerization [3–8]. Considering that the sun continuously irradi-
ates the planet with 120,000 terawatts, amounting to almost 6000 times the Earth’s energy
consumption, the potentialities of photochemistry are really unlimited [9]. However, the
direct use of sunlight is still poorly exploited, while the use of the “stocked” form of solar
energy, i.e., fossil fuels, represents the main power source of humanity. Indeed, the sun has
been giving energy (in the form of light and heat) to the planet for over 4.5 billion years,
and this irradiation has been captured and chemically transformed into fossil fuels over
millions of years. Despite the sun being expected to keep shining on the Earth for at least
another four billion years before becoming a full-blown giant red star whose brightness
will burn the planet, the rate of production of fossil fuels is enormously slower that the
rate of consumption. As a result, fossil fuels are classified as non-renewable resources (at
least on a decade-scale and not on an eon-scale) [10]. Furthermore, and more importantly,
the use of fossil fuels implies the release, in just a few years, of carbon accumulated over
millions of years [11]. This carbon emission, mainly in the form of carbon dioxide, is
faster that the ability of the planet to “capture” and fix it again, with the consequence
of an atmosphere filled with carbon dioxide. A truly novel situation for mankind, gen-
erating unexpected consequences [12–15]. As a result, sunlight should be exploited in
a faster and more direct way. One option could be the proper use of biomass, which is
one of the greenest ways to produce energy—in the (direct) form of electricity (e.g., by
burning biomass) or as hydrogen, chemical products, and biodiesels, among others [16,17].
It should be noted that, similar to the use of fossil fuels, the use of biomass consists of
exploiting solar energy already converted into chemical bonds by the action of chlorophyll,
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i.e., nature’s photocatalyst, but in the form of renewable and carbon neutral resources.
However, the use of biomass entails some important limits, such as the possible detriment
of food production or, as in the case of the use of biodiesel, the release of particulates into
the environment [18,19]. On the other hand, photochemistry offers, at least on a theoretical
level, the possibility of directly using sunlight, avoiding all the drawbacks rising from the
utilization of biomass [20].

As a result, over the last few years, national and international policies, such as those
by the UN or EU, but more importantly researchers’ innovative spirit, have driven the
investigation into visible light active photoactive materials for numerous achievements.
Special focus should be put on photocatalysts developed by green and environmentally
friendly synthesis. In fact, this approach follows the principles of sustainable development
and fully fills the idea of green transition: there is no real benefit in developing a material
with high photocatalytic activity, but with a negative impact on the environment due to its
low-sustainable production. Many research groups have, therefore, developed different
green and environmentally friendly photocatalysts, as summarized in recent reviews
(Table 1).

Table 1. Recent reviews describing green photocatalytic materials.

Title Ref.

Bio-inspired and biomaterials-based hybrid photocatalysts for environmental
detoxification: A review [21]

Green synthesis: Photocatalytic degradation of textile dyes using metal and
metal oxide nanoparticles-latest trends and advancements [22]

Recent Development of Photocatalysts Containing Carbon Species: A Review [23]

Graphene-Based Materials as Efficient Photocatalysts for Water Splitting [24]

Lignin-Based Composite Materials for Photocatalysis and Photovoltaics [25]

The purpose of this mini-review is to provide a summary of the most recent insights
into the development of innovative photocatalysts by focusing on visible light active
materials prepared through the valorization of biomass and waste: as far as we know, a
similar review is not present in the literature. In detail, this work describes, in two separate
sections, photocatalysts produced via sustainable processes (i.e., focusing on the synthetic
steps) and photocatalysts produced by englobing in the final product biomass or waste
materials (i.e., using them as sources of chemicals).

2. A Green Synthetic Approach

A primary approach to producing sustainable photocatalysts is through environ-
mentally friendly and green synthesis. This approach follows, as much as possible, the
12 principles of green chemistry [26,27], and suggests a rapid solution for the sustainable
preparation of photocatalysts.

According to the literature, a captivating method for the green synthesis of photocata-
lysts is the reduction as well as stabilization/capping of metal ions using different plant
extracts with high content of polyphenols, or more in general of phytochemicals. This
approach is clearly not limited to the production of photocatalysts, but is also exploited for
the preparation of many other catalysts and materials, such as nanocatalysts, electrodes,
etc. [28]. It has to be remarked that when vegetable extracts are used for the production of
photocatalysts, sunlight can be considered the central core of the methodology, being the
source of energy used for the production of the phytochemicals (though photosynthesis)
and activation of the produced photocatalyst, as illustrated in Figure 1.
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Figure 1. Conceptual illustration of the role of the sun in the synthesis of phytochemicals and the
activation of photocatalysts produced using phytochemicals as stabilizing/reducing agents.

Other approaches include solventless techniques, such as using milling tools, the use
of environmentally friendly reactants, the use of mild reaction conditions, etc. Between
most studied photocatalysts, a special focus should be put on those based on silver, iron,
zinc, and titanium dioxide, whether supported/in combination with other compounds or
in their pure form.

2.1. Silver-Based Photocatalsyts

Recently, Bi et al. described a solid-state milling approach for the preparation of
silver iodide/bismuth oxide acetate (AgI/BiOAc) [29]. In details, the novel photocatalyst
was prepared via a facile, green, and environmentally friendly one-pot milling method.
The photocatalyst showed enhanced visible-light photocatalytic performances for the
degradation of different common dyes such as methyl violet, methyl orange, malachite
green, and colorless bisphenol A, in comparison with the same compound prepared via a
traditional method. The iodine content was demonstrated to be capable of optimizing the
energy band structure while the in situ preparation of AgI/BiOAc resulted in the catalyst
possess closely contacted interfaces, a beneficial effect for the transfer and recombination
of electrons and holes.

More recently, Nehru and coworkers studied the synthesis of silver nanoparticles sup-
ported over titanium dioxide (Ag@TiO2) using aloe vera (Aloe perfoliata) gel as a capping and
reducing agent [30]. The material was tested in the photodegradation of picric acid under
visible light irradiation. Additionally, anticancer activity against lung cancer cell lines was
determined, and it was proved that the adsorption of visible light enhanced the anticancer
sensitivity by killing and inhibiting cancer cell reproduction. Similarly, Ag nanoparticles,
(40 nm average crystalline size according to XRD) showing photocatalytic and antimi-
crobial activity, were prepared using jasmine (Jasminum officinale) extract [31]. In more
detail, the particles were synthesized through a simple, green, eco-friendly, nontoxic, and
cost-effective method using the extract of jasmine flower as a capping and stabilizing agent.
The so-synthesized particles showed good performances in the degradation of methyl
blue, a standard dye for degradation test, under visible light irradiation. Additionally, the
particles were proved to possess antimicrobial characteristics for both grams positive and
negative bacteria. Other recently employed plant extracts for the synthesis of silver-based
photocatalyst include Nı̄m (Azadirachta indica) tree fruit extract [32], solanum surattense
(Solanum virginianum) leaves extract [33], chili (Capsicum annuum) extract [34], apple (from
Malus domestica tree) and grape (from Vitis vinifera tree) extract [35], garlic (Allium sativum)
extract [36], devil pepper (Rauvolfia tetraphylla) leaves extract [37], and small-flowered black
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hawthorn (Crataegus pentagyna) fruit extract [38]. Some plant extracts were also used for the
preparation of different bimetallic photocatalysts, such Ag/CuO [39]. In details, Cyperus
pangorei leaves extract was used to synthetize Ag/CuO nanoparticles by a co-precipitation
method starting from Cu2+ and Ag2+ ions. The photocatalytic activity of Ag/CuO was
studied in the Rhodamine B dye degradation under visible light irradiation, proving that
Ag-doped with CuO improved the catalytic performances in comparison with pure CuO.
The material was also tested against Gram-positive (Staphylococcus aureus-S. aureus) and
Gram-negative (Escherichia coli-E. coli) bacteria.

Another green synthetic approach for the preparation of silver-based photocatalyst in-
volved an ion exchange approach [40]. Specifically, a novel plasmonic Ag@AgVO3/BiVO4
heterostructure was prepared via an in situ topotactic sustainable ion exchange-reduction
method, as illustrated in Figure 2.

 

Figure 2. Schematic representation of preparation and utilization of Ag@AgVO3/BiVO4 heterostruc-
ture. Taken from [40] with the permission of Elsevier.

The novel ternary heterostructure was composed of AgVO3 nanobelts loaded with
BiVO4 nanosheets and Ag nanoparticles, which grew in situ on the surface of AgVO3
through a topotactic transformation with the assistance of polyvinylpyrrolidone (PVP).
PVP not only made the recycling of Ag possible, but also induced a surface plasmon
resonance effect in the composite, via a novel green approach. The photocatalytic tests
for the degradation of rhodamine B indicated that the novel Ag@AgVO3/BiVO4 compos-
ite material showed a significantly enhanced photocatalytic activity under visible light
irradiation compared to AgVO3, Ag@BiVO4 and Ag@AgVO3/BiVO4. This behavior was
ascribed to the SPR effect of Ag NPs and to the large specific surface area combined with the
stable heterostructure. The photocatalyst was also demonstrated to possess antimicrobial
properties.

Liu and coworkers proposed another green method for the preparation of silver
nanoparticles (50 nm) supported on AgCl using microbial culture broths and visible light
irradiation [41]. In detail, the nanoparticles were prepared by first forming a colloidal
dispersion of AgCl in a microbe-free aqueous lysogeny broth (Miller) solution. Then,
an in situ photoreduction driven by sunlight formed small plasmonic Ag@AgCl. The
biomolecular ligands of the microbial solution broth worked as a promoter of the reduction
process, making the formation of novel Ag@AgCl structures with improved photochemical
activity possible. Remarkably, these structures were not obtainable via a standard chemical
reduction process, as shown in Figure 3.

136



Photochem 2021, 1

Figure 3. Schematic representation of the synthesis of Ag@AgCl: (A) Growth of Ag@AgCl in a typical
chemical reduction process; (B) biogenic synthesis using microbial culture broths and photoreduction.
Taken from [41] and reproduced by permission of The Royal Society of Chemistry.

Table 2 summarizes last works for the preparation of silver-based photocatalysts via
sustainable synthetic approaches.

Table 2. Silver-based photocatalysts prepared through green synthetic approaches.

Photocatalyst Green Synthetic Approach Application Ref.

AgI/BiOAc One-pot solventless milling approach Dye degradation [29]

Ag/TiO2
Use of plant extract gel (Aloe perfoliata) as a capping and

reducing agent
Picric acid degradation;

anticancer activity [30]

Ag nanoparticles Use of leaves extract (Jasminum officinale) as a capping and
stabilizing agent

Dye degradation;
antimicrobial activity [31]

Ag/AgCl nanocomposites Use of fruit extract (Azadirachta indica) as a capping and
stabilizing agent

Dye degradation;
antimicrobial activity [32]

Ag nanoparticles Use of leaves extract (Solanum virginianum) as a stabilizing
and reducing agent

Dye degradation; antibacterial
activity [33]

Ag/Ag2O nanoparticles Use of fruit extract (Capsicum annuum) as a stabilizing and
reducing agent Dye degradation [34]

Ag/CuO Use of leaves extract (Cyperus pangorei) as a stabilizing and
reducing agent

Dye degradation; antibacterial
activity [39]

Ag nanoparticles Use of fruit extracts (Malus domestica and Vitis vinifera) as
stabilizing and reducing agents

Dye degradation; antibacterial
activity [35]

Ag/CeO2 Use of plant extract (Allium sativum) as a stabilizing agent Dye degradation; antibacterial
activity [36]

Ag nanoparticles Use of leaves extract (Rauvolfia tetraphylla) as a stabilizing
agent

Dye degradation; antibacterial
activity, LED preparation [37]

Fe3O4/SiO2/Cu2O-Ag
nanocomposites

Use of fruit extract (Crataegus pentagyna) as a capping and
reducing agent

Magnetically recoverable
photocatalyst for dye

degradation
[38]

Ag@AgVO3/BiVO4
heterostructure

Recycling of Ag during the synthetic step and introduction
of the surface plasmon resonance effect

Dye degradation; antibacterial
activity [40]

Ag@AgCl
Use of microbial culture broths (tryptic soy broth (TSB) and
Lysogeny broth (LB)) for enhancing the photoreduction of

silver precursor
Dye degradation [41]
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2.2. Iron-Based Photocatalsyts

The use of plant extracts is also largely employed for the preparation of iron-based
photocatalysts. For example, photocatalytically active hematite nanorods, Fe2O3, were
prepared using the resin of the stems of banana (Musa paradisiaca Linn) flowers [42]. During
the one-pot synthetic phase, the natural resin acted as both an oxygen source as well as
structure stabilizing agent. The so-obtained material was characterized with different
techniques, and it was demonstrated that the rods have lengths between 528 and 72 nm,
as illustrated in SEM images in Figure 4. The photocatalytic efficiency of the catalyst was
investigated by solar induced reduction of dichromate and degradation of malachite green
as well as via photoelectrochemical water splitting experiments. In addition, the material
was proved to possess potential to work against lung cancer.

 

Figure 4. (a–c) SEM images of hematite nanorods and (d) EDS spectrum of the nanorods. Taken
from [42] with the permission of Elsevier.

Aravind’s research group developed a novel solution for the preparation of iron
oxide nanoparticles using a waste generated from the avocado industry [43]. Specifi-
cally, phytochemicals found in avocado fruit (Persea americana) rind extract were used
as reducing and stabilizing agent for the formation of iron nanoparticles starting from
iron nitrate (III), in an eco-friendly and cost competitive method. The nanoparticles were
employed as a photocatalyst for the decolorization of a sequence of different commonly
employed dyes, including malachite green, Congo red, crystal violet, safranin, and methyl
orange. In addition, the iron oxide nanoparticles showed antibacterial response against
some Gram-negative and Gram-positive bacteria (such as Escherichia coli, Streptococcus sp.,
Staphylococcus sp., Salmonella sp., Bacillus sp., Pseudomonas sp. and Proteus sp.). Similarly,
Rawat et al. prepared multi-structured Fe2O3 nanoparticles using Rhaphiolepis indicia leaves
extracts. In detail, the eco-friendly green synthesis was carried out by using the hydroxyl
groups of the polyphenols as a reducing agent, with the carboxyl and carbonyl groups as
capping agents. Thanks to different characterization techniques, including XRD, FTIR, TEM
and SEM, it was proved that multi-structured Fe2O3 was formed by nano-scaled hexagonal,
rectangular slabs, pentagonal plates, and rods. The so-produced Fe2O3 nanostructure
showed visible-light photocatalytic behavior for the degradation of Reactive Yellow-86 dye,
a pollutant found in textile wastewater. The removal efficiencies were found to also be
stable after five recycles, proving the good reusability of the photocatalyst [44].

Other natural extracts for the production of iron nanoparticles include, for example,
billygoat-weed (Ageratum conyzoides) plant extract [45] or roselle (Hibiscus sabdariffa) flower

138



Photochem 2021, 1

extract [46]. Table 3 summarizes iron-based visible-light-active photocatalysts prepared
using plant extracts.

Table 3. Iron-based photocatalysts prepared through green synthetic approaches.

Photocatalyst Green Synthetic Approach Application Ref.

Fe2O3 nanorods Use of a natural resin (Musa Paradisiaca Linn) as an
oxygen source and stabilizing agent

Dye degradation;
photoelectrochemical water

splitting; antibacterial activity
[42]

Iron oxide nanoparticles Use of food waste (Persea americana) as a stabilizing
and reducing agent

Dye degradation; antibacterial
activity [43]

Fe3O4 multistructured
nanoparticles

Use of leaves extract (Rhaphiolepis indicia) as a
capping and reducing agent Dye degradation [44]

Iron oxide nanoparticles Use of plant extract (Ageratum conyzoides) as a
stabilizing and reducing agent

Dye degradation, antibacterial
activity [45]

Iron oxide nanoparticles Use of leaves extract (Hibiscus sabdariffa) as a
stabilizing and reducing agent Dye degradation [46]

2.3. Zinc-Based Photocatalsyts

The preparation of ZnO photocatalysts via green methodologies has received many
attentions in the last decade [47]. More in details, the use of different natural extracts has
gained interest due to the easiness of the preparation of ZnO nanoparticles employing
them. It must be remarked that pure ZnO catalysts are active only in the UV region, due
to their large band gap. However, recently proposed synthetic green solutions might be
modified to prepare visible-light active doped/modified ZnO nanoparticles and deserve to
be mentioned. For example, ZnO nanoparticles (with an average diameter of 18–25 nm)
were prepared by using the leaf extract of the plant Ruta chalepensis, as illustrated in
Figure 5.

 

Figure 5. Schematic representation of the preparation and utilization of ZnO nanoparticles. Taken
from [47] with the permission of Elsevier.

The material showed a band gap of 2.86 eV (remarkably lower than the band gap of
chemically synthetized ZnO of 3.35 eV) due to lower charge transfer resistance.
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Additionally, Yang and coworkers prepared ZnO nanoparticles with peculiar quaker
ladies flower type structure using a mixture of extracts from different plants of the family
Araliaceae [48]. In detail, the extract was derived from four of the roots of panax plants
including Panax ginseng, Acanthopanax senticosus, Kalopanax septemlobus and Dendropanax
morbifera. Similarly, Zheng et al. developed a synthesis of ZnO nanoparticles using roselle
flower (Hibiscus sabdariffa) and oil palm (Elaeis guineensis) leaf extracts as stabilizing and
reducing agents in combination with NaOH [49]. The particles were found to be in the
size of 10–15 nm and in the form of agglomerated spherical shape. Other plant extracts
used for the preparation of ZnO nanoparticles include, among others, Becium grandiflorum
leaves extract, [50] sea buckthorn (Hippophae) fruit extract [51], sugar leaf (Stevia rebaudiana)
extract [52], or Green tea [53].

In order to directly prepare visible-light active Zn-base photocatalysts, the researchers’
efforts focused on the design of green methodologies for the simultaneous combination
of different metals to produce composites/supported systems active under visible light
irradiation.

For example, p-Co3O4/n-ZnO composite catalysts were produced by a co-precipitation
method using hyacinth (Eichhornia Crassipes) plant extract [54]. The use of plant extract
during the synthesis was proved to enhance the catalytic performances for the degradation
of methylene blue under visible light irradiation. In addition, the formation of p-n junction
simplifies the photogenerated electron–hole separation and further improved the catalytic
efficiency. With a similar approach, Shaheen and coworkers prepared CuO/ZnO nanopar-
ticles photocatalytically active for the degradation of methylene blue [55]. In details, they
used a penicillin extract (Penicillium corylophilum As-1) to synthesize the photocatalyst in a
fast, green, and easy way, as shown in Figure 6.

 

Figure 6. Schematic representation of the preparation and utilization of CuO/ZnO nanoparticles. Taken from [55] with the
permission of Elsevier.

Ag-ZnO nanocomposites (15–25 nm) were likewise prepared using potato peel extract
(Solanum tuberosum) and used for dye degradation under visible light irradiation [56].
Other recently described green methodologies for the preparation of ZnO based photoac-
tive composites include, as reported in Table 4, the preparation of Ag-ZnO nanoparti-
cles using Excoecaria agallocha leaf extract under a controlled ultrasound cavitation tech-
nique [57], the synthesis of ZnO/GdCoO3 nanocomposites in a two-phase system utilizing
Myristica fragrans leaf extracts via a high-speed stirring method [58], the preparation of
Au-ZnO hetero-nanostructures using employing pecan nuts (Carya illinoinensis) leaves
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extract [59], or the synthesis of Co-doped ZnO through the accumulation of cobalt ion onto
Eichhornia crassipes plant tissue for different days and combined with zinc [60].

Table 4. Zinc-based photocatalysts prepared through green synthetic approaches.

Photocatalyst Green Synthetic Approach Application Ref.

ZnO nanoparticles Use of leaves extract (Ruta chalepensis) as a stabilizing agent Dye degradation (UV
irradiation) [47]

ZnO nano-flowers Use of roots extract (Araliaceae family) as a stabilizing agent Dye degradation (UV
irradiation) [48]

ZnO nanoparticles Use of leaves extract (Hibiscus sabdariffa and Elaeis guineensis)
as stabilizing agents

Dye degradation (UV
irradiation) [49]

ZnO nanoparticles Use of leaves extract (Becium grandiflorum) as a stabilizing
agent

Dye degradation (UV
irradiation); antimicrobial

activity
[50]

ZnO nanoparticles Use of fruit extract (Hippophae) as a stabilizing agent Dye degradation (UV
irradiation) [51]

ZnO nanoparticles Use of leaves extract (Stevia rebaudiana) as a stabilizing agent Dye degradation (UV
irradiation) [52]

Zn-TiO2 Use of plant extract (Green Tea) as a reducing agent Dye degradation (UV
irradiation) [53]

p-Co3O4/n-ZnO Use of plant extract (Eichhornia Crassipes) as a stabilizing
and oxygen source agent Dye degradation [54]

CuO/ZnO nanoparticles Use of fungi extract (Penicillium corylophilum As-1) as a
stabilizing and reducing agent Dye degradation [55]

Ag-ZnO nanocomposites Use of plant extract (Solanum tuberosum) as a stabilizing and
reducing agent Dye degradation [56]

Ag-ZnO nanoparticles Use of leaves extract (Excoecaria agallocha) as a stabilizing
agent

Dye degradation; antibacterial
activity [57]

ZnO/GdCoO3
nanocomposites

Use of leaves extract (Myristica fragrans) as a stabilizing
agent Dye degradation [58]

Au-ZnO
hetero-nanostructures

Use of leaves extract (Carya illinoinensis) as a stabilizing
agent Dye degradation [59]

Co/ZnO Use of Eichhornia crassipes plant tissue for the accumulation
of Co and sequential combination with ZnO Dye degradation [60]

2.4. Titanium Dioxide-Based Photocatalsyts

The synthesis of titanium dioxide, perhaps the most studied photocatalytic com-
pound [4,5,61–66], has greatly evolved in the past years, and numerous green and sus-
tainable synthetic approaches have been proposed. For example, recently, Tayebi et al.
prepared TiO2 based on hexagonal mesoporous silicate (HMS) and loaded by different
concentrations of natural polyphenol oak gall tannin [67]. The use of tannin prevented the
aggregation of TiO2 nanoparticles, resulting in an enhanced photocatalytic performance for
the degradation of an anionic dye (i.e., Direct yellow 86, used in paper and textile indus-
tries). Many other plant extracts have been proposed as capping, stabilizing, and reducing
agents, for the production of TiO2 nanoparticles [68–72], while other approaches include,
for example, solventless mechanochemical techniques [73,74]. Wang and coworkers pre-
pared colored TiO2 (green, gray, orange, and yellow) through a novel mechanochemical
method consisting of milling titanium dioxide with or without melamine [75]. As shown
in Figure 7, the so-prepared materials showed some or all the phases of titanium dioxide.
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∼
Figure 7. XRD patterns (plus photographs) of TiO2 produced via mechanochemical approach.
(1) Commercially available TiO2 P25 before ball milling, (2) P25 milled in air, (3) P25 milled with
melamine in air, (4) P25 milled in Ar, and (5) P25 milled with melamine in Ar; taken from [75]
Copyright (2020), American Chemical Society.

The different colors derived from the reduced Eg (∼2.3 eV) and the presence of
chemical and physical dopants and tailored the photocatalytic activity. TiO2 photocatalyst
were tested in the degradation of methyl red under visible light irradiation, and no loadings,
such as noble metals, metals, and metal oxides were needed. Notably, the materials had a
photocatalytic activity up to five-time higher than commercially available P25 TiO2.

2.5. Miscellaneous

Other photocatalysts prepared via green and sustainable synthesis include composites
made of different oxides, such as Cerium Oxide [76], Copper Oxide [77–79], Tin Oxide [80],
or Bismuth Vanadate [81]. For example, Raki et al. [76] prepared pure CeO2 Mn/CeO2
nanocatalsyts (9–11 nm) using seed extract of Senna Alexandrina (Cassia angustifolia) as
reducing and capping agents.

3. A Focus on Materials: Waste and Bioderived Materials

A second important approach for the preparation of green photocatalysts involves the
use of biomass or waste as sources of chemicals during the synthetic steps. Differently from
the first approach, described as the design of sustainable and environmentally friendly
synthesis, this latter methodology focuses primary on the sources of materials for the
preparation of photocatalysts. This approach strongly improves the sustainability of a pro-
cess, as it could produce a photocatalyst (with all the benefits reported in the introduction
section) by exploiting largely available (i.e., biomass) or scarcely/non-valorized (i.e., waste)
materials. The photocatalytically active systems prepared using this tactic may be divided
into materials derived from biomass and waste used as sources of carbon, and materials
derived from waste and biomass used as sources of other chemicals, as schematically
illustrated in Figure 8.
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Figure 8. Conceptual valorization of waste and biomass to photocatalyst by exploitation of carbon or
other chemicals content.

3.1. Biomass and Waste as Sources of Carbon

The most diffuse method for the preparation of biomass/waste-based photocatalysts is
centered on the utilization of carbonaceous materials such as activated carbon, carbon dots,
carbon nanotube/nanofiber, graphene, fullerene, g-C3N4, and carbon sponges/aerogels,
derived from a large variety of biomass or waste [82–91]. For example, in a very recent
work, a C-ZnO/MoS2/mesoporous carbon nanocomposite was successfully prepared
by a two-step solution-processed synthetic protocol using sucrose as a carbon source
for the preparation of a mesoporous carbonaceous supporting material [92]. The novel
ternary composite exhibited a well-interconnected 3D mesoporous microstructure assem-
bled by carbon nanosheets, loaded with quasi zero-dimensional ZnO nanoparticles and
two-dimensional MoS2 nanosheets. The material showed enhanced visible-light-driven
photocatalytic performance with remarkably high photo-corrosion resistance, as demon-
strated by photodegradation tests of methyl orange (Figure 9).

 

Figure 9. Photodegradation tests for methyl orange degradation using C-ZnO/MoS2/mesoporous
carbon nanocomposite. (a) Relative concentrations (C/C0) of methyl orange as a function of the
irradiation time under visible-light irradiation; (b) kinetic plots. Taken from [92] with the permission
of Elsevier.

Importantly, the incorporation of carbon in the composite radically promoted the
photoactivity and photostability of the photocatalyst, thanks to few positive synergistic
effects, such as increased surface area and active reaction sites, boosted surface charge
utilization efficiency, and lowered bandgap.
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ZnO/carbon xerogel composite were prepared using tannin as carbon source [93].
The diffuse reflectance test demonstrated that light absorption was significantly enhanced
for the composite, while the solar light-driven photodegradation tests revealed that the
synthesized composite achieved almost complete degradation of Rhodamine B.

Also, ternary Z-scheme C-doped graphitic carbon nitride/tungsten oxide (C-doped
g-C3N4/WO3) was successfully fabricated via an hydrothermal impregnation, using cellu-
lose nanocrystal as carbon source [94]. The material exhibited narrower bandgap, enhanced
visible-light absorption and separation of charge carrier, faster interfacial charge transfer,
good oxidation/reduction capacities, and consequentially improved global photocatalytic
activity performance.

Zhang’s research group developed a novel graphitized carbon nitride photocatalysts
using the desulfurized waste liquid extracting salt from coking plants, such as ammonium
thiocyanate, ammonium thiosulfate, and ammonium sulfate. The addition of the salts
provoked a large release of sulfur-containing gas during the pyrolysis, significantly in-
creasing the specific surface area and the pore volume of the photocatalysts. In addition,
pyrolysis with sulfur-containing salts resulted in the incorporation of sulfur in the carbon,
widening the band gap of the photocatalysts to 2.94 eV (i.e., enhancing its visible light
activity). The photocatalysts showed improved NOx removal efficiency under visible light
irradiation [95].

Despite the literature reporting many other types of visible light active carbona-
ceous photocatalysts derived from biomass or waste, such as a recently published lignin-
based photocatalysts [96], a photocatalyst derived from wood flour waste (illustrated
in Figure 10) [97], or a MnFe2O4-based photocatalyst supported over coal derived from
industrially produced fly ash [98], or many others [99–101], specific insights about the
preparation and utilization of these materials have already been fully described elsewhere
and are not repeated here [23–25,102–105].

 

Figure 10. Synthesis and use of a carbonaceous photocatalyst derived from wood flour waste. Taken
from [97] with the permission of Elsevier.

3.2. Biomass and Waste as Sources of (Carbon) and Chemicals

Beside the use of biomass or waste as mere sources of carbon, a more elaborated
method consists in producing visible-light active photocatalysts using waste and biomass
also as sources of other chemicals.

For example, in the past years, Luque’s research group has developed different novel
compounds using waste pig bristles as sulfur (present in the bristles in the form of cys-
teine, methionine, and cysteic acid) and carbon source, including photocatalytically active
Cu2S [106–108]. The photocatalysts was specifically prepared through a fast and easy
microwave-assisted synthesis. Cu2S showed a narrow bulk band gap of 1.2 eV and was
therefore tested for the degradation of methyl red under visible light irradiation, as shown
in Figure 11.
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Figure 11. Photodegradation of methyl red catalyzed by Cu2S produced from waste pig bristles as a
function of time at different wavelength irradiation, taken from [106]. Reproduced by permission of
The Royal Society of Chemistry.

The results demonstrated the possibility to prepare sulfide materials, with proved
photocatalytic activity under visible light irradiation [109], with a largely produced waste
(approximatively 225 k ton of pig bristles are produced every year in the EU), which is
still poorly valorized. Alternatively, other sulfides, such as iron sulfide (pyrite, FeS2)-based
photocatalysts can be produced using marcasite waste, a waste produced in the jewelry
industry. According to Wasanapiarnpong et al., an iron sulfide-based photocatalysts can be
used for the photocatalytic degradation of lignin [110].

In the last years, the literature has reported the use of waste eggshells as a source of
calcium carbonate for the preparation of electrodes or many types of catalysts, including
photocatalysts [111–115]. Indeed, eggshells are a waste largely produced in the dairy indus-
try and its reuse and valorization could substitute the standardly employed low sustainable
processes for their end-life treatment [116]. For example, calcium oxide nanoparticles were
prepared using waste eggshells by a simple calcination process [117]. The so-produced
nanoparticles were examined for the photocatalytic dye degradation of methylene blue
and Toluidine blue in aqueous solutions. Remarkably, the catalyst could be recycled up to
seven cycles without significant losses of activity.

Recently, Gil and coworkers developed a novel strategy for the recovery and reuti-
lization of the aluminum present in the saline slags generated during Al processing [118].
With this approach the researchers prepared different valuable materials, proposing a
sustainable alternative to the disposal of this waste sludge. For instance, they employed
saline slags in a co-precipitation method to synthesize a sequence of samples containing
zinc and various proportions of aluminum/titanium [119]. The materials were used as
photocatalysts for the removal of diclofenac and salicylic acid (probably the most consumed
non-steroidal anti-inflammatory drugs) from wastewater.

With a similar aim of valorizing an industrial waste, Ferretti et al., prepared nanometric
TiO2-based magnetic catalyst using fly ash produced from the treatment of iron and
steel [120]. The photocatalysts was prepared via a first one-step hydrothermal activation,
during which the precursor was transformed into a zeolite with good magnetic properties,
and sequentially TiO2 nanoparticles were supported on the zeolites through ultrasounds
treatment. The photocatalytic activity of the novel catalysts was verified through the
abatement of methylene blue.

Additionally, waste printed circuit boards (PCBs) can be used to produce photocata-
lysts. This type of recycling process can prevent the end life treatment of a largely-produced
waste, since 20–50 million tons of waste electric and electronic equipment are produced
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worldwide each year [121]. For example, Qian’s research group used PCBs as copper source
to prepare a Cu2O-basedphotocatalyst, and sequentially employed it for the photocatalytic
reduction of Cr(VI) under visible light irradiation [122]. Similarly, the metals contained in
waste capacitors can be reused to prepare Ta2O5 based or BaTiO3-based visible-light active
photocatalysts [123,124].

Table 5 reports last achievements in the development of visible-light-active photocata-
lysts using biomass and waste as chemical sources.

Table 5. Photocatalysts prepared through waste and biomass as sources of chemicals.

Photocatalyst Green Synthetic Approach Application Ref.

Cu2S Microwave assisted valorization of waste pig bristles
as a sulfur and carbon source Dye degradation [106]

FeS2/titanium dioxide Marcasite waste from jewelry industry as a source of
FeS2

Lignin degradation [110]

CaO Solvent free valorization of waste eggshells as a
calcium source Dye degradation [117]

ZnTiFeAl-hydrotalcites Use of saline slags, generated during Al processing, as
an Al source

Diclofenac and salicylic acid
degradation [119]

Cu2O Waste printed circuit boards (PCBs) as sources of
copper Reduction of Cr(VI) [122]

Ta2O5-based photocatalyst Waste capacitors as sources of Ta Hydrogen production [123]

Nb-Pb co-doped and
Ag-Pd-Sn-Ni loaded BaTiO3

Milling of waste capacitors (as sources of BaTiO3, Ag,
Pd, Sn, Ni, Nb, and Pb) Hydrogen production [124]

4. Summary and Outlook

National and international policies as well as the public pressure for the shifting to
a sustainable society are sensibly changing the research and development of materials.
With no doubts, this change is also positively altering the design of new photocatalytic
compounds. This mini-review has summarized some of the most recent and innovative
approaches for the green production of visible-light-active photocatalysts, dividing the
most recent works in function of the mere synthetic approach, i.e., with a focus on the
sustainable characteristics of synthesis (e.g., the use of naturally derived nanoparticles
stabilizing and reducing agents instead of classically used fossil-derived counterparts);
or in function of the use of waste or biomass materials as sources of chemicals (e.g., the
exploitation of waste slugs as sources of metals). All these methods have a common
view of a transversal thinking aimed at avoiding low-eco-friendly procedures to produce
materials (photocatalysts) designed for a green scope (i.e., Sun-driven photocatalysis). To
date, researchers have proposed many innovative and out-of-the-box solutions for the
green preparation of visible-light active photocatalysts, which further development may
definitively change the way we know photochemistry. In addition, some investigation
paths are still barely explored and may be open to the design of an infinitive number of
new materials, such as in the case of the direct use of a waste as a photocatalyst (e.g., waste
copper slag used as photocatalysts for the degradation of toxic alcohols) [125].

Nevertheless, major restrictions still limit the large-scale application of these novel
materials. Indeed, the industrial manufacturing of green photocatalysts is still economically
inconvenient and has no investor’s interest. Clearly, fossil-based low-sustainable manu-
facturing procedures are too cheap to be substituted by procedures which scale-up have
uncertain outcomes. Additionally, most of the world’s chemical plants for the production of
materials (in general) were designed to operate with high (or at least medium)-grade-purity
raw materials, having intrinsic characteristics that are difficult to fund when operating
with biomass or waste (considering also all troubles related to the different physical and
chemical properties such as different viscosity, for example when operating with a solution
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of stabilizing agents such as EDTA in comparison with phenolic enriched solutions). It
is quite obvious that the purification of biomass and waste, for example, for the selective
extraction of chemicals (such as Sulphur in the case of [106]) will be even more complicated
and increase the production costs of the so-derived photocatalysts (although they would
probably be more active, due to the removal of impurities).

Finally, it should be mention that the practice of considering and evaluating the
end-life treatment of the novel photocatalysts (or green synthetic approaches), as well as
the determination of objective data of the overall sustainability of the processes, is still
poorly diffused. Indeed, if on a hand all the discussed methods are claimed to decrease
the environmental impact of the production of photocatalysts, on the other hand, any
end-life considerations or at least any green metrics of the processes are rarely reported
and discussed. Evidently, the use of biomass or waste during the processes could have
positive effect on the environment, but these hypotheses should be supported by critical
and objective factors. For example, green metrics such as E-Factor [126] can give a rapid
and objective view of the sustainability of the process. Additionally, more detailed analysis,
such as Life Cycle Assessments (LCA) [127], can deeply describe the potential impact of
the novel photocatalysts on the environment. Parallelly, biodegradability or composability
tests of the waste eventually produced during the preparation of the photocatalysts and
may highlight critical aspects that must be modified. Additionally, some considerations of
the production costs of the novel green photocatalysts in comparison with the standardly
employed procedures should be described.
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Abstract: Activated carbon/titanium dioxide (AC/TiO2) nanohybrids were synthesized by a hy-
drothermal technique using various weight percent of commercial AC and were characterized by
X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), Fourier transform
infrared (FTIR) and thermogravimetric analysis (TGA). The synthesized nanohybrids were applied
to photodegradation of Reactive Red-35 (RR-35) dye in aqueous solution using sunlight. Due to the
synergistic effect of adsorption and photodegradation activity, AC/TiO2 nanohybrids were more
efficient in treating the aqueous dye solution than that of AC and TiO2 The maximum (95%) RR-35
dye removal from the water was obtained with 20 wt% AC/TiO2 within 30 min at natural pH of
5.6. The possible photodegradation mechanism of RR-35 dye with AC/TiO2 was discussed from the
scavenger test. Moreover, AC/TiO2 was found to be suitable for long-term repeated applications
through recyclability experiments. Therefore, AC/TiO2 nanohybrid is a promising photocatalyst for
treating azo dyes especially RR-35 from water.

Keywords: TiO2; activated carbon; nanohybrid; photodegradation; azo dyes; sunlight

1. Introduction

Adverse effects are being observed in the environment, especially, in water quality
due to the rapid urbanization and industrialization in the world. Hazardous wastes along
with untreated toxic chemicals are usually flushed into rivers and ponds or nearby water
reservoirs [1]. The dyes are considered hazardous water pollutants due to their toxic effects
on the environment and complexity in removal [2]. Textile dyes, especially azo dyes not
only affect the aesthetic merit of surface water but also reduces light penetration that
hampers aquatic lives [2]. Moreover, azo dyes are usually mutagenic and carcinogenic [2,3].
Reactive Red-35 (RR-35) is a typical toxic azo dye and has widely been used in textile
industries because of its vibrant colors, water-fastness and energy-efficient application
techniques [4].

Several techniques have been applied for wastewater treatment, especially in azo
dye removal from water [2,5]. However, the traditional physical and biological water
treatment processes have some drawbacks such as prolonged tendency, high cost and
lower efficiency [2]. Moreover, some non-traditional processes such as ozonation, radiation
and membrane processes have some drawbacks; for example, ozonation and radiation
processes generate toxic byproducts, which could be difficult to remove [6,7]. Therefore,
cost-effective and environment-friendly methods are desired for the removal of toxic dyes
from the effluent streams.

153



Photochem 2021, 1

Photocatalytic degradation, an advanced oxidation water purification method, has
attracted much interest to researchers since it can cost-effectively degrade the dyes without
causing any further harm to nature [8]. To date, several metal oxides [9,10] including
titanium dioxide (TiO2) [11] have been selected as photocatalysts due to their less toxic-
ity, chemical stability and distinct electronic structure (unoccupied conduction band and
occupied valence band) [12]. Among them, TiO2 is extensively used for a wide range
of applications compared to other photocatalysts, due to its low cost, excellent aquatic
stability and high redox potential [13,14]. However, some drawbacks such as easy ag-
glomeration, lower adsorption capacity, rapid phase transformation (from highly active
anatase to less active rutile phase) and separation of nano-sized TiO2 from water limit the
industrial applications of TiO2 in wastewater treatment [15,16]. Therefore, the introduction
of support material is needed to overcome these problems and to increase the efficiency of
TiO2 [16]. Several materials including activated carbon (AC) [17], clay [18], metal-organic
frameworks [19], silica [20], etc., were very commonly used as a support for TiO2. Among
them, AC is a very effective support material especially in water remediation due to its
excellent hydrophobicity and high surface area with different functionalities [18]. Thus,
AC would not only work as effective support material but also continuously adsorb water
pollutants such as dye molecules around the surface of TiO2 to halt recombination and
smooth degradation. Moreover, AC/TiO2 nanocomposites are extensively used in several
purposes such as the antimicrobial agent [21], photocatalytic degradation of pharmaceuti-
cal products [22] and dye removal [17]. Therefore, the possible applications of AC/TiO2 in
photocatalytic degradation of dye in water are very interesting considering the synergistic
effect of the adsorption process mediated by AC and the photocatalytic activity of TiO2.

Herein, AC/TiO2 nanohybrids were synthesized via hydrothermal technique followed
by calcination. The fabricated nanohybrids were thoroughly characterized and applied as
a photocatalyst for the degradation of RR-35 in aqueous solution. Moreover, the plausible
mechanisms for photodegradation of RR-35 were recommended based on the radical
scavenger experiments.

2. Materials and Methods

2.1. Materials

Activated carbon (AC, Darco, 100 mesh, surface area 600 m2/g) was purchased from
Merck, Mumbai, India. Acetone (99%), TiCl3 (15%) and NaOH flakes (97%) were purchased
from Loba Chemie Pvt. Ltd, Mumbai, India. NH4OH and HCl (37%) were purchased from
Merck KGaA (64271 Darmstadt, Germany). H2O2 (35%) was collected from TCI, Tamil
Nadu, India. Reactive Red-35 (RR-35) was purchased from Sisco Research Laboratories
Pvt. Ltd. (SRL), Mumbai, India. All the chemicals are reagent grade and utilized without
further purification.

2.2. Preparation of AC/TiO2 Nanohybrids

In this study, the various proportions of AC/TiO2 nanohybrids were successfully
synthesized, according to the previous report with slight modification [23,24]. A 10 mL
solution of TiCl3 in 15% HCl was hydrolyzed using 20 mL deionized water and then a
dropwise addition of aqueous NH4OH (20 mL) produced dark blue precipitate, which
turned yellowish due to the addition of H2O2 through constant stirring. After 30 min of
vigorous stirring, the calculated amount of AC was added to the mixture. The obtained
suspensions were left for 4 days for aging and then the precipitates were filtered, washed
with distilled water followed by acetone and dried at 60 ◦C. Finally, calcination was done
at 400 ◦C under air for 6 h to obtain desired AC/TiO2 nanohybrids. For comparison, bare
TiO2 was also synthesized by a similar procedure without using AC.

2.3. Characterization of Studied Nanohybrids

An X-ray diffractometer (Ultima IV, Rigaku Corporation, Akishima, Japan) fitted with
Cu Kα radiation (λ = 0.154 nm) was used to analyze the XRD patterns of the studied samples
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at room temperature (25 ◦C). The morphological features of the samples were examined
by an analytical field emission scanning electron microscope (FESEM) (JEOL JSM-6490LA,
Tokyo, Japan) operating at an accelerating voltage of 20 kV. The interaction between
TiO2 and AC was observed by recording transmission spectra on a Fourier transform
infrared spectrometer (FTIR, Shimadzu IR Prestidge-21, Japan) in the wavenumber range
of 4000–400 cm−1 with resolution 4 cm−1 and S/N ratio of over 40,000:1. The thermal
stability of the samples was inspected by recording thermograms on a thermogravimetric
analyzer (TG-00260, SHIMADZU Corp, Japan), which operated within 25–800 ◦C with
10 ◦C min−1 heating rate and 5 min hold time.

2.4. RR-35 Dye Removal Experiments

The dye removal performance of commercial AC, bare TiO2 and AC/TiO2 nanohybrids
were carried out at various operating conditions such as pH, time and dye concentration
using a standard solution of RR-35 (at 536 λmax nm [25]) under solar irradiation in open-
air. The remaining concentration of RR-35 after degradation at various conditions was
measured by recording absorbance on a UV-1700 Spectrophotometer (Shimadzu, Japan).
Batch experiments were performed under similar conditions on sunny days between 11:00
and 14:00 BST (Bangladesh standard time) for the investigation of the % removal of RR-35
using the studied photocatalysts (location coordinate: 23.7275 ◦N, 90.4019 ◦E; intensity of
sunlight: 3.0 mW/cm2; time of year: June to August). The intensity of light was measured
by a UV radiometer with a sensor of 320–420 nm wavelength (UVR-400, Iuchi Co., Osaka,
Japan). For adjusting the pH of the solutions before degradation experiments, dilute HCl
(0.1 M) and NaOH (0.1 M) aqueous solutions were used. It should be noted that the natural
solution pH of RR-35 was 5.6. Moreover, a reusability experiment was carried out to
evaluate the potential of AC/TiO2 for industrial application.

3. Results and Discussion

3.1. XRD Analysis

The XRD patterns of AC, TiO2 and AC/TiO2 nanohybrids are shown in Figure 1.
As can be seen in Figure 1a, the XRD of AC shows two weak broad peaks at 25◦ and
44◦ corresponding to reflection in the (002) plane and the (100) plane, which indicates
the existence of quartz phase at low concentration and two-dimensional reflections of
disordered stacking of micrographites, respectively [26,27]. On the other hand, the XRD
pattern of TiO2 and AC/TiO2 nanohybrids shows diffraction peaks at about 25.34◦, 37.76◦,
48.00◦, 53.81◦ and 55.11◦ (2θ values), which could be indexed as (101), (004), (200), (105)
and (211) planes, respectively, of an anatase TiO2 [28,29]. It suggests that the anatase TiO2
is predominantly formed in the nanohybrids when calcined at 400 ◦C [24]. The sharp peaks
of the XRD pattern of synthesized nanohybrids acknowledge that there were no impurities
present in the nanohybrids. Therefore, the XRD analysis strongly supports the successful
fabrication of the nanohybrids. Interestingly, it was observed that the diffraction peak
intensity was decreased and slight peak broadening was occurred in nanohybrids with
increasing AC content (Figure 1b), similar to the previous report [22,23]. Therefore, the
crystallite size of nanohybrids was decreased with increasing AC content. Based on the
XRD results, the crystal size of the nanohybrids is determined using the Scherrer formula
for the peak at 2θ = 25.15◦. The crystal size of bare TiO2, 10 wt% AC/TiO2, 20 wt% AC/TiO2
and 30 wt% AC/TiO2 could be estimated as 26, 20, 16 and 15 nm, respectively. Notably,
there was no characteristic peak that is observed in nanohybrids due to AC. The reason
could be attributed to the fact that the main peak of AC might be shielded by the peak of
anatase TiO2 [30].
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Figure 1. XRD pattern for (a) AC, TiO2 and AC/TiO2 nanohybrids and (b) elongated peak of TiO2

and AC/TiO2 nanohybrids.

3.2. FESEM Analysis

The morphologies of the AC, TiO2 and AC/TiO2 nanohybrids are investigated by
FESEM micrographs and shown in Figure 2. The external surface of the AC clusters is
flat, rough and porous whereas the aggregation of TiO2 crystallites is significant in TiO2,
with a size of 26 nm (based on the Scherrer equation). From FESEM images of AC/TiO2
nanohybrids, it is observed that the TiO2 particle with the nanosized dimension is uniformly
deposited on the AC surface and in the bulk of the AC and the aggregate size of TiO2
particles strongly depended on the AC content. The FESEM images, shown in Figure 2,
reveal that particle size of nanohybrids decreased with increasing AC content, which is
also agreeable with the XRD results. Therefore, it is easily assumed that the nanohybrid
had a relatively higher percentage of smaller particles than TiO2, which might be beneficial
for photocatalytic activity [31].

−

Figure 2. FESEM images of (a) AC, (b) TiO2, (c) 10 wt% AC/TiO2, (d) 20 wt% AC/TiO2 and (e) 30 wt%
AC/TiO2.

3.3. FTIR Analysis

FTIR spectra of TiO2 and AC/TiO2 nanohybrids are shown together with AC in
Figure 3. The main absorption peaks were located at 3430, 1058, 710 and 530 cm−1. The
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bands observed in AC and synthesized nanohybrids, located at 3430 cm−1 were due to
–OH stretching. Bare TiO2 and nanohybrids revealed an intense peak contributing to the
stretching vibrations of Ti–O bonds at 710 and 530 cm−1, which is the characteristic peak of
TiO2 [28]. Interestingly, with the addition of AC, a new peak located at 1058 cm−1 appeared
and the peak at 530 cm−1 shifted to lower wavenumbers, similar to the previous report [23].
Besides, with increasing AC content, the width and intensity of the peak at 1058 cm−1 was
increased. Thus, it can be concluded that the appearance of this peak is related to AC in
the AC/TiO2 composites [23].

−

 and −

−

−

−

Figure 3. FTIR spectra of (a) TiO2, (b) 10% AC/TiO2, (c) 20% AC/TiO2, (d) 30% AC/TiO2 and (e) AC.

3.4. TG Analysis

To investigate the amount of TiO2 in the AC/TiO2 composites synthesized at different
ratios, thermogravimetric (TG) tests were carried out in a range of 25–800 ◦C under N2
flow. As shown in the TG curves (Figure 4), the gentle weight loss of commercial AC, TiO2
and AC/TiO2 nanohybrids at temperatures ranging from 20 to 200 ◦C is observed due to
the desorption of physisorbed water. According to the TG curves, the weight loss of the
nanohybrids increased with increasing AC content. The final weight loss was 15.6% for
pure AC, which is agreeable with earlier reported results [32] and 6.6%, 4.3%, 2.4% and
0.60% for 30 wt% AC/TiO2, 20 wt% AC/TiO2, 10 wt% AC/TiO2 and TiO2.

3.5. Effect of AC Content

The effect of AC content in nanohybrids for the removal of RR-35 from water under
dark and sunlight irradiation is depicted in Figure 5. To quantify the relative contributions
of both adsorption and photodegradation towards the overall removal of RR-35, control
experiments in dark were carried out for 30 min. As shown in Figure 5, the adsorption of
RR-35 by AC, TiO2 and 20% AC/TiO2 under dark were calculated to be 42%, 9% and 34%
respectively. The respective values for commercial AC and bare TiO2 were 47% and 26%
under sunlight irradiation within 30 min. The removal efficiency of AC in dark and under
sunlight is nearly similar which indicates that the removal of RR-35 using AC was due
to adsorption rather than photocatalysis. Additionally, the TiO2 was not much effective
for the degradation of RR-35 due to a large band gap, similar to the earlier report for the
degradation of methyl orange dye [33]. Commercial AC showed better performance than
TiO2, which might be due to the adsorption of RR-35 on AC. Additionally, it was noticed
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that the photocatalytic efficiency of nanohybrids was increased compared with commercial
AC and TiO2 because of the synergistic effect of both adsorption and photocatalysis due to
a combination of AC and TiO2 [34]. Among studied nanohybrids, 20 wt% AC/TiO2 showed
the best performance in RR-35 removal (95%) due to the formation of nanoparticles with
good crystallinity [33]. Probably, all of the TiO2 nanoparticles might take part in interaction
with AC in the case of 20wt% AC/TiO2, which was important for maximum removal of
RR-35 [33,35]. Therefore, further investigation was carried out using 20 wt% AC/TiO2 as a
photocatalyst for degradation of RR-35.

 

Figure 4. TGA of AC, TiO2 and AC/TiO2 nanohybrids.

 

−

 

Figure 5. Effect of AC content in nanohybrids for the removal of RR-35 from water (initial concentra-
tion of RR-35: 20 mg L−1; pH: 5.6) under dark and sunlight irradiation (time: 30 min).

3.6. Effect of pH

Solution pH strongly controls the surface charge of a nanohybrid and thus the pho-
todegradation of dye is also greatly affected. The degradation of RR-35 by 20 wt% AC/TiO2
was recorded within a pH range of 2–10 and the results are displayed in Figure 6. The
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results revealed that the degradation of dye increased with solution pH up to a certain level
(at pH 6.0) and then decreased with solution pH. The maximum removal of RR-35 at pH
6.0 was 99%, after 30 min of the sunlight irradiation. At natural pH 5.6, the RR-35 removal
was observed 95%, which was almost similar to the percent of removal obtained at pH 6.0.
Therefore, further investigation such as the effect of time, dye concentration, scavenger test
and reusability experiment was carried at natural solution pH (5.6) of RR-35. The point of
zero charge value (pzc) of TiO2 and AC/TiO2 is reported as 6.8 and 7.6 respectively [25,36],
which means that the surface of AC/TiO2 becomes positive below this pH value (pH < 7.6)
and negative above this pH value (pH > 7.6). RR-35 is an anionic dye in aqueous solution;
therefore, at pH 5.6–7.0, the positively charged 20 wt% AC/TiO2 surface could adsorb
more dye molecules through electrostatic interaction. Due to the enhanced adsorption,
more dye molecules are exposed to the active sites of the photocatalyst. The lower rate
of photodegradation of RR-35 at alkaline media was found probably due to the presence
of superfluous negative charge on the catalyst surface, which could repel the anionic dye
molecules. Moreover, at a very low pH (from 2.0 to 4.0) the photodegradation of RR-35
decreased probably due to the protonation of dye molecules, which consequently reduced
the adsorption of dye molecules on the AC/TiO2 surface [36].

 

−

−

Figure 6. Effect of pH on the removal of RR-35 with 20 wt% AC/TiO2 (initial concentration of RR-35:
20 mg/L−1; pH: 2–10; irradiation time: 30 min).

3.7. Effect of Time

The effect of irradiation time on photodegradation of RR-35 using 20 wt% AC/TiO2
was investigated by evaluating the percentage removal of RR-35 at different periods as
shown in Figure 7. The result from Figure 7 revealed that 95% dye was removed by 5 mg
of 20 wt% AC/TiO2 in 30 min at pH 5.6 under sunlight irradiation. It was evident that
the rate of degradation was higher during the initial stage (up to 10 min). Afterward,
the degradation rate started decreasing gradually and the degradation finally reached
equilibrium after 30 min. It might be due to the gradual decline in the concentration of RR-
35 and simultaneous formation of degradation products with irradiation time. As a result,
maximum degradation (95%) of RR-35 was found after 30 min of sunlight irradiation.
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−

−
Figure 7. Effect of time on the removal of RR-35 with 20 wt% AC/TiO2 (concentration of RR-35:
20 mg L−1; pH: 5.6; irradiation time: 0–30 min).

3.8. Effect of Initial Concentration of RR-35

It is necessary to study the dependence of the dye removal efficiency on the initial
dye concentration given its practical application. The dye removal rate of different initial
RR-35 concentrations with 20 wt% AC/TiO2 is presented in Figure 8. From Figure 8 it was
observed that the dye removal rate rises with the increase in initial dye concentration from
10 to 20 mg L−1 and a further increase in dye concentration leads to the decrease in removal
rate [37]. Additionally, with increasing the initial dye concentration up to 40 mg L−1, the
degradation amounts of RR-35 increased gradually, and exceeding 40 mg L−1, the degrada-
tion amounts of RR-35 were almost the same. The high concentration gradient provides
an increase of driving force to move RR-35 from the bulk to the nanohybrid surface. This
mass transfer process continued until the nanohybrid surface was saturated with RR-35
molecules [38]. It could be stated that saturation probably occurred at 40 mg L−1 RR-35
concentration. Besides, at a concentration above 40 mg L−1, a significant amount of sunlight
may be absorbed by the dye molecules itself, which could reduce the photodegradation
efficiency of AC/TiO2 [39]. In this study, 20 mg L−1 of RR-35 solution was selected to eval-
uate the photodegradation of dye for the following experiment owing to the concentration
of real wastewater.

3.9. Role of Radical Scavenger

Radical scavenger experiments were carried out to determine the reactive species
responsible for the photodegradation of RR-35 dye. In this study, iso-propanol (IP), ascorbic
acid (AA) and oxalic acid (OA) were introduced to be the scavengers of hydroxyl radi-
cals (•OH), superoxide radical (•O2

−) and holes (h+), respectively [18,40–42]. The three
scavenging experiments were similar to the RR-35 dye removal process. The effect of the
radical scavengers on the RR-35 photodegradation over 20 wt% AC/TiO2 using sunlight is
displayed in Figure 9. From the figure, 95% removal of RR-35 was found with no scavenger
(NS), while 56% removal was found with IP, 78% with AA and 85% with OA, respectively.
The results strongly indicated that both •OH and •O2

− radicals played a significant role
in the photodegradation of RR-35, whereas, h+ showed a minor effect in the degradation
process under sunlight.
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Figure 8. Effect of initial dye concentration on the removal of RR-35 with 20 wt% AC/TiO2 (concen-
tration of RR-35: 10–100 mg L−1; pH: 5.6; irradiation time: 30 min).

 

− −

eେ୆ିh୚୆ା h୚୆ା eେ୆ି
−

−

h୚୆ା eେ୆ି
−

→ eେ୆ି h୚୆ା

Figure 9. Role of radical scavengers on the RR-35 photodegradation with 20 wt% AC/TiO2 (concen-
tration of RR-35: 20 mg L−1; concentration of all scavengers: 1 mmol L−1, pH: 5.6; irradiation time:
30 min).

3.10. Photodegradation Mechanism

The fundamental mechanism of the AC/TiO2 nanohybrids exhibit dual functions
such as absorption and photodegradation to remove the RR-35 dye from an aqueous
solution [34]. The proposed schematic illustration of the photodegradation mechanism of
RR-35 dye by 20 wt% AC/TiO2 using sunlight is presented in Figure 10. Under sunlight
irradiation, the RR-35 removal process requires the dye to be adsorbed on the AC/TiO2
surface before immediate photodegradation [43]. The efficiency of photodegradation can
be affected by the adsorption performance of substrate AC and the photocatalytic activity
of TiO2 nanoparticles [34]. Moreover, the AC introduced to the composite structure acts as
an electron sink, thereby decreasing the recombination of photogenerated charge carriers
and finally enhancing the photocatalytic activity of the AC/TiO2 [44]. During the sunlight
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irradiation, the AC/TiO2 (considering the semiconductor of TiO2, 3.2 eV) can absorb the
UV light energy to create the conduction band electrons (e−CB) and valence band holes
(h+

VB) [30,45]. Then, the photogenerated holes (h+
VB) are responsible for the oxidation of

RR-35 dyes and water (H2O) molecules adsorbed on the surface of the AC/TiO2 and
the formation of hydroxyl radicals (•OH) [44]. The photoexcited e−CB attack the dissolved
oxygen (O2) to generate superoxide radicals (•O2

−), which can act as a precursor of
many reactive species in photochemical reactions [46]. Moreover, •O2

− is an important
source of •OH radical and avoids the recombination of the electron/hole pair in the
photocatalyst, thus improving the photodegradation process [47]. The photogenerated
holes (h+

VB), photoexcited electrons (e−CB), hydroxyl radicals (•OH) and superoxide radical
ions (•O2

−) take part in heterogeneous-photocatalytic reactions. These species can lead to
the photodegradation of RR-35 molecules to intermediates, and then go further degradation
to CO2 and H2O. Thus, the photodegradation of dye pollutants is one of the suitable
processes because of its abundance advantages, such as breaking down pollutants and
achieving complete mineralization to convert into non-toxic products [44]. Therefore, we
expect the following photodegradation reactions of RR-35 dye by AC/TiO2 under sunlight
irradiation [45,47,48]:

AC/TiO2 + Sunlight (hv) → e−CB +h+
VB (1)

h+
VB + OH− → •OH (2)

O2 + e−CB → •O2
− (3)

•O2
− + e−CB + 2H+ → H2O2 (4)

RR-35 dye + •OH/•O2
− → Intermediates → CO2 + H2O (5)

h୚୆ା −→eେ୆ି → −

− eେ୆ି →

−→ →

 

Figure 10. Schematic illustration of the photodegradation mechanism of RR-35 by 20 wt% AC/TiO2

using sunlight.

3.11. Reusability of AC/TiO2

Reusability is one of the most important characteristics of a material for removing
pollutants from industrial effluents since it is related to the cost-effectiveness of the photocat-
alyst. The reusability of 20 wt% AC/TiO2 was evaluated up to four cycles by simple alkali
(0.01 M NaOH) washing [34]. The alkali-treated nanohybrid was washed with distilled
water and dried for the next cycle. The result of the reusability experiment is illustrated
in Figure 11. The graph clearly illustrated that the performance of the recycled 20 wt%
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AC/TiO2 for RR-35 removal remained almost consistent. The removal activity of the
nanohybrid gradually decreased up to four cycles due to the poisoning effect of degraded
products and the blocking of sunlight irradiation [49]. Therefore, it can be concluded that
the AC/TiO2 is suitable for long-term repeated use for the removal of RR-35 dye from the
aqueous environment.

−

−

 

 

Figure 11. Reusability of 20 wt% AC/TiO2 for RR-35 dye removal from water (concentration of
RR-35: 20 mg L−1; pH: 5.6; irradiation time: 30 min).

4. Conclusions

In this study, a cost-effective method has been reported for the preparation of AC/TiO2
nanohybrids. The best removal efficiency for RR-35 dye was obtained by 20 wt% AC/TiO2.
The remarkable removal of RR-35 with AC/TiO2 can be explained by both the adsorption
and photodegradation activity of nanohybrids. RR-35 dye photodegradation with AC/TiO2
using sunlight was mainly controlled by the •OH and •O2

− radicals whereas, the h+ played
a minor effect in the process. Moreover, AC/TiO2 nanohybrids can be regenerated by simple
alkali washing. Therefore, AC/TiO2 can be suggested as an efficient photocatalyst for RR-
35 dye removal from water based on the facile synthesis, very fast with nearly complete
removal, and excellent reusability.
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