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A B S T R A C T   

Semiconductor photocatalyst TiO2 was synthesized by hydrothermal method, followed by Bi/Zn mono and 
bimetallic nanoparticles decorated through wet impregnation. Metal doping resulted a shift in spectral response 
to visible light, with highest shift of 0.08 eV in BZHT4 (0.25:0.75 w/w). Photocatalytic performances of syn
thesized catalysts were compared for the degradation of 50 ppm nitrobenzene (NB) under UV and solar light 
irradiations. Enhanced photocatalytic activity was observed with the metal doping due to the synergistic effects 
between the metals and TiO2. Highest degradation of 90% with a rate constant of 8.8 × 10− 3 min− 1 was observed 
with BZHT4 in UV light.   

1. Introduction 

The wastewater released during various industrial manufacturing 
operations can cause serious water problems and may pose a serious 
threat to the ecosystem and human health [1]. Recently, photocatalytic 
degradation process with semiconductor TiO2 utilizing solar and ultra
violet (UV) light has become an important aspect for the decomposition 
of organic pollutants because of its low cost, chemical stability, non- 
toxicity, electronic and optical properties [2–5]. Important factors 
which affect the photocatalytic activity of TiO2 are crystallinity, specific 
surface area, shape and size [6]. The major disadvantage of TiO2 is its 
wide band gap (3.0–3.2ev) which indicate that only a small percentage 
of solar spectra is absorbed in the UV region and low quantum efficiency 
owing to the fast recombination. Several techniques have been applied 
to lower the band gap, some of which include synthesis of particles with 
different nanostructure, doping of metals and non-metals, and the 
preparation of nanocomposites [6,7]. Doping can decrease the band gap 
between valance band and conduction band through the addition of 
impurities in the pure semiconductor [8,9]. Transition metal doped TiO2 
has shown remarkable effects on the photocatalytic degradation 
[10–12]. 

Bi-doping introduce a narrow intermediate energy band gap and act 
as an active centre on the photocatalytic surface for degradation process 
[13,14]. Bi is a low-cost base metal that is shown to exhibit direct 
plasmonic photocatalytic ability having the potential to replace the 

noble metals. Doping of Bi is known for band gap reduction resulting in 
the up-shift valence band due to hybridization of Bi (6 s) orbital with O 
(2p) orbital [15]. Hence, it is anticipated that the addition of Bi will be 
successful in extending the spectral response of TiO2 to the visible light 
region. Further, doping of Zn2+ on TiO2 was reported to ease the elec
tron injection and enhance the charge collection owing to excess holes of 
Zn2+ as compared to Ti4+ that forms an acceptor level near to the 
valence band of TiO2 [16]. Co-doping of Bi and Zn on TiO2 have been 
reported to inhibit the recombination of electron-hole pairs in photo
catalytic degradation of organic contaminants [13,17]. In addition, the 
photogenerated holes (h+) were accounted as the main active species for 
the degradation of organic pollutants, with contributions of O2

•− and 
HO• being moderate and small respectively. Moreover, the co-doped 
catalyst was also reported to exhibit good stability in terms of 
achieving the same performance for five cycles [17]. Therefore, the 
outcome of these reports triggered to apply Bi–Zn combined doping 
over hydrothermally synthesized TiO2 in this work. 

In this study, TiO2 photocatalyst was synthesized using hydrother
mal method and subsequent doping with Bi and Zn (mono- and bime
tallic) was carried using wet impregnation method. Synthesized 
photocatalysts were characterized and tested for the degradation of NB 
as a model pollutant. Both, Bi and Zn doping were reported to enhance 
the performance of TiO2 [17,18,19] and as per our best knowledge, the 
bimetallic doping of Bi and Zn in combination to hydrothermally syn
thesized TiO2 has not been reported so far for the purpose of 
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photocatalytic degradation of organic pollutants in water. The perfor
mance of the synthesized photocatalysts is discussed in terms of its 
charge separation properties of the doped materials. 

2. Experimental section 

2.1. Catalyst synthesis 

The detailed catalytic preparation procedure is presented in sup
porting information and schematically illustrated in Fig. S1. The catalyst 
TiO2 was prepared via hydrothermal synthesis method. Further, cata
lysts were impregnated with different % loading of Bi:Zn (w/w) on TiO2 
were (1.0:0.0); (0.75:0.25); (0.50:0.50); (0.25:0.75); (0.0:1.0) and 
named as BZHT1, BZHT2, BZHT3, BZHT4 and BZHT5. Hydrothermally 
synthesized TiO2 catalyst without metal doping was denoted as BZHT0. 

2.2. Catalyst characterization 

The characterization of the hydrothermal synthesized and doped 
TiO2 was conducted using different characterization techniques such as 
XRD, DRS, FT-IR, TGA, SEM, PL and details are provided in the sup
porting information. 

2.3. Experimental setup and photocatalytic activity study 

The photocatalytic reactions were performed both under UV light in 
a 500 mL capacity reactor set-up using of 250 W mercury vapor lamp 
(Fig. S2) and under natural solar irradiation (Fig. S3). All tests reported 
in this study were carried out with 50 ppm of NB solution. Details of the 
experimental setup and reaction conditions are given in the supporting 
information. 

3. Result and discussion 

3.1. Characterization 

The XRD patterns of bare and all doped TiO2 showed major peak 
recorded at 2θ =25.6 (Fig. 1). According to XRD patterns, the predom
inant structure is anatase with no other TiO2 phase or impurity phase 
caused by dopant which signifies that the dopants have been effectively 
doped into the TiO2 lattice [13]. It could be due to the lower loading 
values of Bi and Zn metals (less than 1% w/w) [6]. The major diffraction 
peaks observed in XRD patterns were at 2θ = 25.6, 31.06, 38.09, 48.34, 
54.38, 55.38, 63, 69.6, 70.48, 75.4 indexed to (101), (103), (004), 
(112), (200), (105), (211), (213), and (116). The crystallite sizes were 

calculated using Scherrer's formula, with the characteristic peak of 2θ =
25.6, with a shape factor (K) of 0.9 (Eq. (1)) and were found between 
26.51 and 29.09 nm (Table 1). Crystallite sizes were found to be 
marginally increased after the metal loading, which shows that loading 
of metals might promote the growth of TiO2 nanoparticles [20]. The 
increase in crystallite size could also be due to nanoparticles insertion in 
surface-layer of TiO2 support [21]. However, this growth was not that 
considerable and only a slight difference was observed. 

Crystallite size = Kλ/(Wcosϴ) (1) 

Where W = Wb – Ws, Wb is the broadened profile width of experi
mental sample. Ws is the standard profile width of reference silicon 
sample, and λ is the wavelength of X-ray radiation [22,23]. The crys
tallinity index (CI) was calculated using Eq. (2). 

CI =
Area of crystalline peaks

Area of crystalline peaks+ Area of amorphous peaks
× 100 (2) 

The CI value for BZHT0, BZHT1, BZHT2, BZHT3, BZHT4, and BZHT5 
were estimated to be 45.63, 50.65, 48.41, 51.49, 51.86 respectively. The 
marginal increase in the CI values was noticed in the XRD pattern with 
increased intensity of the peaks in all the metal doped samples. This 
could be due to the metal loading and extra sintering after the metal 
loading [24]. 

FTIR spectra of bare TiO2 and Bi/Zn impregnated TiO2 catalysts 
shown in Fig. 2 depicts (-OH) stretching bands in the range of 
3740–3300 cm− 1 for all the catalysts. The peak observed at 1500–1750 
cm− 1 is due to the bending vibrations of H-O-H. The vibration of Ti-O-Ti 
is represented by the appearance of a band at 450–550 cm− 1 range 
[25,26]. 

The diffuse reflectance spectra (DRS) of bare TiO2 and Bi/Zn doped 
TiO2 is shown in the Fig. S4 (a) and (b). The band gap energy (Eg) of the 
photocatalysts was calculated using Kubelka-Munk equation (Eq. (3)) as 
given below [27]. 

Fig. 1. XRD pattern of the bare and metal doped TiO2 catalysts.  

Table 1 
Textural and electronic properties of bare and metal (Bi, Zn) doped TiO2 
Catalysts.  

Catalyst Average crystallite size 
(nm) 

Crystallinity index 
(%) 

Band gap Eg 

(eV) 

BZHT0 26.51 45.63 3.18 
BZHT1 28.16 50.65 3.15 
BZHT2 27.58 48.41 3.12 
BZHT3 28.11 51.49 3.12 
BZHT4 27.84 51.86 3.10 
BZHT5 29.09 66.10 3.15  

Fig. 2. FTIR spectra of bare and metal doped TiO2 catalysts.  
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F(R) =
(
1 − R2

)

2R
(3) 

Where, R represents the measured absolute reflectance of the 
photocatalyst. 

It was observed that after doping with dopants Bi3+ and Zn2+, the 
photocatalysts intensify the optical absorption to visible light region. 
The plot of {(R)*hv} versus photon energy (hv) was used for the calcu
lation of band gap. The intercept of tangent to the plot can provide an 
approximation of band gap energy of semiconductor catalysts. 

Surface morphology of the synthesized catalysts were found to be in 
spherical agglomerates with typical size less than 100 nm facilitating a 
better uniform distribution (Fig. S5). A marginal difference in the par
ticle sizes were noticed after doping the metals that is not very signifi
cant owing to low metal doping. The existence of metals after the 
loading was affirmed by EDX analysis. However, EDX analysis could 
provide the results for the metal particles which were existing only on 
the TiO2 surface. 

The fate of photoinduced charge carriers can be explored through PL 
analysis as it is related to the rate of recombination of e− and h+ [28]. 
The PL spectra of doped and bare TiO2 are shown in the Fig. S6. In this 
analysis, all samples were evaluated in the 350–550 nm region. From the 
spectra it can be understood that the rate of recombination of e− /h+ is 
directly proportional to the photoluminescence intensity. One dominant 
peak at 456 nm and another at 419 nm were observed for all doped and 
bare TiO2. It is seen that the peak intensity is higher in all metal doped 
catalysts over the wide range of spectrum, showing the minimum 
recombination which may be associated with their band gap values. 

Thermal weight loss profiles using thermogravimetric analysis (TGA) 
(Fig. S7) showed less than 5% weight loss below 150 ◦C which is mainly 
due to the removal of moisture content present in the catalyst [29]. No 
further weight loss was observed which indicates the thermal stability of 
all the catalysts. 

3.2. Photocatalytic activity and kinetics of nitrobenzene degradation 

The photocatalytic performance of the synthesized catalysts was 
evaluated for the degradation of NB both in a photocatalytic reactor and 
under visible solar light irradiation. The degradation profiles of NB 
under UV and visible solar light irradiation is shown in Fig. 3. 

The kinetics of NB degradation was carried out as per Langmuir- 
Hinshelwood mechanism and the data were fitted to pseudo-first order 
kinetic model as per Eq. (4). 

r =
kKCt

1 + KCt
≈ kKCt = kappCt (4) 

Where k is the reaction rate constant, K is the reactant adsorption 
constant, and Ct is concentration of NB at any time ‘t’. First order 

kinetics of NB degradation both in UV and natural sunlight is shown in 
Fig. S8. The calculated rate constants had R2 values close to linearity are 
specified in Tables 2 and 3. A clear sharp decrease in the concentration 
can be seen for first 60 min in all the reaction performed (Fig. 3). This 
shows highest degradation was completed within first hour only. 

It can be clearly seen from Tables 2 and 3 that the metal doping has 
increased the performance of the TiO2 photocatalyst which could be 
attributed to better charge separation compared to bare TiO2. Further, 
among all the prepared catalysts, the final percentage degradation of NB 
was found to be highest for BZHT4, 84% and 90% under the solar and 
UV light respectively. These values were much higher than the bare TiO2 
where the degradation was only 70% and 57% under the solar and UV 
light irradiation. Similarly, the initial rate of reaction after 10 min and 
the rate constant was also observed to be highest with BZHT4 for which 
the values are provided in Tables 2 and 3. The degradations under solar 
light were observed to be 70%, 74%, 78%, 80%, 84% and 75% with 
BZHT0, BZHT1, BZHT2, BZHT3, BZHT4 and BZHT5 respectively. The 
final degradations under the UV light were 57%, 70%, 75%, 78%, 90% 
and 70% with BZHT0, BZHT1, BZHT2, BZHT3, BZHT4 and BZHT5 

Fig. 3. Concentration profile of nitrobenzene degradation as a function of irradiation time (a) under UV irradiation and (b) solar irradiation.  

Table 2 
Kinetics data of nitrobenzene degradation in the presence of TiO2 and M/TiO2 
photocatalysts (M = Bi, Zn) in UV light.  

Catalyst %Degradation 
(After 90 min) 

Initial rate×10− 6 

(mol min− 1) 
Rate constant 
(Kapp) × 10− 3 

(min− 1) 

R2 

BLANK 30 2.02 2.2 0.96 
BZHT0 57 4.03 4.3 0.99 
BZHT1 70 3.80 5.4 0.97 
BZHT2 75 3.90 5.5 0.95 
BZHT3 78 4.86 7.4 0.99 
BZHT4 90 6.89 8.8 0.98 
BZHT5 70 4.30 5.7 0.98  

Table 3 
Kinetics data of nitrobenzene degradation in the presence of TiO2 and M/TiO2 
photocatalysts (M = Bi, Zn) in sunlight.  

Catalyst %Degradation 
(After 90 min) 

Initial rate×10− 6 

(mol min− 1) 
Rate constant 
(Kapp) × 10− 3 

(min− 1) 

R2 

BLANK 41 2.07 2.5 0.99 
BZHT0 70 5.56 6.5 0.97 
BZHT1 74 4.50 6.3 0.99 
BZHT2 78 6.22 7.8 0.98 
BZHT3 80 5.52 7.6 0.99 
BZHT4 84 6.99 8.5 0.98 
BZHT5 75 6.24 7.8 0.95  
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respectively. The final percentage degradations were higher than the 
blank study where only 41% and 30% degradations were observed 
under solar and UV light respectively. These blank studies were con
ducted as reference, without addition of any catalyst and only in pres
ence of light to confirm the role of catalyst in the degradation. 

The higher photocatalytic activities of the metal doped catalysts 
could be attributed to the better light response for higher wavelength of 
light spectrum and charges separation in the BZHT1 to BZHT5 catalysts, 
that is probably due to the synergistic effect of Bi and Zn in the bime
tallic Bi,Zn/TiO2 nanoparticles. The response of doped catalysts to such 
higher wavelength of light spectrum is supported by their shift in band 
gap energies as given in Table 1. Along with this, synergistic effect and 
better charge separation with the mono and bimetal doping is also quite 
important and reported in earlier studies where similar efforts were 
performed [30,31]. Interestingly, all the metal doped TiO2 catalysts 
showed remarkably reduced PL emission intensity in comparison to bare 
TiO2, which implies the diminished recombination of photogenerated 
electron-hole pairs, which is extremely advantageous for photocatalytic 
performance. It suggested that the efficient separation of photoinduced 
charge carriers at Bi–Zn junction with TiO2 could extend the charge 
carrier lifetime. This shall further enhance interfacial charge transfer for 
broaden part of light spectrum under various light irradiation condi
tions. The results showed that an optimum concentration of Bi and Zn 
combination was required as in BZHT4 catalyst. Excess amount of Bi 
than the optimum value could lead to collision or/and an excessive 
number of defects, and excess amount of Zn than the optimum value act 
as recombination centers of electron-hole pairs, which reduce the per
formance. Therefore, BZHT1, BZHT2, BZHT3 and BZHT5 exhibited poor 
performance than BZHT4 [13]. 

Another reason reported in literature for enhanced performance of 
doped TiO2, specially under solar light is the strong surface plasmon 
resonance (SPR) in visible region. Under the visible light, the electrons 
in the metal surface i.e., Bi and Zn are excited by photons of incident 
light which can be further transferred to TiO2, leading to better charge 
separation. There are studies which reports the SPR phenomenon shown 
by both Bi [32,33] and Zn metals [34]. The detailed charge transfer 
mechanisms of SPR phenomenon (in visible light) and charge separation 
in UV light is elaborated in mechanistic pathway section. However, the 
SPR effect is shown only by zero valent metals, it may also be possible for 
the in-situ reduction of Bi3+ to Bi nanoparticles with UV light due to 
water splitting and lower metal loadings. These effects were not 
analyzed or confirmed in this work which can be further explored. The 
enhanced photocatalytic activity of the materials reported here is thus 
attributed only to the better light response for higher wavelength of light 
spectrum and charges separation. The photocatalytic performance of 
BZHT4 for NB degradation was compared the literature data of TiO2 
based catalysts as shown in Table S1. 

3.3. Mechanistic approaches of photocatalysts in degradation of 
nitrobenzene 

The mechanism of photocatalytic degradation of NB under the solar 
and UV light can be understood using the following equations from (5) 
to (13). Under UV light irradiation, TiO2 being a semiconductor captures 
a UV light photon of appropriate energy and excites an electron (e− ) 
from the valence band (VB) of TiO2 to the conduction band (CB), leaving 
a hole (h+) behind (Eq. (5)). The excited e− are then transported to the 
Bi–Zn bimetallic nanoparticles due to their lower energy levels (Eq. 
(6)). Bi–Zn nanoparticles act as co-catalyst and the close contact of 
Bi–Zn nanoparticles on TiO2 introduces a potential gradient by the 
Schottky barrier between them (Fig. 4 (a)). Nevertheless, under visible 
light irradiation, Bi–Zn nanoparticles play the key role through SPR 
phenomenon. In this case, Bi and Zn act as sensitizer to accept the visible 
light photon (Fig. 4 (b)). After taking the photons of incident visible 
spectrum, electrons in the metal surface layer are excited (Eq. (7)). 
These e− are further transferred to the CB of the TiO2 as shown in Eq. (8). 
Since, the possible SPR effect is shown only by zero valent metals, which 
is not confirmed in this study. The Eqs. (7) and (8) are not applicable in 
the NB degradation in the current reported work. 

These excited e− from both the above processes react with adsorbed 
oxygen and water molecules to form superoxide radicals (O2

− ⦁) and af
terwards hydrogen peroxide (H2O2). This shall produce hydroxyl radi
cals (OH⦁) in the reaction system (Eqs. (9–11)). On the other hand, the 
h+ in the VB of TiO2 react with adsorbed water molecules and produce 
OH⦁ radicals (Eq. (12)). Both, these reactive species OH⦁ and O2

− ⦁ radi
cals further react with organic pollutant molecule NB to produce 
mineralized products CO2, H2O and NH4

+ (Eq. (13)). Therefore, the 
combination of bimetals doping in TiO2 can be effectively utilized in the 
improved photocatalytic activity for pollutant degradation. The contri
bution of these major active reactive radical species can be studied by 
applying suitable scavengers test which is not carried out in this study 
[35]. 

TiO2 + hϑ (UV light)→TiO2
(
e−CB + h+VB

)
(excitation) (5)  

TiO2
(
e−CB

)
+Bi − Zn→Bi − Zn(e− )(electron transfer) (6)  

Bi − Zn+ hϑ (Visible light)→Bi − Zn
(
e−hot

)
(SPR effect) (7)  

Bi − Zn
(
e−hot

)
+ TiO2→Bi − Zn+TiO2

(
e−CB

)
(SPR effect) (8)  

e− (TiO2/Bi − Zn)+O2→O− ⦁
2 (9)  

2e− (Bi − Zn/TiO2)+O2 + 2H+→H2O2 (10)  

H2O2 +O− ⦁
2 →OH⦁ +OH− +O2 (11)  

Fig. 4. Photocatalytic mechanism of metal doped TiO2 under different light irradiations (a) under UV light and (b) under visible light.  
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TiO2
(
h+VB

)
+H2O→H+ +OH⦁ (12)  

OH⦁/O− ⦁
2 +Pollutant (NB)→Degradation Products (13)  

4. Conclusions 

In this study, all Bi–Zn doped TiO2 catalysts showed enhanced ac
tivity for the photodegradation of NB under both UV and solar light 
irradiation. The optimum loading of Bi0.75 and Zn0.25 showed the 
highest activity with 90% and 84% NB degradation under UV and solar 
light irradiation. Furthermore, first order-kinetic model was applied for 
the degradation and the reaction rates were estimated. The enhanced 
photocatalytic activity of the catalytic materials was attributed to the 
synergistic effects between the doped metals on the TiO2 and the effi
cient charge transfer between them. 
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