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ABSTRACT: The beneficial effects on ZnO and TiO, photo-

catalytic activity resulting from a suitable combination of doping A XX SALALEEN Degradation products

and heterojunctions were proposed and investigated by a @ -
L . : 3 W 0:/0:r

synergistic experimental and theoretical study. In detail, the \ 4

ZnO/N-doped TiO, heterojunction was synthesized and tested in (rmoen  xaroen

the photocatalytic degradation of atrazine under UV and visible
light. Wide-angle X-ray diffraction (WAXD) analysis reveals the
presence of both ZnO and TiO, crystalline phases in the
heterojunction. UV—vis DRS analysis shows that the simultaneous o
presence of ZnO and N-doped TiO, in the heterojunction results
in a slight increase in the band gap value in the UV region , while
the shoulder in the visible region typically of bare N-doped TiO, is
preserved. On the basis of these experimental observations, density functional theory (DFT) calculations were carried out to model
both the N-doped TiO, structure and to rationalize the experimental decrease in the band gap energy. The DFT modeling of band
alignment of the ZnO/N-doped TiO, heterojunction allowed us to define the “minimal band gap” (MBG), corresponding to the
interface gap, which resulted in smaller band gap energy than the two separate semiconductor band gaps. Furthermore, the DFT
modeling of the electronic structure of N-doped TiO, predicted the existence of additional energy levels between the TiO, valence
and conduction bands, which allowed us to justify the activity of the heterojunction under visible light irradiation. Photocatalytic
tests showed that the ZnO/N-doped TiO, heterojunction performance was better than that of both N-doped TiO, and ZnO alone,
allowing us to achieve almost complete atrazine degradation under UV light irradiation, whereas 24% of atrazine degradation was
achieved after 180 min of visible light irradiation. Finally, the photocatalytic results achieved by using scavenger molecules for
reactive oxygen species showed that *OH and *O,” are both reactive species in atrazine photocatalytic degradation under UV
irradiation, while *OH is responsible for the photocatalytic processes under visible irradiation. DFT modeling, validated by these
results, finally allowed us to define a model of the band alignment and photogenerated charge-transfer mechanism for the ZnO/N-
doped TiO, heterojunction.

H,0/0H"

1. INTRODUCTION the photogenerated e~ and h" have suitable potential, they
could react with H,O and O,, respectively, to produce strong
oxidative radicals (hydroxyl radicals and superoxides) capable
of promoting the degradation of organic pollutants into
harmless inorganic materials.” However, still many challenges
need to be overcome to obtain viable photocatalysts for the
actual application. The major challenge is to find suitable
semiconductors having CB, VB, and band gap energies, which
make the best use of solar energy and maximize the generation
of reactive oxygen species (ROS) along with extending the ™/

In the last years, search for new materials with improved
optoelectronic properties,”” as well as new ways to efficiently
use solar energy, the most abundant energy source on earth,
has attracted increasing interest.” In the field of environmental
pollutant degradation, heterogeneous photocatalysis has
received great attention because it is a sustainable water
remediation process that can be carried out in the presence of
sunlight.* Semiconductor-based materials are the most studied
catalysts in photocatalytic processes. Due to their electronic
structure including an electron-filled valence band (VB) and an

empty conduction band (CB), in the presence of an Received: January 8, 2022
electromagnetic radiation with energy equal to or greater Revised: ~ March 31, 2022
than band gap (E,), the excited electrons from the VB are Published: April 13, 2022

injected into the CB, thus leaving a reactive hole on the VB.
Therefore, h* left in the VB and e” introduced into the CB
have oxidative and reducing capacities, respectively. Indeed, if
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h* lifetime generated under irradiation.’ To date, ZnO (Eg
3.37 eV) and TiO, (E; = 3.20 eV) are both cons1dered
promising photocatalysts for environmental remediation”*
since they exhibit relatively high photocatalytic activities, as
well as for their nontoxicity to biological systems. However,
due to the value of their E, both of these semiconductors
inefficiently use sunlight as they can only be activated by UV
light which is a limited fraction (3—5%) of the solar spectrum.
Nevertheless, the catalytic efliciency of anatase TiO, can be
appropriately improved with electronic modifications based on
the doping of the semlconductor lattice with metal or
nonmetal compounds.”'® However, since the first paper of
Sato,"" considerable interest was focused on TiO, doping with
nonmetal ions, especially with nitrogen. Many papers report
that the doping of TiO, with nitrogen shows significant
catalytic activity in a large variety of chemlcal reactions
performed under visible light irradiation.'” However, there is
still an open debate on how doping with nitrogen promotes
photoactivity under visible light. One of the key questions
which need to be answered to characterize the properties and
behavior of N-doped TiO, concerns the location in the lattice
and the involvement in photoactivity of the nitrogen species.
For understanding the properties of this photocatalytic
material, it is important to know if the nitrogen species are
primarily interstitial or substitutional, because the behavior of
these two species is very different and will affect the material
properties accordingly."” However, the doping with nitrogen
also brings new recombination centers for the photoinduced
charge carriers, which results in the quantum efficiency loss
caused by the charge pair recombination phenomena.'* For
overcoming this last issue, recently, the use of hybrid
photocatalysts has been proposed since the generation of
suitable heterojunctions effectively promotes charge carrier
separation into different moieties, resulting in a lower
recombination probability and higher photoactivity.'> The
construction of a semiconductor hetero]unctlon is based on the
presence of two semiconductors'® (S1 and S2) in which the
band potentials are matched to construct an eflicient
heterostructure. When both photocatalysts are excited by an
incident light with sufficient energy to generate electron—hole
pairs, if the CB level of S2 is lower than that of S1, electrons in
the CB of S1 can be transferred to the CB of S2. On the other
hand, if the S2 VB level is lower than that of S1, holes in the S2
VB can be transferred to that of S1. It is argued that, in the
heterojunction, an internal electric field at the interface
between S1 and S2 is generated, which prevents to some
extent the electron—hole recombination phenomena that
commonly occur when a single semiconductor is excited.'®

Additionally, a larger number of electrons on the S2 CB and
holes on the S1 VB can, respectively, participate in photoredox
reactions to directly or indirectly degrade organic pollutants
and thus the photocatalytic reaction can be greatly enhanced.

An example of a heterojunction reported in the literature is
that achieved by coupling TiO, and ZnO."” This type of
heterojunction promotes the formation of Zn—O-—Ti cross-
links, generating oxygen vacancies in TiO,."” The electronic
states at the interface of TiO, and ZnO are thus modified in
such a way that the photogenerated charge carriers are moved
away from each other and the lifetime of the electron—hole
pair is lengthened."®

In conclusion, a photocatalyst composite, which combines
the beneficial effects of doping and heterojunctions, could be
an ideal catalytic system because the doped catalyst improves
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the visible light absorption, while the second semiconductor
helps to prevent the detrimental recombination phenomena of
photogenerated charges. For this reason, the aim of this paper
was to perform a study of ZnO/N-doped TiO, heterojunctions
from an experimental and theoretical point of view. Density
functional theory (DFT) calculations were carried out to
rationalize theoretically the changes in the band gap energy
experimentally observed for N-doped TiO, and to define the
interface structure and band alignment of ZnO/N-doped TiO,
heterojunctions. Moreover, the photocatalysts were tested in
the UV and visible light driven degradation of atrazine (used as
a model colorless pollutant of emerging concern'®~*°), and the
results achieved by using scavenger molecules for ROS were
used to validate the DFT results and to define a model able to
describe the band alignment together with the photogenerated
charge-transfer mechanism for ZnO/N-doped TiO, hetero-
junctions.

2. EXPERIMENTAL SECTION

2.1. Materials. Atrazine (2-chloro-4-ethylamino-6-isopro-
pylamino-1,3,5-triazine, analytical standard) was purchased
from Sigma-Aldrich. Zinc oxide (ZnO) and titanium dioxide
(TiO,) were supplied by Sigma-Aldrich and Millennium
Inorganic Chemicals, respectively. Ammonia aqueous solution
at 30 wt %, titanium tetraisopropoxide (97 wt %), and
isopropanol (99.5%) were purchased from Sigma-Aldrich.

2.2. Photocatalyst Preparation. Commercial titania
(PCS0) and zinc oxide were employed as reference materials
and used as received. It has been widely reported that doping
with nitrogen is an effective method to 1mprove the
photocatalytic properties of TiO, under visible light."” For
this reason, to evaluate the effect of nitrogen doping over the
photocatalytic activity, different types of photocatalysts were
synthesized. First, nitrogen-doped TiO, (NdT) photocatalyst
was prepared by the sol—gel method, according to the method
reported in refs 11, 21. In detail, 100 mL of ammonia aqueous
solution was added dropwise to 25 mL of titanium
tetraisopropoxide at 0 °C as the solution was stirred. The
reaction involves the formation of a white precipitate that was
washed with distilled water and centrifuged. Finally, the
obtained precipitate was calcined at 450 °C for 30 min to get
an optimized visible photoactive named NdT.** Then, ZnO/
TiO, and ZnO/N-doped TiO, photocatalysts were prepared
by appropriately mixing two single semiconductors (commer-
cial zinc oxide with NdT or with commercial TiO,). To obtain
photocatalysts with a semiconductor—semiconductor hetero-
junction, the following steps were taken with different
compositions: different amounts of ZnO (0.176 and 0.4285
g) and NdT or TiO, (1 g) are added to an aqueous solution
(100 mL) of isopropanol (1 M). After this, the solvent was
evaporated at 80 °C under continuous stirring.”” The final
samples are named xZNT and xZT, where x is the ZnO
content (wt %). Commercial titania (PCS50) was named
“TiO,” in the whole paper.

2.3. Photocatalyst Characterization Techniques. Dif-
ferent characterization techniques were used to examine the
physical and chemical properties of all prepared materials.
Specific surface area (Sgpy) measurements were evaluated from
dynamic N, adsorption measurement at —196 °C by using a
Costech Sorptometer 1042 instrument. Before the analysis, the
samples were pretreated at 150 °C for 30 min in He flow.
Diffuse reflectance spectra (UV—vis DRS) were measured for
evaluating the light absorption properties of the samples and

https://doi.org/10.1021/acs.jpcc.2c00152
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the absorption spectra were obtained using a PerkinElmer
spectrophotometer Lambda 35. All spectra were obtained
using an 88-sample positioning holder, giving total reflectance
relative to a calibrated standard SRS-010-99 (Labsphere Inc.,
North Sutton, NH, USA). The reflectance data were reported
as the F(Roo) values (KM), from Kubelka—Munk theory, vs
wavelength. Band gap values were determined by plotting
(KM*hv)* vs hv (eV) in the case of direct transition or by
plotting (KM*hv)'/? vs hv in the case of indirect transition.
Wide-angle X-ray diffraction (WAXD) patterns were obtained
on a D8 Bruker diffractometer equipped with a Ni filter and a
graphite monochromator, CuKa radiation was employed.

The crystallite average sizes (D) were calculated using the
Scherrer equation:

094
BcosO

where f is the full width at half maximum expressed in radians,
A is the wavelength, and 6 is the X-ray diffraction angle. D
values were calculated considering the (101) reflex for titania
in the anatase phase and the (100) reflex for the ZnO wurtzite
phase.

2.4. Photocatalytic Activity Tests under UV and
Visible Light. A cylindrical batch photoreactor (ID = 2.6
cm, Lyor = 41 cm, and Vigp = 200 mL) in pyrex material was
used for all the photocatalytic tests. UV or visible-LED strips
(nominal power: 10 W; provided by LED LightingHut;
emission range: 365 or 400—700 nm, respectively; light
intensity: 13 or 16 mW/cm?, respectively) were placed around
and in contact with the external body of a photoreactor for
total irradiation of the volume of the solution. The volume of
the treated solution was 75 mL with an initial concentration of
100 pg/L atrazine and a photocatalyst amount equal to 30 mg.
The suspension was maintained under dark conditions for 60
min to reach the adsorption/desorption equilibrium of the
pollutants on the photocatalyst surface. After the dark period,
the suspension was exposed to a light source for 180 min. To
avoid the sedimentation of the catalyst at the bottom of the
photoreactor, the reaction suspension was continuously mixed
using a peristaltic pump. Moreover, the system was equipped
with an air distributor device (Q,;, = 150 cm®min~"' (STP)) to
ensure the presence of oxygen in the reaction medium.

At different times, about 2 mL of the suspension was
withdrawn from the photoreactor and filtered with a
SimplePure filter (CA, porosity 0.22 ym) to remove the
catalyst particle. For the analysis of the aqueous solution
recovered during the photocatalytic reaction an HPLC
UltiMate 3000 Thermo Scientific system (equipped with a
DAD detector, quaternary pump, column thermostat, and
automatic sample injector with a 100 L loop) equipped with a
reversed-phase Luna Su C18 column (150 mm X 4.6 mm i.d,,
pore size 5 um) (Phenomenex) was used for the analysis of
atrazine at 25 °C. The mobile phase consisted of an
acetonitrile/water mixture (70/30 v/v). The flow rate,
injection volume, and detection wavelength were 1 mL/min,
80 uL, and 221 nm, respectively.

2.5. Computational Details. The reported calculations,
relating to the bulk undoped TiO, and N-doped TiO, (NdT)
as well as for ZnO/TiO, and ZnO/NdT interfaces, are based
on the DFT and have been performed with the Quantum
ESPRESSO computer package.”* The exchange and correla-
tion energy functional expressed in the Perdew—Burke—
Ernzerhof generalized gradient approximation™ has been
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employed. The spin-polarized Kohn—Sham equations were
solved in the plane-wave pseudopotential framework, with the
wave function basis set and the Fourier representation of the
charge density being limited by kinetic cutoffs of 40 and 250
Ry, respectively. The Ti, Zn, O, and N atoms were described
by ultrasoft pseudopotentials.”® We performed DFT + U (U =
3.9 eV) calculations in order to better describe the electronic
structure of TiO,.”"

For more details related to model building see Section S2 of
the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. WAXD and Specific Surface Area Results. Table 1
shows the specific surface area values (Sppr) obtained by the

Table 1. Specific Surface Area Values (Sggr), Optical Band
Gap Energy (Ey,), and Crystallite Size (D) of the Analyzed
Photocatalysts”

D (nm)
sample  Sppr (m’/g) Ebg(D) (eV) Ebg(I ) (eV)  anatase  wurtzite
TiO, 44 3.16 26
ZnO 6 3.15 24
15ZT 36 323 322 26.4 24.8
NdT 68 2.9-2.2S8 16
1SZNT 45 3.17-2.55 3.17-2.55 16.3 24.3

“Spgr is the specific surface area; Ebg(D) is the optical band gap
energy for direct transition; Ebg(I) is the optical band gap energy for
indirect transition; and D is the crystallite size.

BET method for all the photocatalysts. Sgpr of ZnO was 6 m?/
g and those of TiO, and NdT were 44 and 60 m*/g,
respectively. Sger of 15ZT (36 m*/g) and 1SZNT (45 m*/g)
photocatalysts with a semiconductor—semiconductor hetero-
junction were lower than both TiO, and NdT but higher than
ZnO, as expected. Therefore, the higher Szpr value of 15ZNT
with respect to that of 15ZT is related to the Sgpy of NdT that
is higher than TiO,.

X-ray diffraction patterns (WAXD) of all catalysts are shown
in Figure S1 (Section S1 in the Supporting Information). The
1SZNT sample (Figure Sla) presents the WAXD pattern of
both NdT (main reflections at 20 = 25.3° and 48°, typical of
titania in the anatase phase)”' and ZnO (main reflections at 26
=31.9° 34.5° and 36.3°, typical of the ZnO wurtzite phase),31
shown in Figure S1b. Likewise, the WAXD spectrum of the
1SZNT sample (Figure Sla) confirms the presence of both
ZnO and TiO, in wurtzite and anatase phases (Figure S1b),
respectively. Moreover, crystallite size (D) for wurtzite and
anatase phases in 15ZT and 1SZNT samples (Table 1) are
very similar to ZnO, TiO,, and NdT alone, suggesting that no
crystalline modification occurred when the heterojunction is
realized by means of the preparation method used in this work.

3.2. UV-Vis DRS Results and Optical Band Gap
Energy of TiO,, NdT, 15ZT, and 15ZNT. The data obtained
from UV—vis reflectance spectra of TiO, and NdT (shown in
Figure S2 of Section S1 in the Supporting Information) were
used for evaluating the optical band gap energy for indirect
transition (shown in Table 1 and labeled as E,,(I)) by plotting
(KM X hv)? vs hy (Figures 1 and S3 of Section S1 for the
curves in the range 0—12), since titania in the anatase phase is
typically considered as an indirect band gap semiconductor.*”
The Ey,(I) for TiO, is about 3.16 eV (see the x-axis intercept
of the tangent to the blue curve in Figure 1 and Table 1). On

https://doi.org/10.1021/acs.jpcc.2c00152
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Figure 1. Indirect optical band gap energy calculation of TiO, and
NdT photocatalysts.

the other hand, from the comparison between NdT and TiO,,
it is evident that the introduction of nitrogen in the TiO,
lattice slightly affects the absorption edge in the UV region and
induces an absorption band in the visible region corresponding
to an Ey,,(I) of about 2.25 eV (see the first x-axis intercept of
the tangent to the black curve in Figure 1 and Table 1).

In Figure 2 (KM X hv)* vs hv is plotted for 1SZT and
1SZNT and the band gap values for direct transition are shown

2

(KM*hv)2

q
'
'
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'
'
[
[
1
[
[
1
'
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'
'
'
'
'
1

T
24 2.6 2.8 3.0 3.2

hv (eV)

Figure 2. Direct optical band gap energy calculation of 15ZT and
1SZNT photocatalysts.

in Table 1 (labeled as Ebg(D)) together with the Ebg(D) of
ZnO obtained from its UV—vis reflectance spectrum (shown in
Figure S2 of Section S1 in the Supporting Information). It is
important to point out that only the direct transition was
considered in the case of bare ZnO, since it is generally
considered as a direct band gap semiconductor.”

In Figure 3, the curves of (KM X hv)'/? vs hv for both 15ZT
and 15ZNT are instead shown and the band gap values for
indirect transition are also shown in Table 1. It was observed
that Ey(I) and Ep,(D) values are very similar for both the
samples.

However, the oxide combination does not significantly
modify the band gap value in the UV region in the case of the
ZnO/TiO, heterojunction, whereas a slight increase from 2.9
to 3.17 eV in the case of the ZnO/NdT heterojunction was
observed. Moreover, the use of different oxide ratios did not
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Figure 3. Indirect optical band gap energy calculation of 15ZT and
1SZNT photocatalysts.

have a significant effect over this parameter. On the other
hand, from Figures 2 and 3, it is possible to note that the
1SZNT sample presents a shoulder in the visible region of the
electromagnetic spectrum (with an absorption edge at 2.55
eV) due to the presence of NdT in the heterojunction.

Based on the results of the experimental characterization,
DFT calculations have been performed to gain a deeper
understanding of the effect of N-doping on the structural and
electronic properties of the NdT system, as well as on the
ZnO/NdT heterojunction.

3.3. DFT Calculations of NdT and ZnO/NdT Hetero-
junctions. 3.3.1. Model and Electronic Structure of
Substitutional and Interstitial N-Doping of the Anatase
TiO, Bulk. With the aim to understand the possible structural
and electronic rearrangements deriving from the presence of
nitrogen in the NdT lattice, the substitutional and interstitial
nitrogen (N)-doping of the anatase TiO, (ATiO,) bulk was
investigated by DFT calculations. In the substitutional doped
model, the nitrogen atom replaces a tricoordinated oxygen of
the optimized ATiO, bulk (Figure S4 of the Supporting
Information), while in the interstitial one, the added N is
bonded to a lattice oxygen.'”**** Figure 4A,B shows the
substitutional and interstitial N-doping structures. The
corresponding band gap obtained from the plot of the
projected density of state (PDOS) (Figure 4A’,B’) was
compared with that of pure TiO, in the anatase phase (see

Section S3 of the Supporting Information).

For both NdT systems, the band gap is 2.9 eV as observed
for pure TiO, (Figure SS5) and in agreement with the
experimental results shown in Figure 1 and Table 1.
Additionally, the presence of N-doping sites generates
additional energy levels between the VB and the CB in the
TiO, electronic structure.

The PDOS plots of the N-doped models indicate the
presence of (i) occupied states, lying very close to the VB in
the substitutional N-doping and more shifted toward the Fermi
level in the interstitial case; (ii) unoccupied states that are
higher energy in the gap above the Fermi level (blue peaks and

blue levels in Figure 4A’,B’, respectively); and (iii) in the
substitutional N-doping, the unpaired electron of N is entirely
localized on its 2p orbital, while in the interstitial model it is

https://doi.org/10.1021/acs.jpcc.2c00152
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Figure 4. Optimized structures and the PDOS plot of the substitutional and interstitial N-doped anatase bulk (A, A’ and B, B, respectively). Ti, O,
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respectively. The Fermi energy level is represented with a green line at 0 eV.

shared between N and O atoms (see spin density plots in
Figure $6).'>%°

In conclusion, in the interstitial N-doped system, the shift of
the occupied states toward higher energy values than those of
the VB causes a band gap reduction of about 0.6 eV. Therefore,
despite all the possible limitations deriving from the DFT
theory, the new computed band gap is 2.3 eV, very close to the
value of 2.25 eV obtained for NdT from UV—vis DRS results
(Figure 1).

3.3.2. Model and Electronic Structure of the ZnO/NdT
Heterojunction. The undoped heterojunction was modeled by
employing the most stable (101) anatase TiO, and (100)
wurtzite (ZnO) phases, as suggested by WAXD results (Figure
S1) and in agreement with previous theoretical studies,**™*’
rescaling the lattice parameters of the TiO, (101) surface with
respect to those of ZnO (100) (Figure S7).

We have limited our study to the effects of N-doping on the
TiO, (101) portion of the heterojunction in agreement with
experiments. Seven different substitutional sites for N-doping
of the TiO,(101) side of the heterojunction have been
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considered, denoted as Nl'"7(101), whose structure is shown in
Figure SA.

The most stable substitutional N-doping configurations are
found to be the N%m); N?101); and NZ101)' In order to
investigate the effect of the concentration of N-dopant sites on
the band offsets of the heterojunction, we have considered
three models in which one, two, and three N-doped sites in the
TiO, supercell are present, respectively. These three N-doped
heterojunctions have been defined for clarity NEIOI), N%lgl‘)‘, and
Ny~

For interstitial N-doping of the TiO, region, we simulated
the three possible N-dopant sites suggested by previous
theoretical study'>***" and defined N%f‘fn), N%f’fn), and N%{‘Bl)
(Figure 5B).

The most stable interstitial N-doping configuration is seen in
N/5,). Also in this case, the effect of the N-dopant
concentration on the heterojunction electronic structure has
been investigated considering over N{jf;) also two and three
interstitial N-doped sites in the TiO, portion, indicated with
N%IB"U_ "*and N%lakl)_ P

https://doi.org/10.1021/acs.jpcc.2c00152
J. Phys. Chem. C 2022, 126, 7000—7011


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c00152/suppl_file/jp2c00152_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c00152/suppl_file/jp2c00152_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c00152/suppl_file/jp2c00152_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c00152/suppl_file/jp2c00152_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00152?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00152?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00152?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00152?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c00152?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Substitutional N-doped sites Energy (eV) Interstitial N-doped sites Energy (eV)
Nio1) 0.92 NEio) 0.75
Nion) 0.09 NZio 0.64
N0 0.00 No1) 0.00
Ntyo1) 0.03
Nfio1) 0.05
Néo1 0.03
Nio1) 0.03
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respectively.
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Figure 6. Band alignment of (A) ZnO/TiO,, substitutional (B—D) and interstitial (B’, C’, and D’) ZnO/NdT heterojunctions.

The relative energy (E, eV) of the substitutional and
interstitial N-doped sites in the ATiO, portion of the

Supporting Information).
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heterojunction was computed by using eqs 1 and 2 (see the
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The VBO and the CBO of ZnO/TiO, and of all ZnO/NdT
systems have been defined through eqs 3 and 4 (see the
Supporting Information) and are shown in Figure 6.

In the undoped interface, the VBO and the CBO are 0.4 and
0.6 eV, respectively, while the minimal band gap (MBG),
calculated using eq S (see the Supporting Information), is
equal to 2.8 eV (Figure 6A). The computed value of the VBO
is in good agreement with that experimentally calculated (0.53
+ 0.07) eV.37*"* For the ZnO/NdT heterojunction, the
VBO(CBO) and the minimal band gaps are 0.3(0.5) and 2.9
eV, respectively (Figure 6B—D and B’—D’ for most stable
substitutional and interstitial N-doped sites, respectively).

The PDOS plots of the ZnO/TiO, (Figure S8) and ZnO/
NdT heterojunctions indicate that the presence of substitu-
tional and interstitial N-doped sites generate band gap states
above the Fermi level (E;) (Figures S9 and S10, respectively),
which correspond to unoccupied orbitals. It is interesting to
note that the substitutional doping generates these higher
energy orbitals at high N-dopant concentrations (see blue
levels and blue peaks in Figures 6D and S9 relative to the
N%laf)‘ ~ ’system), while in the case of interstitial doping, these
band gap states above the Fermi level (Ep) are already present
at low N concentrations (see blue levels and blue peaks in
Figures 6B'—D’ and S10). Therefore, the concentration and
the position of the N-dopant does not influence the band offset
calculations but affect the electronic structure of the
heterojunctions, generating additional energy levels between
the VB and the CB.

The mixed N-doped heterojunction, defined for clarity
Nlioiy* is described in Section S4 of the Supporting
Information.

3.4. Photocatalytic Activity Results. Photocatalytic
atrazine (ATZ) degradation under UV irradiation was
investigated using NdT, ZnO, and 1SZNT samples (Figure
7). The experimental results evidenced that ZnO is much more

1.0 M~ —=—15ZNT T
Y —»— NdT
081 >\ ]
L] ’\
06} \ ,
o
Q \
Oo04fb |\ i
|
0.2} \_\ _
0.0} P E—
0 50 100 150 200

Irradiation time (min)

Figure 7. Photocatalytic process driven by UV light for NdT, ZnO,
and 1SZNT samples as a function of UV irradiation time.

active than bare NdT, leading to the almost complete ATZ
degradation after 180 min of UV irradiation. On the other
hand, a lower photocatalytic degradation rate is observed for
1SZNT, which, however, is able to assure complete ATZ
degradation in 120 min of UV irradiation time.

Figure 8 shows the photocatalytic results under visible light
for the 15SZNT heterojunction in comparison with NdT and
ZnO (Figure 8a). It is worthwhile to note that the 1SZNT
catalyst evidenced better performance of both NdT and ZnO
alone, leading to 24% ATZ degradation after 180 min of visible
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light irradiation. Since it is well known that bare ZnO is not
active under visible light,** this is a very surprising result also
considering that bare NdT showed a photoactivity lower than
1SZNT. It is possible to argue that the heterojunction between
NdT and ZnO realizes a synergistic mechanism which is able
to enhance the photocatalytic performance toward the ATZ
degradation under visible light. On the other hand, to confirm
that the visible light activity is due to the presence of NdT in
the heterojunction, an additional photocatalytic test was
carried out on 15ZT (ZnO/TiO,) and compared with the
results achieved with the 1SZNT sample (Figure 8b).

Only a negligible degradation is observed for the 15ZT
sample, highlighting that the heterojunction between two
semiconductors (ZnO and TiO,) active only under UV light,
as expected, is not enough to promote the degradation of the
target molecule when the system is irradiated by only visible
light.

3.4.1. Role of Reactive Oxygen Species. The key reactive
species in photocatalytic degradation of organic pollutants are
commonly considered to be *OH and *O,". In order to analyze
the possible role of such radicals on ATZ photodegradation, by
using the 1SZNT photocatalyst, the effects of free radical
capture were investigated. The corresponding scavenger probe
molecules were: (Al) isopropanol (1 mmol L") for *OH and
(BQ) benzoquinone (0.5 gmol L") for -O,". Figure 9 shows
the effects of the scavengers for ATZ photodegradation in the
presence of UV (Figure 9a) and visible light (Figure 9b). In
details, the addition of Al and BQ decreased the photoactivity
under UV light (Figure 9a) indicating that *OH and -O,~ were
both reactive species involved in the photocatalytic degrada-
tion process. In contrast, based on the experimental data
(Figure 9b) obtained under visible light, the total inhibition of
photocatalytic activity was achieved in the presence of Al
indicating that *‘OH is the only key reactive species for the
degradation of ATZ.

3.5. Possible Mechanism for the Photocatalytic
Activity of the ZnO/NdT Heterojunction. Based on the
results of the photocatalytic reaction quenching tests (*OH and
‘O,” were found to be both reactive species in ATZ
photocatalytic degradation under UV irradiation, while *OH
was found to be responsible of the photocatalytic processes
under visible irradiation) and DFT calculations (the interface
gap resulted in smaller band gap energy than the band gap of
the two separate semiconductors, and the presence of the N-
dopant generates additional energy levels between the VB and
the CB in the TiO, electronic structure), a possible mechanism
for the activation under UV and visible light of the ZnO/NdT
heterojunction was proposed.

For this purpose, the edge position of the CB (Ecg) for NdT
has been determined considering the Mulliken relationship:*

Ecy = X — E, — 0.5,

where X is the absolute electronegativity of TiO, (5.81 eV) i
E. is the energy of free electrons on the hydrogen scale (ca. 4.5
eV); and Ey is the band gap energy of the NdT determined
from DFT calculations (Figure 4).

Therefore, using the Ey, and the electronegativity value for
TiO,, it was possible to calculate the Eyp and the Ecp
potentials vs NHE for the ZnO/NdT heterojunction
considering the VBO, CBO, and MBG values achieved from
DFT (Figure 6). The obtained results are shown in Figure 10.

The results shown in Figure 9a can be well interpreted in the
case of a Z-scheme heterojunction (Figure 10a), as also shown
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Figure 8. Photocatalytic process driven by visible light for (a) NdT, ZnO, and 1SZNT samples and (b) for ISZNT and 1SZT as a function of
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Figure 9. Degradation ATZ by 1SZNT in the presence of radical scavengers under (a) UV and (b) visible light irradiation.

in the literature dealing with the photoactivity of TiO, coupled
with ZnO under UV light and in which the band alignment of
the heterojunction agrees with our DFT results.* Specifically,
in the presence of UV light, the photogenerated holes are
retained in the VB of NdT, whereas, at the interface between
the two semiconductors, the electrons migrate from the CB of
NdT to the VB of ZnO.*® This mechanism maintains the
photogenerated charge carriers separated in the opposite side
of the heterojunction, reducing the e”/h" recombination rate.
In this situation, the electrons promoted in the CB of ZnO
(having a potential equal to —0.65 eV vs NHE) can reduce
oxygen into reactive *O,” since the Ecy of ZnO is more
negative than the standard reduction potential of O,/:O,~
(—0.33 eV vs NHE). Meanwhile, the Ey, of NdT (+3.05 €V vs
NHE) is more positive than that ofOH/H,0 (+2.68 €V vs
NHE), and therefore the holes could react with H,O to form *
OH. This proposed activation mechanism of photocatalytic
processes is in good agreement with the experimental results
on the ROS role reported in Figure 9, which showed that ‘OH
and O, are both responsible of ATZ photocatalytic
degradation under UV irradiation (Figure 9a).
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In order to confirm the proposed photoinduced charge-
transfer mechanism (Figure 10a), the amount of ZnO in the
ZnO/N-doped TiO, heterojunction was increased up to 30 wt
%. The obtained sample (30ZNT) was employed in a test
under UV light and its photocatalytic activity was compared
with that observed for 15SZNT (Figure 11).

In detail, the behavior of ATZ-relative concentration showed
that the 30ZNT sample was more active than 15ZNT, leading
to the complete ATZ degradation after 30 min of UV
irradiation time, whereas it was about 65% for 1SZNT after the
same irradiation time. It is possible to argue that the increased
amount of ZnO in the heterojunction is responsible of the
generation of more *O,~ via O, reduction with the electrons in
the CB of ZnO, validating the photoinduced charge-transfer
mechanism under UV irradiation shown in Figure 10a, which is
also consistent with a study reporting that the Z-scheme
mechanism occurs when TiO, is the main component of the
ZnO/TiO, heterojunction.”’

Under visible light irradiation, the mechanism is different
(Figure 10b). Specifically, the visible light energy could not
activate the formation of e7/h" from ZnO. At this range of
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J. Phys. Chem. C 2022, 126, 7000—7011


https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00152?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00152?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00152?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00152?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00152?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00152?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00152?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00152?fig=fig9&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c00152?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC
Potential (V)
vs. NHE
335 —| @ (b)
-1.0 T
0.0+
K o 00
- B=-0.65 &V CB=0.65 &V
(02/-07) -0.33 _.-___— _»0* _____ _»cw
. CB=0.15 &V A Bose A
0.0
hv
hv hv
hv
1.0 —
eessstessssns  Additional bands meesssssssstess  Additionalbands
by Ndoping M  byNdoping
20 —
(H.0/-OH) 2.68 VB=LTS eV VB=275 &V
30 — B = ® 9 T T iy
® © —» HOrOH ) ) —» Horom
ZnO (100) ZnO (100)
NdT (101) NdT (101)

under UV light

under visible light

Figure 10. Schematic diagram of ATZ degradation through different schemes of photoinduced charge transfer under (a) UV and (b) visible light

irradiation.
1.0 ' ' a—15ZNT
—=—30ZNT
0.8 -
L ]
0.6 \ 1
(=]
153 .
G o4f| \ -
n
n \
0.2 \, . 1
0 0 - \ \ ]
0 50 100 150 200

Irradiation time (min)

Figure 11. Photocatalytic process driven by UV light for ISZNT and
30ZNT samples as a function of UV irradiation time.

light irradiation, the photoexcited e™ can be only harvested by
NdT due to the DFT-calculated additional energy levels
(located at about +2.4 eV) between the VB and the CB in the
TiO, electronic structure generated by the doping of the TiO,
lattice with nitrogen. In this way, the e” generated during
irradiation could be transferred on the CB of NdT (—0.15 eV
vs NHE) and then on the VB of ZnO (+2.75 eV vs NHE).
Simultaneously, since DFT calculations evidenced that the
MBG value of the ZnO/NdT heterojunction is equal to 2.9 eV
(Figure 6), the electrons can be also promoted from the VB of
ZnO to the CB of NdT at the interface but not to the CB of
ZnO because of the lower energy associated with visible light.
Consequently, since the CB edge of NdT (—0.15 eV vs NHE)
is less negative compared to the standard redox potential of
0,/°0,” (—0.33 eV vs NHE), the generation *O,” under
visible light does not occur. On the other hand, the holes in the
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VB of NdT are able to react with H,O promoting the
formation of *‘OH. However, as far as e~ in the CB is
considered, it is possible that it can react with the ATZ
byproducts as already reported in the literature.** Con-
sequently, the proposed photoinduced charge transfer under
visible light (Figure 10b) is validated by the experimental
results on the scavenger effect under visible light (Figure 9b),
which evidenced that +‘O,” is not involved in the ATZ
degradation mechanism whereas *‘OH plays the most
important role in the degradation mechanism of atrazine
molecules.

4. CONCLUSIONS

The aim of this paper was to perform a study on the
photoactivity of the ZnO/N-doped TiO, heterojunction from
an experimental and theoretical point of view. To this purpose,
DFT calculations are carried out to rationalize theoretically the
changes in the band gap energy experimentally observed for N-
doped TiO, and to define the interface structure and band
alignment for the ZnO/N-doped TiO, heterojunction, which
was tested in the UV and visible light-driven degradation of
atrazine. Physical—chemical characterization data revealed the
presence of wurtzite ZnO and anatase TiO, in the
heterojunction. Additionally, the shoulder in the visible region,
typically of bare N-doped TiO, with band gap energy equal to
about 2.5 eV, is preserved in the ZnO/N-doped TiO, sample.

DFT calculations (geometries optimization, band alignment,
and PDOS) on bulk N-doped TiO, in the anatase phase
showed that the interstitial N-doped systems induced a band
gap reduction of about 0.6 eV with respect to bare TiO,,
evidencing a computed band gap equal to 2.3 eV, in agreement
with UV—vis DRS analysis. Additionally, DFT results disclosed
that the formation of the heterojunction between ZnO and N-
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doped TiO, gives rise to a smaller band gap than the two single
oxide semiconductors and that the presence of substitutional
and interstitial N-doped sites generated additional energy
levels between the VB and the CB in the TiO, electronic
structure. Photocatalytic activity results evidenced that ZnO is
much more active than bare N-doped TiO,, leading to the
almost complete ATZ degradation after 180 min of UV
irradiation. On the other hand, the ZnO/N-doped TiO,
heterojunction was able to assure the complete atrazine
degradation in 120 min of UV irradiation time. Under visible
light, the ZnO/N-doped TiO, catalyst evidenced better
performance of both N-doped TiO, and ZnO alone, leading
to 24% atrazine degradation after 180 min of irradiation,
arguing that the heterojunction between N-doped TiO, and
ZnO realizes a synergistic mechanism able to enhance the
photocatalytic performance toward atrazine degradation.
Additionally, the photocatalytic results achieved by using
scavenger molecules for ROS evidenced that *OH and -O,~
were both responsible of atrazine photocatalytic degradation
under UV irradiation, while *‘OH was found to be the only
reactive species involved in the photocatalytic processes under
visible irradiation.

Based on such results and DFT calculations, a model able to
describe the band alignment together with the photogenerated
charge-transfer mechanism for the ZnO/N-doped TiO,
heterojunction was proposed, showing that a Z-scheme
heterojunction is formed between ZnO and N-doped TiO,.
The formation of the Z-scheme heterojunction facilitates the
transport of photogenerated electrons at the interface between
the two semiconductors, reducing the e”/h* recombination
rate and improving the photocatalytic performance.
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