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Semiconductor heterojunctions are an effective way to achieve efficient photocatalysts, as they can

provide an adequate redox potential with visible light excitation. Several works have reported synergistic

effects with nanoparticle semiconductor materials. The question is still open for thin film heterojunctions

formed by stacked layers, as photocatalysis is considered a surface phenomenon. To investigate if the

internal layer really affects or modifies the photocatalytic properties of the external material, we analyze
the thin film heterojunction with ZnO and Bi,Os semiconductors deposited by spray pyrolysis in two
configurations: substrate/ZnO/Bi,Os and substrate/Bi>Oz/ZnO. Microstructural analysis was performed to
verify the formation of the physical junction of the materials and discard new ternary phases. The photo-
catalytic activity was analyzed as a function of the thickness of the layers under blue light irradiation. We
determined the conduction and valence bands positions, the carrier concentrations, mobilities, Fermi
levels, etc. that allowed us to distinguish two reaction mechanisms depending on the configuration. There
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1. Introduction

Photocatalysis technology has been extensively investigated
due to its ability to achieve the decomposition and mineraliz-
ation of organic pollutants in water that are difficult to remove
with traditional methods. In the photocatalytic process, a
semiconductor is irradiated with light of higher energy than
its bandgap (E,) to promote electrons from the valence band
(VB) to the conduction band (CB), thus generating electron-
hole pairs. If these pairs migrate to the surface of the photo-
catalyst material, they may be responsible for the subsequent
redox reactions that can be applied to the degradation of pollu-
tants. Currently, the development of photocatalysts presents
different challenges that must be faced: (i) the utilization of
visible light, that implies a narrow band gap semiconductor;
(ii) avoidance of the rapid recombination of the photo-excited
carriers; and (iii) a good redox potential ability. This last
feature implies an adequate position of the VB that allows the
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is a strong compromise between the order and thickness of the layers with the photocatalytic activity.
The internal electric field produced in the interface defines the route of the photogenerated charges, and
therefore the photocatalytic response. Thus, well-designed thin film heterojunctions can indeed improve
the photocatalytic activity of the surface layer.

direct pollutant oxidation by holes or by the generation of
reactive oxygen species, such as the hydroxyl radical ("OH).
However, a narrow band gap also implies a shift of the CB
position and therefore, the generation of superoxide ion
radical (O,") could be affected, perceiving oneself as a poor
redox power.'™®

An efficient strategy to solve this problem is forming hetero-
junctions by coupling two semiconductors with staggered
bands;>” ' one semiconductor should have a more negative
CB position and the other a more positive VB position. The key
to taking advantage of this junction is to keep the high
reduction potential of the most negative CB and the high oxi-
dation potential of the most positive VB. This junction con-
figuration was first named as S-scheme by Q. Xu and co-
workers'? to avoid confusion with the several variants of the
“Z-scheme”."® They emphasized that the charge transfer route
of this S-scheme is completely different from the typical type-II
heterojunction (in which the active bands end up being those
with the lowest redox potential).

Most of the reported heterojunctions are in form of
powders of composite nanoparticles, including different
materials such as binary or ternary metal oxides (Fe,TiOs,
SrTiOs, BiVO,, etc.), sulfides (CdS, ZnS, In,Ss, etc.) and even
graphitic carbon nanoparticles (g-C;N,).'* Nevertheless, these
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nanoparticle systems require an extra procedure to recover
them from water at the end of the photocatalytic treatment
process. For this reason, thin film heterojunctions are an
attractive option for study their application in water treatment.
Although there are several works that report thin film hetero-
junctions of different combined materials, such as GaAs/
AlGaAs, ZnMgO/ZnO, In,05/ZnO, MoS,/MoSe,, GaN/Zn,'>'¢
most of them are devoted to microelectronics, optoelectronics,
and photovoltaic devices applications.'”” " The use of thin
film heterojunctions in photocatalysis is still limited, but
recent works show that heterojunctions such as TiO,/Cu0,*
Cu,0/Zn0,*' Ag/BiVO,,>* etc., present a better photocatalytic
performance than the individual materials. Two interesting
materials to couple are ZnO and Bi,0; as their coupling could
take advantage of the good redox potential of ZnO as well as
its ability to form different nanostructures,> and the visible
light absorption of Bi,O; due to its band gap close to 2.5 eV.>*
For instance, Medina et al., showed that 2D-heterojunction
produced by Bi,O; dots deposited by sputtering onto a ZnO
thin films growth on glass substrates by spray pyrolysis showed
an improvement of the photocatalytic activity for the degra-
dation of organic dyes.”® Moreover, Arana-Trenado, et al.,
showed that in thin film heterojunctions of BiOI-BiOBr, the
order of the layers plays a crucial role in the photocatalytic
response, finding that in one case the response is boosted,
while in the opposite configuration is quenched.”® However,
none of these works focus on the influence of the thickness of
each layer in the photocatalytic response of the heterojunc-
tions. In fact, a typical position is to think that “since photoca-
talysis is a surface phenomenon, the outermost layer is the
only one relevant for the process, and the internal layer is
useless”.

In this work, ZnO and Bi,O; thin film heterojunctions were
prepared by spray pyrolysis to demonstrate that not only the
order of the layers but also their thickness have a strong influ-
ence on the charge transport that affects the photocatalytic
property of the composite material. We optimized the thick-
nesses for which an enhanced photocatalytic response is
obtained when ZnO is either at the surface or as internal layer
and explain the different mechanisms that govern the photo-
catalytic reactions.

2. Experimental methods

All the films were deposited by spray pyrolysis technique on
Corning® glass substrates (2.5 x 1.25 cm?). All the reactants
were purchased from Sigma-Aldrich and used as received. For
ZnO films a 0.2 M solution of zinc acetate (Zn
(CH;3CO00),-2H,0) was prepared in deionized water. The depo-
sition temperature was 470 °C with solution and air flow rates
of 8 and 1028 mL min™", respectively. For Bi,O; films,
bismuth(ur) acetate (Bi(CH3CO,);) was dissolved in 25% vol
acetic acid at 45 °C and 75% vol of water was added dropwise
to get a 0.05 M homogeneous solution. The deposition temp-
erature was 365 °C and the solution and air flow rates were 4
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and 1130 mL min~", respectively. The deposition time was
varied to get films with different thickness of the individual
materials. The most suitable thicknesses were selected based
on the photocatalytic activity response.

The heterojunction films were formed by the consecutive
deposition of each precursor solution using the respective con-
ditions described previously, thus obtaining the configurations
S/Zn0O/Bi,0; and S/Bi,03/Zn0O, where S stands for “substrate”.
The thickness of each layer was optimized by varying the depo-
sition time of the top layer, while the bottom layer was kept
constant (using the optimum thickness found in the individ-
ual material) and then, the thickness of the bottom layer was
varied, while the top layer was kept constant with the value
obtained in the previous step. The same procedure was per-
formed for both configurations. Fig. 1a shows the schematic
sequence of the deposition procedure. To identify each
sample, the name was assigned with “Z” or “B” for ZnO or
Bi, 03, respectively, followed by the deposition time used (3, 6,
9, 12 or 15 min), for example Z12B6 or B6Z9.

The samples were analyzed by X-ray diffraction using a
Rigaku Ultima IV (Cu-Ka 4 = 0.15418 nm) in a 26 angle deflec-
tion range from 20° to 70°. The thickness was measured with a
profilometer Dektak IIA. The optical properties were evaluated
with a Shimadzu 2600 UV-vis spectrophotometer equipped
with an integration sphere and using BaSO, as a blank refer-
ence. SEM images were acquired with a JEOL 7600F scanning
electron microscope. The photocatalytic activity of the films
was tested using 15 mL of an aqueous solution of indigo
carmine (IC) organic dye in a concentration of 5 mgL ™", with a
natural pH around 6. The deposited samples were immersed
in the IC solution for 30 min in the dark under constant stir-
ring (1200 rpm) to achieve the equilibrium. Then each vial
with the film and solution was irradiated using a blue LED
lamp Asahi Spectra (A = 405 nm, irradiance 1.1 W cm™>
measured with an OPTIMUM spectral light SRI-2000UV). The
absorbance spectrum of IC solution was recorded every 30 min
with a Shimadzu 1800 UV-vis spectrophotometer. An indirect
determination of hydroxyl radicals ("OH) was performed with
the fluorescence of 2-hydroxyterephtalic acid (HTA) at 425 nm.
For this, a solution 0.5 mM of terephtalic acid (TA) was pre-
pared using an aqueous solution 2 mM of NaOH. Each sample
was immersed in 15 mL of TA solution and left under dark
conditions and constant stirring (1200 rpm) during 30 min.
Then the samples were illuminated using the same photo-
catalytic conditions. The fluorescence was measured with an
FS5 Edinburgh Instruments spectrofluorometer using an exci-
tation wavelength of 312 nm.

Hall measurements were performed with an Ecopia
HMS-3000 system, to determine the electrical resistivity,
carrier concentration and mobility using the four-point probe
Van der Pauw method. Electrochemical measurements were
performed with a Gamry reference 600 potentiostat using the
Echem Gamry software in a three-electrode quartz cell. The
working electrode was the semiconductor film deposited over
an FTO-coated glass with an exposed area of 0.25 cm? The
reference electrode was Ag/AgCl = 0.210 V/SHE and the counter

This journal is © The Royal Society of Chemistry 2024
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(a) Schematic procedure for the deposition of ZnO and Bi,Os thin films individually and in heterojunction; (b) XRD pattern of individual and

heterojunction samples; (c) transmittance of the individual samples with different thickness; (d) kinetic rate constant of the photocatalytic reaction

of ZnO and Bi,Os3 films with different thicknesses.

electrode was a Pt wire. The electrolyte used was an aqueous
solution containing 0.03 M KClO, and 5 mg L™ IC dye. The
flat band potential (V,) of the films was estimated from Mott-
Schottky plots acquired at frequencies of 8-80 Hz for ZnO and
800-1200 for Bi,Os.

3. Results and discussion

Fig. 1b shows the XRD pattern of individual ZnO and Bi,O;
films as well as S/ZnO/Bi,O3 and S/Bi,03/Zn0O heterojunctions.
Individual Bi,O; pattern (red) shows a beta phase corres-
ponding to tetragonal crystal system identified with the ICDD
PDF 01-078-1793. The observed diffraction peaks are relative to
the planes (201), (211), (002), (220) and (222). The strongest
intensity is along the plane (201). Individual ZnO pattern
(blue) shows a hexagonal wurtzite phase identified with PDF
01-075-9742 and shows the diffraction peaks relative to the
planes (100), (002), (101) and (103). The strongest intensity is
along the plane (002) indicating its typical preferred orien-
tation along the c-axis.>’ > In the case of the heterojunction S/

This journal is © The Royal Society of Chemistry 2024

ZnO/Bi,03, the strongest intensity is along the plane (201) of
Bi,O; and is possible to observe the presence of diffraction
peaks corresponding to the (002), (100) and (101) planes of
ZnO but with less intensity. On the other hand, in the case of
S/Bi,03/Zn0O, the evident diffraction peaks are those of ZnO,
but the peaks corresponding to Bi,O; are difficult to dis-
tinguish due to their low intensity. This denotes that the domi-
nant diffraction peaks correspond to the top layer of the het-
erojunction. It can also be observed that, beyond the screening
of the peaks, Bi,O; grows different on the glass substrate than
over ZnO layer, as the relative intensities of the peaks change.
Fig. 1c presents the transmittance of the individual ZnO
and Bi,O; films at different deposition times. The graphs
show that the thicker the layer, the more difficult it is for light
to pass through. Since in photocatalytic heterojunctions both
materials must participate in the process, it is necessary that
both can be excited with light (in the present work we used
blue light at A = 405 nm, emission spectrum shown in Fig. 1c).
The photocatalytic activity of the individual ZnO and Bi,O3;
films was evaluated in the IC degradation at natural pH under
blue light as a function of the thickness (regulated by the
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deposition time). This wavelength was chosen to test the effec-
tiveness of the heterojunctions under visible light. Although
ZnO needs a photon wavelength of 385 nm to be excited (E, =
3.22 eV, shown in Fig. S1at), it shows activity due to its native
defects.**™? On the contrary, Bi,O; just needs photon wave-
lengths shorter than 477 nm, as its E, = 2.39 eV (see Fig. S1b¥).
Fig. 1d shows the apparent kinetic rate constant (k,pp) of the
individual films for the dye degradation as a function of the
layer thickness. For ZnO it is appreciated that the kapp
increases notably as the layer thickness increases (for depo-
sition times up to 12 min, Z12), and then this rate decelerates
tending to a plateau. This plateau behavior suggests that no
more layers are activated due to the low light transmittance
(Fig. 1c), then films thicker than ~1600 nm will not contribute
considerably more to the photocatalytic activity. For this
reason, the thickest layers deposited during 15 min were dis-
carded as top layers. Therefore, it is enough to use ZnO films
of 1630 + 15 nm (obtained at 12 min of deposition time). For
Bi,O; films, the k., was considerably lower than for ZnO at
the same conditions, but they show a similar increasing trend
of kapp from B6 to B12 and then a plateau behavior at B15. B6
films of 690 + 110 nm were selected based on their
transmittance.

According to XRD results, the S/ZnO/Bi,0; and S/Bi,03/ZnO
heterojunctions were successfully formed with the procedure
depicted in Fig. 1la. Cross section FESEM images confirmed
the presence and the close interaction of the two semi-
conductors, as can be observed in Fig. 2 for a representative
heterojunction sample of each arrangement, labeled as
B6Z6 and Z12B6. The elemental composition mapping also
allows to distinguish the layers of Zn and Bi in both con-
figurations. It is worth mentioning that the deposition rate
of the two oxides on the glass substrate is very different.
ZnO grows faster (~135.54 nm min~" at the first minutes)
than Bi,0; (~90.49 nm min™"), giving films of very different
thickness at the same deposition time (as illustrated in
Fig. 1d). But when Bi,O; grows over the ZnO layer, the depo-
sition rate increases notably, whereas ZnO over Bi,O;
remains similar.

The dye discoloration % of ZnO, Bi,O; and their hetero-
junctions was plotted as a function of the deposition time
(Fig. 3a) and was compared at 90 min of reaction (to avoid the
diffusive regime). The plot shows that the photocatalytic
activity of ZnO films increases rapidly until 9 min of depo-
sition time and then the rate decreases reaching a limit value,
as it was expected due to the considerable thickness achieved.
The highest discoloration percentage was achieved by the
thickest film (Z12, 1630 + 15 nm). On the contrary, the film
with the least activity was Bi,O; (B3, 296 + 76 nm), reaching
only 6% dye discoloration at the same reaction conditions.
Important changes are observed when both materials form the
heterojunctions at different thickness layers. The first con-
figuration to analyze is S/Bi,O3/Zn0O, shown in Fig. 3a, with its
two variants: (i) a Bi,O; variable thickness bottom layer with
ZnO fixed top layer (S/Bx/Z, open symbols and dashed line);
and (ii) a Bi,O; fixed bottom layer with ZnO variable thickness
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top layer (S/B/Zx, filled symbols and continuous line). For case
(i), when the top ZnO layer is fixed at Z6 conditions (to warran-
tee a good light transmission through the film), it can be
noticed that the Bi,O; bottom layers B3 to B12 enhance the
photocatalytic response of Z6, obtaining a maximum discolor-
ation percentage of 57.4% for B6Z6 sample. This value is twice
larger than the discoloration achieved by the individual Z6
film (27.6%). Thus, it is verified that the bottom layer has a
positive contribution in the photocatalytic activity. Based on
this result, the B6 film was selected as a fixed optimum thick-
ness for the bottom layer of next case. Case (ii) shows a
maximum photocatalytic discoloration of 80.8% with the het-
erojunction B6Z9. This value is higher than the obtained with
the individual Z9 film (63.13%), and even higher than Z12
(70.25%). This indicates that the sample B6Z9 has the
optimum thicknesses of both layers maximizing the synergis-
tic effect. The hydroxyl radicals (OH) production was
measured in samples Z9 and B6Z9 with the fluorescence of
hydroxyterephtalic acid (HTA). As it can be observed in Fig. 3b,
the heterojunction B6Z9 achieved 57% more intensity associ-
ated with an even better amount of ‘OH production than Z9
film. From this evidence we can affirm the following: first, the
‘OH radicals are only produced in the VB of ZnO layer; second,
B6 bottom layer effectively contributes to accelerate or improve
the photocatalytic process; and third, the B6Z9 heterojunction
improves the charge separation and favors the "OH production
of the outermost ZnO layer.

The second configuration to analyze is S/ZnO/Bi,Oj3, in
which a priori the Bi,O; top layer should be the active one. As
we already know that Z12 film achieved the best photocatalytic
response individually, we chose it as a fixed bottom layer.
Then we varied the top Bi,O; thickness (S/Z/Bx), as can be
seen in plot marked as (iii) in Fig. 3c. Remarkably, all the het-
erojunction samples showed better dye discoloration % than
the individual Bx. It is observed that a thin (~300 nm) Bi,O;
film is greatly improved by the ZnO layer underneath, increas-
ing the discoloration percentage from 6 to more than 50%
(z12B2, Z12B4, Z12B6). Nevertheless, if we compare these
three heterojunctions with Z12 film, their performance is
below. This indicates that the ZnO layer is being negatively
affected by a reduction of the incident light arriving to its
surface. However, when the thickness of the top Bi,O; layer
increases, the photocatalytic activity has a contribution of both
layers, as seen in samples Z12B8 and Z12B10. If the thickness
of the top layer increases even more, then the top Bi,O; layer
starts dominating the reaction and a decrease in the activity is
noted (Z12B12).

The combined contribution of the two materials is clearly
observed in case (iv) heterojunctions, when ZnO bottom thick-
ness is variable (S/Zx/B) with fixed B6 conditions. Starting
from Z3B6—the sample with the thinnest ZnO film under-
neath (425 + 10 nm)—a synergistic effect is obtained, since
both ZnO and Bi,0; are notably improved respect their corres-
ponding individual reference. This improvement shows an
increasing trend as the thickness of the ZnO layer underneath
grows, reaching a maximum value around 84% for Z9B6 and

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Cross section FESEM images of representative heterojunction films (in the top) B6Z6 (S/Bi,O3/Zn) and Z12B6 (S/Bi,O3/Zn0O) and the elemen-

tal mapping of Bi and Zn showing their distribution in the heterojunctions.

Z12B6. The samples Z9 and Z9B6 were further analyzed in the
production of "OH radicals. As shown in Fig. 3d, the hetero-
junction Z9B6 exhibited negligible fluorescence indicative that
fails to generate "OH radicals, while Z9 does. Considering that
Bi,O; is on the surface, the IC discoloration mechanism
should occur by a different oxidation route than by "OH rad-
icals previously observed for the opposite configuration B6Z9.
Then, it is necessary to understand how Z9B6 and B6Z9 con-
figurations improve the photocatalytic activity, either through
of different charge separation mechanism or by generating
different reactive oxygen species. For this, the absorbance
spectra of IC dye were carefully analyzed, and further electro-
chemical measurements were also acquired.

The absorbance spectra of IC dye during the photocatalytic
process show that the degradation mechanism is not the same
for B6Z9 and Z9B6, as can be seen in Fig. 4. The IC’s chromo-

This journal is © The Royal Society of Chemistry 2024

phore group, whose characteristic band appears at 610 nm,
gradually decreases with the irradiation time. Simultaneously,
an important change can be observed in the 200-300 nm
range. The insets of Fig. 4 show this interval for the four
samples (Z9, B6, B6Z9 and Z9B6) with the initial and final
spectra. Both Z9 and B6Z9 (where ZnO layer is on the surface),
present a progressively diminution of all the bands in the com-
plete range (observed in Fig. 4a and c). It means that bands at
200-250 nm, characteristic of organic acids, are also
decreased. This is an indicative of a degradation process of
both IC molecule and its subproducts, which occur via oxi-
dation with "OH radicals (as confirmed with the formation of
hydroxyterephtalic acid, results shown in Fig. 3b). By contrast,
when Bi,0; is on the surface, the evolution of IC spectrum is
different, as the bands in the UV range increase (Fig. 4b and
d). Specifically in the heterojunction Z9B6, all the bands

Dalton Trans., 2024, 53, 7081-7092 | 7085
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(a) Photocatalytic performance at 90 min of reaction of S/Bi,O3/ZnO heterojunctions: (i) with different thickness of the bottom layer and

fixed top layer (S/Bx/Z, open symbols); (ii) with fixed bottom layer and different thickness of the top layer (S/B/Zx, closed symbols). (b) Comparison
of the production of "OH radicals with samples B6, Z9 and B6Z9. (c) Photocatalytic performance at 90 min of reaction of S/ZnO/Bi,Os heterojunc-
tions: (iii) with fixed bottom layer and different thickness of the top layer (S/Z/Bx, closed symbols); (iv) with different thickness of the bottom layer
and fixed top layer (S/Zx/B, open symbols). (d) Comparison of the production of “OH radicals with samples B6, Z9 and Z9B6.

remain in the complete range, in addition, crossing points at
207 and 238 nm appear, which indicate the presence of the
intermediate products, that have been identified as isatin sul-
fonic acid and 2-amino-5-sulfobenzoic acid.*® It is worth
noting that this degradation process did not occur by hydroxyl
radicals ("OH), in agreement with the negligible hydroxytereph-
talic acid production (as shown in Fig. 3d); then it has to be
conducted by other species as the superoxide radicals (0, ) or
the photogenerated holes, which achieve a discoloration
process.>* 7

To identify those responsible species a photocatalytic test
was performed with sample Z9B6 using nitrogen bubbling to
displace the dissolved oxygen and avoid the O, ~ generation.
After 180 min of photocatalytic reaction, the IC relative concen-
tration C/C, remained close to unity, indicating that there was
no degradation at all (Fig. 5a). As the absence of O, ™ stopped
the reaction completely, it is possible to infer that h* do not

7086 | Dalton Trans., 2024, 53, 7081-7092

contribute to the reaction and the discoloration process
observed in Fig. 4c is only due to formed O, ™ radicals in the
presence of dissolved oxygen. This also means that the h"
photogenerated at the VB of Bi,O; outermost layer should be
possibly recombining with the e generated at the CB of inner
ZnO. At this point we can conclude that Z9B6 heterojunction’s
oxidating potential for the formation of ("OH) radicals is modi-
fied, while that the reducing potential for the formation of
0,"” is maintained at the external Bi,O; layer, and a clear con-
tribution of the underneath layer is verified.

Mott-Schottky analysis was performed at different frequen-
cies (see Fig. 5b and c) to determine the CB positions of both
n-type semiconductors, and the calculated values are pre-
sented in Table 1. It is observed that ZnO has an adequate VB
position (3.1 V vs. NHE) to produce ‘OH radicals, whereas
Bi,O3 has an adequate CB position (—0.70 V vs. NHE), for the
formation of superoxide radicals.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Photocatalytic evolution of IC absorbance spectrum with the samples (a) Z9, (b) B6, (c) B6Z9 and (d) Z9B6.

To evidence the impact of formed heterojunction on the
charge transfer resistance, the electrochemical impedance
spectroscopy (EIS) measurements were performed for Z9, B6
and Z9B6 samples under illumination conditions, recorded at
the open-circuit potential to emulate the dye discoloration
reaction conditions (Fig. 5d). It is observed that the measured
impedances for B6 under illumination is considerably large
(large Nyquist diagrams), suggesting high resistance regis-
tered without redox reaction. On the contrary, the Nyquist
diagrams obtained for Z9 under illumination, showed the for-
mation of a semicircle at low frequencies, indicating the
occurrence of easy charge-transfer reactions, related to a low
charge transfer resistance.*® In the recorded impedances for
the Z9B6 heterojunction, the arc diameter is considerably
lower when compared with the B6 material, suggesting a
better separation of the photogenerated electrons and holes
and a faster interfacial charge transfer, when Bi,O; is de-
posited on top of ZnO layers. These results confirm that a
synergistic effect was established through the semiconductor
coupling.

This journal is © The Royal Society of Chemistry 2024

In addition, Hall measurements were performed in the
individual Z9 and B6 samples. These measurements allowed
us to calculate parameters such as the Fermi level, the internal
electric field (that implies a potential difference across the
junction called “built-in potential”) and the potential shifts of
the CBs when the two semiconductors are in contact forming
the heterojunction,>*°~** as follows:

(1)

N+
EF—Ec:len{A(; }

c

where Ey is the Fermi energy level, E¢ is the energy of the con-
duction band, k is the Boltzmann constant, T is the absolute
temperature, Ng* is the charge carrier density (donors) for a
n-type semiconductor and N, is the effective density of states
of the conduction band, given by:

N.—2 mekT 7
T 21h?
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Table 1 Measured or calculated physico-chemical parameters of ZnO
and Bi,O3z semiconductors

Parameter ZnoO Bi,03
Semiconductor type n n

Band gap (Ey) 3.22 [eV] 2.39 [eV]
Conduction band (NHE) —-0.21[V] —-0.70 [V]
Valence band (NHE) 3.01[V] 1.69 [V]

Bulk concentration (Ng")
Mobility
Hall coefficient

—2.405 x 10" [em™?]
1.896 x 10" [em® V' s7"]
—2.548 x 10° [em® C™"]

-1.083 x 10" [em™?]
1.06 X 10" [em”* V' s71]
-3.178 x 10" [em® C™"]

Effective mass (m,/m.) 0.24 1.2
Fermi level (E¢) —0.10 [v]2 —-0.31 [V;
Electrical permittivity 8.5 [N m* Cc2* 28 [N m* c2]*®

Effective density of states ~ 2.948 x 10"® [em™] 3.296 x 10" [em™]
in the CB (N.)

Thickness of the depletion
region (x,)

Internal electric field (E,)

2.42 % 107° [m]

16.92 x 10° [V7']

when the two n-n semiconductors are in contact, their Fermi
energies level to reach an equilibrium causing a depletion
region in the Bi,O; side and an accumulation region in the
ZnO side. This in turn, generates a band bending and an
internal electric field E,, which is perpendicular to the inter-

7088 | Dalton Trans., 2024, 53, 7081-7092

face and points to ZnO, as it has the lower Er before contact.
The calculated thickness of the depletion region is x, =
2.42 pm; then applying the Poisson equation we obtained the
electric field at the interface:

quBi203 Xn

€Bi,0;

Eo(%)]x—gmo = Eo (%) i—quaos = 3)

Giving a value of E, = 16.92 x 10’ V m™~". With these values
we sketched a band diagram showing the charge transfer in
the heterojunctions. This helps to visualize the mechanisms
involved in the photocatalytic reaction for both configurations,
as presented in Fig. 6.

With the measured parameters, we know that we formed a
n-n heterojunction with staggered bands, where the CB of
Bi,0; is more negative than the CB of ZnO (Fig. 6a). We also
observe that the VB potential of Bi,Oz; does not allow the pro-
duction of "OH radicals, (as demonstrated in Fig. 3), but ZnO
does. Fig. 6b represents the charge redistribution at the inter-
face of the semiconductors when they are in contact. Electrons
diffuse from Bi,O; to ZnO because the former has a higher
Fermi level; the alignment of the Fermi levels produce the

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Schematic representation of the band diagrams of individual semiconductors Bi,Os and ZnO: (a) CB and VB positions before contact; (b)
band bending and interfacial depletion region when the semiconductors are in contact showing the direction of Eg; (c) illuminated S/Bi,O3/ZnO het-
erojunction and charge transfer during photocatalysis process; (d) illuminated S/ZnO/Bi,Os heterojunction and charge transfer during photocatalysis

process.

band bending and the depletion or accumulation regions in
the interface of the heterojunction. At the same time, an
internal electric field E, pointing to the ZnO side is created.
The calculated potential drop of the materials were: @g; o, =
0.0204 V and ¢z,0 = 0.1495 V. Fig. 6¢ shows the photocatalysis
process in the heterojunction with S/Bi,O3/ZnO configuration.
In this case, the exposed surface is ZnO which receives a direct
illumination with a 405 nm light. A small fraction of that light
transmits through the film and arrives to the bottom Bi,O;
layer. In this configuration, due to the internal electric field E,
pointing to the ZnO side, the excited electrons in the CBz,o
tend to migrate to the inner Bi,O; layer. This internal E, also
helps the VB, holes to reach the outermost surface inducing
the water oxidation and formation of "OH radicals, which are
responsible of the IC dye degradation. The inner layer efficien-
tly separates the photogenerated carriers, promoting a syner-
gistic effect that improves the photocatalytic reaction with
respect to the individual ZnO layer.

In the opposite configuration, S/ZnO/Bi,O; shown in
Fig. 6d, the E, points inward and the photogenerated electrons
in the CBg;,0, are favored to migrate to the surface and interact
with the dissolved oxygen to form superoxide (O,"”) radicals.
The transmitted light that arrives to the inner ZnO layer can
slightly excite it, producing some electrons in the CB,0; these
electrons are driven by E, to Bi,O; layer and recombine with
the photogenerated holes in VBg; o . Simultaneously, the holes

This journal is © The Royal Society of Chemistry 2024

created in the VB, are not favored to migrate to Bi,O3, but
their accumulation can generate a charge concentration gradi-
ent favoring the diffusion phenomenon and modifying the
surface properties of Bi,O;. The photocatalytic process in this
configuration is then conducted by oxygen reduction reaction
with the formation of O, radicals, which are responsible of
the IC dye discoloration.

After the careful analysis made for this specific case, we can
affirm that thin film heterojunctions are different from powder
heterojunctions, for this reason we avoid to label as “S-
scheme” our heterojunction. The main differences in thin film
heterojunctions are: (i) the illumination excites mainly the
surface layer, and if it is thin enough, then some light can
reach the inner layer and excite it too. (ii) The order of the
layers matters as the built-in electric field will point from the
semiconductor with high Er to the one with low Er. This in
turn, will define the charge transport and the mechanism that
will govern the photocatalytic reaction. (iii) There is only one
active band at the surface that is responsible of the formation
of the reactive species for the photocatalytic process.

4. Conclusions

There is indeed an influence in the photocatalytic activity of
thin film heterojunctions due to the bottom semiconductor
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layer. A strong compromise between the thickness of both
layers results in conditions where an enhanced photocatalytic
activity is obtained. The internal electric field, created due to
the difference in the band positions of the involved semi-
conductors, can drive the photogenerated carriers producing a
completely different reaction mechanism depending on the
order of the layers. In thin film heterojunctions it is important
to consider that the illumination is not the same for both
materials, and the active species are produced in only one
active band, then is better not to label the process as “S-
scheme”. In the case of Bi,03/Zn0O heterojunction, the internal
electric field produced the following manifestations: (a) an
effective charge separation in S/Bi,03/ZnO that favored the
'OH production; and (b) surface modification of S/ZnO/Bi,O3
allowing a better response than Bi,O; by itself, due to the
charge separation and the subsequent formation of O, rad-
icals. The degradation process by "OH radicals is notably faster
and more effective than discoloration process by O, ™ radicals,
as the subproducts are also oxidized contributing to a faster
mineralization of the pollutant. A reasoned construction of
thin film heterojunctions is necessary to achieve an enhanced
photocatalytic activity.
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