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A B S T R A C T

In the present study, we investigated the structural, morphological, photoelectrochemical, and photocatalytic
properties of zinc oxide (ZnO) and ZnO films, which were prepared in the presence of nitrogen (N2) on fluorine-
doped tin oxide (FTO)-conducting glass by electrodeposition and N2 bubbling for the doped films (Zn:N). The
time, N2 flow, and calcination temperature conditions were investigated. X-ray diffraction (XRD) patterns show
that ZnO and ZnO:N films have a wurtzite structure. X-ray photoelectron spectroscopy (XPS) analysis confirms
nitrogen doped ZnO by both the interstitial and substitutional manners. Values at 3.25–3.27 eV of band gap
energy of the films were estimated by the Tauc method. Field Emission Scanning Electron Microscopy (FE-SEM)
images illustrated a change in the morphology of the ZnO:N film in relation to the ZnO film.
Photoelectrochemical studies demonstrated a better photocurrent density for pure ZnO and ZnO:N films using a
20 cm3 min−1 flow rate treated at 500°C with ca. 48 and 70 µA cm−2 (0.7 V vs. Ag/AgCl), respectively. ZnO and
ZnO:N electrodes (20 cm3 min−1) were used to degrade an aqueous 0.48 mg L−1 Rhodamine B (RhB) dye
aqueous solution under polychromatic irradiation for 165 min. The degradation study was investigated under
heterogeneous photocatalysis (HP) and electrochemically assisted HP (EHP) photocatalysis conditions. For RhB
dye photodegradation, the performances obtained were 19% and 36% in HP for ZnO and ZnO:N, respectively.
For the EHP configuration with a +0.7 V bias vs Ag/AgCl, the values were 26% and 43% for ZnO and ZnO:N,
respectively. The studies presented here reveal that the N-doped ZnO films are promising candidates as pho-
toanodes for photoelectrocatalysis applications.

1. Introduction

Semiconductor oxide films have attracted considerable attention
due to applications in photoelectrochemical cells (PEC) as well as
electrochemically assisted photocatalytic systems [1,2]. Among the
several semiconductors studied in the literature for film production,
zinc oxide (ZnO) has aroused great interest due to its low toxicity,
higher load carrier mobility than other semiconductors, such as TiO2,
and thermal stability in different media [3–5]. ZnO is classified as a n-
type semiconductor material with a bandgap energy (EBG), varying
from 3.2 to 3.4 eV [6,7], and is usually described with two types of
structures: cubic or hexagonal (wurtzite). The latter is more thermo-
dynamically stable at room temperature [8]. Other types of applications
for ZnO have been reported in the literature such as electrodes for the
production of dye-sensitized solar cells [9], UV light-emitting diodes
[10], gas detection [11], electrochemical sensor [12,13], and capacitors

[14].
For photocatalytic applications, ZnO has been applied as a dispersed

catalyst in solution for the remediation of emerging contaminants
[15,16]. This semiconductor has high valence band potential and high
oxidative power holes, with a large EBG with absorption in the ultra-
violet (UV) region, causing a reduction in their efficiency in applica-
tions with the use of solar spectrum as a radiation source [3]. Therefore,
the formation of composites from the semiconductor oxide mixture
[17,18] and the insertion of metallic or non-metallic dopants in its
structure are alternative strategies to modify the semiconductor ab-
sorption region [19,20]. For ZnO, doping nitrogen has been in-
vestigated due to the similarity between the radii of N and O atoms
[21]. In general, the insertion of nitrogen into the structure of ZnO
generates the maximum elevation of valence band with the formation
of levels related to the hybridization of the 2p N orbital with 2p O
orbital, causing increased spectral response and improved
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photocatalytic activities [22,23]. In addition, ZnO films prepared in
nitrogen atmospheres have improved electronic properties [24].

The surface and morphological properties of ZnO photoelectrodes
are highly dependent on the thin film preparation process [25]. N-
doped ZnO films can be synthesized with different nitrogen sources
such as ammonia (NH3), urea (CH4N2O), and nitrogen gas (N2) by di-
rect synthesis or post-synthesis treatments [26,27]. In direct synthesis,
the dopants are incorporated into the ZnO network during the growth
process, while in post-synthesis treatments, ZnO undergoes high tem-
perature heat treatment in N source atmosphere [28,29]. The methods
investigated and employed to obtain films of this semiconductor ac-
cording to the routes described above include the chemical bath de-
position [30], chemical vapor deposition [31], magnetron sputtering
technique [32], hydrothermal method [33], and electrodeposition [34].
However, nitrogen doped ZnO films obtained by direct electrochemical
deposition have not been reported in the literature yet. Electrochemical
deposition is advantageous as it allows easy control of synthesis para-
meters, including applied potential, current density, and precursor
concentration [35–37].

Therefore, the present work investigated the obtaining of ZnO films
and direct doping of ZnO with continuous N2 flow (ZnO:N) by elec-
trochemical synthesis at 30 minutes. We also evaluated the influence of
thermal treatment and N2 flow rate variation (10, 20, and 30 cm3

min−1) on the optical, morphological, structural, and electrochemical
properties of ZnO:N films. In addition, the films were applied as pho-
toanodes to investigate the photocatalytic degradation of Rhodamine B
(RhB) dye using two configurations: heterogeneous photocatalysis (HP)
and electrochemically assisted heterogeneous photocatalysis (EHP).

2. Experimental details

2.1. Electrochemical synthesis of ZnO and ZnO:N films

ZnO and ZnO:N films were deposited on a transparent conducting
substrate of fluorine-doped tin oxide (FTO-glass) by electrodeposition
on potentiostatic control. The substrates were cleaned in an ultrasonic
bath with neutral detergent, deionized water, and isopropyl alcohol in
15 min successive steps, respectively. The films were deposited in an
electrochemical cell configured with three electrodes, and the FTO glass
used as working electrode. The reference electrode and counter elec-
trode were an Ag/AgCl (in 3.0 mol L−1 KCl saturated aqueous solution)
electrode (in Luggin capillary) and platinum wire, respectively.

Electrochemical deposition was performed by dipping the clean FTO
glass in 5 mmol L−1 dihydrate zinc acetate (Zn(CH3CO2)2.2H2O; 99%,
Sigma Aldrich) aqueous solution in support electrolyte (0.1 mol L−1

KCl; 99%, Sigma Aldrich). Zinc oxide was deposited by electrochemical
method, applying a potential of -0.9 V (vs Ag/AgCl) for 30 min. The
precursor solution (pH 6.8) was kept at 75°C under constant stirring
with air bubbling (130 cm3 min−1 flow rate) throughout the deposition
process. After drying at room temperature, the films were heat treated
at different temperatures (300, 400, 500, and 600°C) heated (10°C
min−1) for 60 min in a muffle furnace.

For the deposition of nitrogen-doped zinc oxide (ZnO:N) films, the
process was carried out under conditions similar to those previously
described for ZnO. However, besides air bubbling (with flow rate of 130
cm3 min−1), the synthesis was performed with nitrogen gas (N2) bub-
bling with varying flows rates of 10, 20, and 30 cm3 min−1. The N-
doped ZnO films were heated at 500°C at a rate of 10°C/min for 60 min
in a muffle furnace, considering the photocurrent density values ob-
tained with ZnO films. The chemical reactions occurring in the growth
process of the films during the during potentiostatic control are:

+ +H O O e OH2 4 42 2 (1)

+ + ++Zn CH OO H O Zn CH OOH OH( ) 2 2 23 2 2
2

3 (2)

++Zn OH Zn OH2 ( )2
2 (3)

+Zn OH ZnO H O( )2 2 (4)

+ +ZnO OH N ZnO N H O( ) 1/2 :2 2 2 (5)

2.2. Structural, morphological, and electronic characterization

X-ray diffraction (XRD) patterns of the ZnO and ZnO:N films were
obtained using a diffractometer (Empyrean, 2, PANalytical) with Coα
radiation source (λ = 0.178901 nm) in the 2θ range of 20° to 90° with a
scanning velocity of 0.02°. The diffraction patterns were compared to
the data from the Inorganic Crystal Structure Database (ICSD). The
morphology of the photoelectrodes was characterized by field emis-
sion–scanning electron microscopy (FE-SEM, FEI Quanta FEG 250). The
images were obtained with a working voltage of 20 kV. Nitrogen doping
level was analyzed by X-ray photoelectron spectroscopy (XPS) on a
scienta omicron ESCA spectrometer (Germany) using a monochromatic
x-ray source of Al Kα (1486.7 eV) under vacuum condition <10–8
mbar and 400 µm spot size. The survey spectral resolution was 0.5 eV
with 5 scans, and higher resolution spectra were 0.05 eV with 50 scans.
The binding energy (BE) of the C 1s (285 eV) was used as internal
standard reference for the BE scale.

2.3. Optical characterization and photoelectrochemical measurements

Optical properties of films were measured using a Shimadzu spec-
trophotometer (Model UV-2600) equipped with an integrating sphere
using barium sulfate as a reference standard. From the film transmit-
tance spectra, optical band gap energy (EBG) values were estimated by
the TAUC method [38], assuming the following direct light transition,
according to the equation [39]:

=h C( ) (h E )2
BG (6)

where, hν is an incident photon energy, C is a proportionality constant,
EBG is a forbidden band gap energy interval; thus, electron transition
occurred from the valence band to the conduction band, i.e., the optical
transfer coefficient of the film.

The photoelectrochemical properties were investigated in a photo-
electrochemical cell (PEC) equipped with an optical glass window
(100% transmittance for λ> 360 nm). Using a three-electrode-system
configuration and a 0.1 mol L−1 Na2SO4 (99%, Sigma Aldrich) aqueous
solution (pH 6.6) as a support electrolyte. The working electrodes were
ZnO and ZnO:N films (ca. 1 cm2 geometric area), a Pt wire was used as a
counter electrode and Ag/AgCl as reference electrode (in a Luggin ca-
pillary). Measurements were performed with a Galvanostat/potentio-
stat (autolab PGSTAT 302-N Metrohm) and NOVA 1.7 software in the
absence of light (dark) and under polychromatic irradiation. A metal
vapor discharge lamp (HQI-TS NDL) with a nominal potency of 150 W
was employed to irradiate the samples. Photocurrent density was
measured by cyclic voltammetry (CV) with a scan rate of 20 mV s−1 in
the dark and under polychromatic irradiation. Flat band potential (Efb)
was determined from the Burtler-Gärtner model based on linear scan-
ning voltammetry (LSV) [40], with data recorded in the anodic po-
tential range from 0.1 to 1.2 V at a scan rate of 1.0 mV s−1, using
chopped illumination (manual chopper) at 0.1 Hz. The variation in
photocurrent generated by the ZnO and N doped ZnO electrodes was
measured by the chronoamperometry curves in dark and light condi-
tions polarized with potential at +0.7 V (vs. Ag/AgCl).

For comparison, the potential recorded with the Ag/AgCl reference
electrode was adjusted to a reversible hydrogen electrode (RHE) ac-
cording to the equation [41]:

= + × +E(vs. RHE) E(vs. Ag/AgCl) 0.0591 V pH 0.199V (7)

In addition, the potentials after adjustment for RHE (in volts) were
converted to electron volts (eV) using the equation [42]:

= eV eE RHEE(eV) [ 4.5 ( )] (8)
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2.4. Rhodamine B dye degradation studies

The photocatalytic activity of ZnO and ZnO:N (20 cm3 min−1)
electrode photocatalysts was investigated using a RhB dye aqueous
solution (95%, Sigma – Aldrich) with an initial concentration (C0) of 1.0
μmol L−1 dissolved in 0.1 mol L−1 Na2SO4 aqueous solution as a sup-
porting electrolyte (pH 6.6). In this investigation, three configurations
were considered: (i) photolysis by irradiation of 15 mL RhB dye in the
supporting electrolyte without the photocatalyst film employing only a
clean FTO-glass; (ii) heterogeneous photocatalysis (HP) using only a
photocatalyst film system; and (iii) electrochemically assisted hetero-
geneous photocatalysis (EHP) in a three-electrode-system configura-
tion, which was performed with polarized photoelectrodes at +0.7 V vs
Ag/AgCl. In all configurations, the system was illuminated by poly-
chromatic irradiation (metal vapor discharge lamp, 150 W) without
heat or agitation. The kinetic investigation occurred under darkness
and irradiated conditions for 2 h and 45 min; thus, aliquots were col-
lected at different time intervals and analyzed using the UV-vis spec-
trophotometer. The degradation efficiency (ɳ) was calculated according
to the following equation: = x100A A

A
t0

0
, where A0 is the initial ab-

sorbance, and At is the absorbance of RhB dye after the irradiation time
“t ”.

3. Results and discussion

3.1. Structural and morphological characterization ZnO and ZnO:N films

The structural properties of heated ZnO films at 300, 400, 500, and
600°C and ZnO:N films prepared with N2 flow rate of 10, 20, and 30
cm3 min−1 and treated at 500°C were evaluated by XRD. Fig. 1 illus-
trates the XRD patterns for ZnO and ZnO:N films. All diffraction peaks
are in good agreement with the ZnO hexagonal (wurtizite) structure
(ICSD No. 65119) [43]. The diffraction peaks at 30.5°, 38.8°, 43.8°,
60.3°, 64.0°, 72.6°, 77.6°, and 82.8°, identified with asterisk (*), cor-
respond to the crystalline phases of the FTO substrate [44]. XRD data
for ZnO films in different thermal treatments (Fig. 1a) indicate the
occurrence of a preferential orientation in the plane (101). An intense
peak located at 32.7° refers to the presence of zinc hydroxide (Zn(OH)2,
ICSD No. 36229) [45]. Zn(OH)2 is intermediate chemical compound in
the reaction of ZnO formation by electrochemical route and increasing
the temperature of calcination caused the transformation of Zn(OH)2 to
ZnO [46]. A reduction in the intensity of the diffraction peaks in the
calcined film at 600°C indicates an interaction between the FTO sub-
strate material and the formed ZnO film.

From the electrochemical studies of ZnO films (Fig. 5), the film at
500°C presented the best photocurrent density value; thus, the thermal
treatment studies to synthesize ZnO:N films were performed at 500°C.
In the ZnO:N films (10, 20, and 30 cm3 min−1) (Fig. 1b), XRD patterns
are in agreement with the ZnO wurtzite structure (ICSD No. 65119).
The intense peak at 33°, similar to that observed for ZnO, is due to Zn
(OH)2 (ICSD No. 36229), which may indicate that the nitrogen-rich
medium makes it difficult to dehydrate Zn (OH)2 to form ZnO. All XRD
peaks of ZnO:N films present displacement to higher angles as shown in
Fig. 1c. The occurrence of displacements may be related to the forma-
tion of Zn-N bonds in the ZnO network due to the similarity of the
atomic rays of oxygen and nitrogen [47]. A reduction in peak intensities
occurred when compared to pure ZnO at 600°C.

ZnO and ZnO:N films synthesized by electrochemical route on
conducting surface (FTO-glass) with a 1 cm2 geometric area and cal-
cined at 500°C had an immobilized particle density of ca. 1.9 and 2.1
mg cm−2, respectively. Fig. 2 is FE-SEM images of the surface of ZnO
and ZnO:N and the cross section of ZnO film prepared in the presence of
N2 deposited on FTO-glass. The FE-SEM image of the calcined ZnO film
at 500°C (Fig. 2a) exhibits the formation of a compact layer of ag-
glomerated particles with undefined shapes and irregular edges. A

modification in the morphology of ZnO films was observed after pre-
pared in the presence of N2, with particle formation in the form of
agglomerated thin discs (Fig. 1(b) insert) with regular edges and
average diameter of 0.33± 0.03 µm irregularly distributed on the
substrate. Singh et al. [48] reported that films synthesized under ni-
trogen flow atmosphere facilitate the formation of spherical ZnO:N
clusters and contribute to non-uniform film growth. The cross section of

Fig. 1. XRD patterns of (a) ZnO films annealed at 300, 400, 500, and 600°C; (b)
ZnO:N (10, 20, and 30 cm3 min−1) films calcined at 500°C; and (c) enlarged
view of the three diffraction peaks and vertical lines of ZnO data (ICSD No.
65119). Vertical bars indicating the position of the hexagonal ZnO and Zn
(OH)2 planes.
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ZnO film prepared in the presence of N2 is illustrated in Fig. 2 (c) and
reveals that the average thickness is 1.19±0.01 µm.

To confirm the incorporation of nitrogen in the structure of the ZnO
films synthesized in the presence of N2, X-ray photoelectron spectro-
scopy (XPS) analyzes were performed for the ZnO and ZnO:N films (10,
20, and 30 cm3 min−1) treated at 500°C. The XPS spectra of the ZnO
and ZnO:N films over a wide energy range are presented in Fig. 3. The
similar survey spectra (Fig. 3 (a)) for the ZnO and ZnO:N films (10, 20,
and 30 cm3 min−1) indicate that the principal elements are zinc (Zn)
and oxygen (O). For ZnO:N films, a small signal related to nitrogen can
be observed, indicating the presence of N in this films. The presence of

the carbon peak (C 1s) at 285 eV in all samples could be due to carbon
dioxide adsorption on samples surface and some residues from synthesis
method.

For better analysis of the elements, high resolution spectra for Zn
2p, O 1s, and N 1s were scanned and are shown in Fig. 3 (b)–(d), re-
spectively. Energy peaks characteristic of ZnO are observed in Zn 2p
core level spectra (Fig. 3 (b)) for all samples in 1020.1–1020.4 eV (Zn
2p3/2) and 1043.2–1043.5 eV (Zn 2p1/2) [49]. A shift in the binding
energy for the films synthesized with a variation of nitrogen flow in-
dicates that the presence of N interferes with the Zn-O binding.
Therefore, deviations in the central lines of Zn 2p3/2 and 2p1/2 indicate

Fig. 2. FE-SEM images of (a) ZnO films annealed at 500°C; (b) ZnO: N films annealed at 500°C; and (c) cross-section FE-SEM images of ZnO: N films.

Fig. 3. XPS spectra of (a) Survey spectra ZnO and ZnO:N films (10, 20, 30 cm3 min−1) at 500 °C, (b) Zn 2p high resolution spectra, (c) O 1s high resolution spectra
and (d) N 1s high resolution spectra ZnO: N films (10, 20, 30 cm3 min−1).
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the N doping process, with possible formation of Zn-N bond [50].
Fig. 3 (c) contains the core level spectra O 1s for the ZnO and Zn:N

films fitted by Gaussian deconvolution. The displacements in binding
energies O 1s spectra of ZnO:N films can indicate a change in the ZnO
film network after the doping process. Three energy peaks are observed.
The peak energy deconvolved at 528.9–529.2 eV corresponds to the Zn-
O binding energy characteristic of the ZnO hexagonal (wurtzite)
structure [51]. The peak at 530.0–530.4 eV is indicative of oxygen
vacancies (Vo) in the ZnO structure, and the peak at 531.1–531.6 eV is
related to the C=O binding energy referring to carbon dioxide ad-
sorbed on the surface of the films [52]. The deconvolved spectra O 1s
demonstrated that nitrogen doping increased ZnO oxygen vacancies,
which can indicate a substitutional doped.

Fig. 3 (d) illustrates the high-resolution XPS spectra in the N 1s
region for ZnO:N films fitted by Gaussian deconvolution. The presence
of two peaks prove the doping of the films synthesized with N2 fluxes in
the rates of 10, 20, and 30 cm3 min−1, corroborating the observed XRD
displacements. A peak in the region at 398.6–398.9 eV referring to
substitutional doping with the incorporation of nitrogen in the structure
of the ZnO film (O-Zn-N). The other peak is observed at 405.1–406.6
eV, showing that interstitial doping of nitrogen also occurs in the ZnO
films [23,53]. The interstitial and substitutional dopings have a dif-
ferent influence on photocatalytic activity and the properties of the
semiconductor [50,54]. The existence of interstitial doping for ZnO
films after the doping process with different rate of N2 implies its
maintenance as an n-type semiconductor, contributing to a better
photocatalytic efficiency [55]. The substitutional doping induces
oxygen vacancies, as beforehand indicated in the O 1s spectra, which
can improve the photoelectrochemical and photocatalytic properties of
the ZnO:N films [50].

3.2. Optical and photoelectrochemical properties of ZnO and ZnO:N films

Optical EBG values were estimated for ZnO and ZnO:N films using
the Tauc method, assuming direct electron transitions values [56]. EBG
values were calculated from the (αhυ)2 versus hυ graph, and the linear
portion of the graph was extrapolated to (αhυ)2 equal to zero, inter-
secting the energy axis as shown in Fig. 4. The forbidden band gap
energy values for ZnO films at 300, 400, 500, and 600°C (Fig. 4 (a))
were 3.26, 3.28, 3.25, and 3.26 eV, respectively. Therefore, the values
obtained for the films are in good agreement with the literature [5,36].
For films prepared with N2 at 10, 20, and 30 cm3 min−1 (Fig. 4 (b)), the
EBG value was estimated in 3.26 eV and 3.27 eV, respectively. EBG va-
lues indicate that the doping process with N did not cause modification
of the prohibited band gap energy value as presented in previous works
[52,57]. The intermediate energy levels formed between the conduc-
tion band (CB) and valence bands (VB) did not significantly alter the

forbidden band energy values, as reported in literature [58]. This be-
havior can be related to both interstitial and substitutional N-doped
ZnO evidenced by XPS results. According to Meng et al. [59] and Silva
et al. [50], the two types of doping processes result in a contradictory
effect in ZnO band gap energy.

The photoelectrochemical properties of ZnO and ZnO:N films were
investigated using a three-electrode setup in 0.1 mol L−1 aqueous
Na2SO4 solutions. Fig. 5 displays the photocurrent densities for ZnO
(300 to 600°C) and ZnO:N (10, 20, and 30 cm3 min−1) electrodes re-
corded using cyclic voltammograms in the dark with polychromatic
irradiation (20 mVs−1). Voltammetry measurements elucidated that
the electrodes exhibited positive photocurrent values as expected for n-
type semiconductor electrodes at higher potentials. In this condition,
the holes move to the electrode surface and oxidize the species in so-
lution, producing an anodic photocurrent [60].

Cyclic voltammetry curves for electrodes in dark conditions dis-
played an almost zero capacitive current. In potentials greater than 1.0
V (vs. Ag/AgCl), low photocurrent values (0.68 μA cm−2) associated
with the oxygen evolution reaction (OER) were observed (Fig. 5). This
potential value serves to limit the potential window in anodic direction.
To investigate the influence of calcination temperature on the photo-
electrochemical response of ZnO films, ZnO electrodes were heated at
300, 400, 500, and 600°C; and the results are presented in Fig. 5 (a).
Under polychromatic irradiation, the increase of the calcination tem-
perature favored the increase of photocurrent density of the films. The
calcined ZnO electrodes at 300, 400, and 500°C achieved photocurrents
of ca. 30, 40, and 48 μA cm−2 at 0.7 V (vs. Ag/AgCl), respectively. This
behavior can be attributed to better crystallinity demonstrated in XRD
analysis. The increase in crystallinity facilitates the development of the
depletion region, which generates the electric field that separates the
carriers of photogenerated charges through electron transport. The
oxidation reactions through holes in the semiconductor surface are fa-
vored and the recombination centers decrease [61]. Oliveira et al.[62]
reported better photocatalytic activity for nitrogen-doped ZnO on
Rhodamine B dye degradation due to better crystallinity provided by
doping and heat treatment at 500°C. However, calcined at 600°C
showed a lower photocurrent density of ca. 15 μA cm−2 at 0.7 V (vs.
Ag/AgCl), which can be explained by the sintering of the deposited
material and the components present on the FTO glass, demonstrated
by a lower intensity of XRD peaks. As the ZnO electrode at 500 °C
presented the best photocurrent density value, all subsequent photo-
electrochemical studies were performed in ZnO electrodes synthetized
in the presence of N2 by thermal treated at 500°C.

Fig. 5 (b) contains the cyclic voltammograms for ZnO films prepared
with N2 at 10, 20, and 30 cm3 min−1 compared to pure ZnO. To analyze
the effects of the amount of N2 added to the ZnO structure, the N2 flow
rate during the synthesis process was varied. The films with flow rate of

Fig. 4. Plot of (αhν)2 versus energy for (a) ZnO films annealed from 300°C to 600°C and (b) ZnO: N films (10, 20, and 30 cm3 min−1) annealed at 500°C.
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10, 20, and 30 cm3 min−1 presented photocurrent values of ca. 30, 70,
and 37 μA cm−2 at 0.7 V (vs. Ag/AgCl), respectively. The increase of N2
flow rate from 10 to 20 cm3 min−1 favored the increase of photocurrent
density. ZnO:N electrode with flow rate of 20 cm3 min−1 exhibited
better photocurrent density value; this result suggests that N doped
films present greater electron mobility, as well as lower electrical re-
sistance and, consequently, a better efficiency in the transportation of
photogenerated charges. Thus, the preparation of improved ZnO:N film,
discussed by XRD and XPS analysis, was confirmed by photoelec-
trochemical studies. Although no significant variation in the optical
values of EBG was recorded after synthesis in the presence of N2, the
XRD, XPS, and photoelectrochemical analyses confirm the electronic
changes in the ZnO materials [63,64]. Allami et al. [65] reported that
the improved photoelectrochemical performance of ZnO films synthe-
sized in nitrogen atmosphere as electrode can be attributed to greater
mobility of the majority charge carriers and a reduction in electron/
hole (e−/h+) pair recombination. The photocurrent reduction for the
film prepared in 30 cm3 min−1 flow rate may be related to defect
formation and increased recombination rate of the photogenerated e−/
h+ pairs [66]. From the results obtained with N2 flow variation, further
studies were performed with ZnO: N films prepared at 20 cm3 min−1.

The photoelectrochemical properties and photocatalytic activity of
ZnO films depend on the recombination rate and ZnO photostability
under long irradiation time [67]. Besides contributing to a better per-
formance in visible radiation, nitrogen-doping is also an alternative to
improve the chemical stability of ZnO and reduce the recombination
rate of photogenerated pairs, favoring better photocatalytic

Fig. 5. Cyclic voltammetry curves with 20 mV s−1 scan rate in Na2SO4 aqueous solution (0.1 mol L−1) in the dark and under polychromatic irradiation for the (a)
ZnO electrodes at different temperatures (300 to 600°C) and (b) ZnO: N electrodes with flow rate of 10, 20, and 30 cm3 min−1 annealed at 500°C.

Fig. 6. Comparison of transient photocurrent for ZnO and ZnO: N films (20 cm3

min−1) at 500°C from the chronoamperometry curves under 300 s chopper
polychromatic irradiation at 0.7 V (vs Ag / AgCl). Insert: representation of Jin
and Jst values after polychromatic irradiation.
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performance, as previously reported [68]. Fig. 6 displays the photo-
current density responses of the ZnO and ZnO:N (20 cm3 min−1) films,
evaluated by 0.7 V (1.23 V vs RHE) constant bias potential chron-
oamperometry curves with 300 s manual-chopped.

The initial anodic photocurrent (Jin) peak in Fig. 6 indicates the
injection of electrons caused by the charge separation process, that is,
the formation of the e−/h+ pairs. As previously reported, considering
the theory discussed for reactions at the electrolyte/n-type semi-
conductor electrode interface, after irradiation, the holes move toward
the semiconductor surface, where they are reduced by species in the
electrolyte, and electrons move for the conductive substrate to be col-
lected by the external circuit. Fig. 6 illustrates that the photocurrent
decreases over time until it reaches a stable photocurrent density, Jst,
indicating the occurrence of the charge recombination process. Ac-
cording to studies by Costa et al. [69], this current decay process is
independent of the established mass transport process and attributed
only to the charge recombination processes. By disrupting the light, the
CB electrons return to VB resulting in an almost zero photocurrent [70].
The photocurrent responses of the films in the chronoamperometry
curves agree with the cyclic voltammetry results, displaying a higher
photocurrent density for the ZnO: N films (20 cm3 min−1), which is ca.
1.4 times higher than pure ZnO. In addition, a better stability in pho-
tocurrent densities occurred with the irradiation time for the nitrogen
doped electrodes.

The initial photocurrent density (Jin) and stationary photocurrent
density (Jst) results for the ZnO electrode depict the existence of e−/h+

pair recombination. This was demonstrated by Spadavecchia et al. [71],
who, in their studies of transient photocurrent with TiO2 electrodes,
determined the lifetime for the charge recombination processes in the
films (τ) from the chronoamperometric curves by the relationship be-
tween Jin and Jst with Jt (photocurrent density at time “t”). However,
for the ZnO:N electrodes (20 cm3 min−1), the chronoamperometric
curves present similar Jin and Jst values, distancing themselves from the
behavior presented in Fig. 6 and suggesting that the recombination
processes for the film after synthesizing with N2 is minimal.

To prove the stability of the ZnO film prepared in the presence of N2
under polychromatic irradiation for an extensive time, a chron-
oamperometric study was performed maintaining the irradiated film for
4 h without interruption (Fig. 7). The ZnO film prepared with a flow
rate of 20 cm3 min−1 presented good stability during this irradiation
time, corroborating with the study reported in Fig. 6. Thus, the process

of film synthesis in N2 atmospheres is influenced by the amount of
dopant and may help to increase recombination lifetime by creating
electronic levels in the forbidden band gap interval that selectively
captures charge carriers [72,73].

Linear scan voltammetry (LSV) results for pure ZnO and ZnO:N (20
cm3 min−1) electrodes calcined at 500°C using a 10 s manual chopper
irradiation interval are provided in Fig. 8 (a) and (b). As discussed
earlier, the N-doping process contributed to a better photocurrent
density result for the ZnO electrode. From the LSV curves the flat band
potential (“flat band”, Efb) was determined for the films (Fig. 8 (a) and
(b) insert). Efb is considered an approximation of the Fermi level po-
tential and expresses for n-type semiconductor the electron reducing
power in CB, making it possible to estimate its application in any
photoelectrochemical proposition. Its value can be determined by ap-
plying the Burter-Gärtner model [41]. Efb values for pure ZnO and
ZnO:N films were determined using the Burter-Gärtner model, ac-
cording to the methodology adopted by Lima et al. [74]. The Efb values
(Fig. 8 (a,b)) determined for the ZnO and ZnO:N (20 cm3 min-1) elec-
trodes are -0.06 V (0.53 V vs. RHE) and 0.11V (0.70 V vs. RHE), re-
spectively. The variation in Efb values and the profile change in the
linear voltammetry curves after the preparation of films in N2 atmo-
spheres verify the incorporation of nitrogen into the ZnO structure,
corroborating the previously reported XRD, FE-SEM, XPS, and vol-
tammetry results [75].

Fig. 8 (d) represents the relative positions of the ZnO and ZnO:N
conduction and valence bands edges, estimated on the vacuum energy
scale relative to the RHE using Eq. 2 and Eq. 3. The data junction Efb
and EBG generated the band position diagram for the electrodes. The CB
edge value was estimated using Efb, and the VB edge was calculated
from the difference between CB and VB corresponding to the semi-
conductor forbidden band gap energy. As previously described, the
exact position of the valence and conduction band edges depends on the
characteristics of the semiconductor electrode and the solution [76].

To evaluate the possible application of ZnO and ZnO:N electrodes
for the photocatalytic oxidation of RhB dye, an energy diagram for the
semiconductor/dye interface in aqueous solution was assembled, con-
sidering the positions of VB and CB for semiconductors, highest occu-
pied molecular orbitals (HOMO), and the lowest unoccupied molecular
orbitals (LUMO) energies for the dye (Fig. 8). Fig. 8 (c) shows in dark
voltammograms (20 mV s−1) obtained from the solution with RhB dye
in 0.1 mol L−1 Na2SO4 support electrolyte (15 mL) with a potential
range of 0.3 at 1.15 V (vs. Ag/AgCl). A peak oxidation current was
observed with a potential onset of 0.75 V and a maximum peak of 0.92
V for the 1.0 μmol L−1 Rhodamine B aqueous solution. The RhB oxi-
dation potential obtained was converted to energy scale using Eqs. 2
and 3, resulting in -6.0 eV. For organic compounds, this maximum
oxidation energy value can be attributed to the HOMO. Based on the
UV-Vis absorption graph shown in the insert of Fig. 8 (c) for RhB, the
forbidden band energy between the HOMO and the LUMO dye was
estimated [41,70].

The RhB dye UV-Vis absorption spectrum had a maximum absorp-
tion band at 553 nm. Assuming that [E (eV) = 1241 / λ (nm)], the
forbidden band gap energy value of the dye is equivalent to 2.24 eV.
Thus, the energy level of the LUMO energy was determined from the
oxidation potential of RhB and the estimated forbidden band gap en-
ergy value for the dye, obtaining a value of -3.76 eV. Knowing the re-
lative positions of the band edges and the pollutant oxidation potential,
allows estimation of semiconductor efficiency in photocatalytic reac-
tions [77]. The energy diagrams for the RhB dye and the ZnO, ZnO:N
electrodes are shown in Fig. 8 (d). The energy diagram for the semi-
conductor/dye interface implies the occurrence of RhB dye oxidation
on the electrode surface under visible light irradiation, because the dye
molecule HOMO is less negative than the ZnO and ZnO:N (20 cm3

min−1) VB. Thus, the photogenerated holes in the valence band are
capable of oxidizing RhB. Compared with the ZnO electrode, the pho-
toinduced charge separation should be improved for the ZnO:N

Fig. 7. Stability test for ZnO: N (20 cm3 min−1) electrode at 500°C under 4h
without interruption of light in 0.1 mol L −1 Na2SO4 aqueous solution with
constant potential of 0.7 (V vs. Ag/AgCl).
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electrode, as nitrogen-doping increases electron transport efficiency,
provides greater chemical stability under visible light, and slows down
the recombination process.

3.3. Rhodamine B photodegradation

The evaluation of photocatalytic activity of ZnO and ZnO:N films
(20 cm3 min−1) with ca. 1 cm2 in the degradation of RhB dye in aqu-
eous medium (C0 = 1.0 μmol L−1) was studied using the systems in the
HP and EHP configuration under polychromatic irradiation. The results
of RhB dye photodegradation are in Fig. 9. In the HP configuration, the
photoanodes and the counter electrode were maintained to E = 0 V (vs.
Ag / AgCl); and, in the EHP conditions, the irradiated semiconductor
electrodes were polarized to 0.7 V (vs. Ag / AgCl) to minimize re-
combination of charges and to improve dye photoelectrochemically
assist oxidation. For comparison, the degradation reaction of a RhB dye
aqueous solution without catalyst (photolysis) was performed.

Fig. 9 (a) shows the photocatalytic results for the ZnO and ZnO:N
(20 cm3 min−1) electrodes. Initially, the adsorption process on the
catalyst surface was evaluated for a time of 30 min with no irradiation.
Immediately after the irradiation process, RhB dye concentration de-
creased over time (SM 1a−e), related to the formation of photo-
generated oxidant species in the catalytic system [78]. The degradation
efficiency of photolysis before irradiated RhB dye was 15.6% after 165
min under irradiation (Table 1). For HP, photocatalysts ZnO and ZnO:N
exhibited degradation efficiencies of 19.0% and 36.6%, respectively, at
the same irradiation time. In the EHP configuration, the ZnO and ZnO:N
photocatalysts obtained degradation efficiency values higher than those
described for the HP configuration with 26.0% and 43.0%, respectively.
Compared to the photolysis process, the HP and EHP configurations
reached higher efficiency values, with emphasis on the processes per-
formed in the EHP configuration.

The degradation kinetics of RhB dye is shown in Fig. 9(b). To cal-
culate the kinetic parameters of the RhB dye photodegradation process

and to investigate the influence of the process on the photocatalytic
degradation rate of RhB, a pseudo-first order kinetic model derived
from the Langmuir-Hinshelwood model was applied [79]. The Lang-
muir-Hinshelwood kinetic model is commonly used to describe the ki-
netics of a heterogeneous photocatalytic reaction. This model assumes
that adsorption of dye molecules occurs on the catalyst surface prior to
photocatalytic processes [80]. Photocatalytic rates were calculated
using the equation [81], = ktln( ) ,A

A
t
0

where k is a RhB dye degrada-
tion rate constant (min−1), and t is the irradiation time in minutes.
Therefore, RhB dye photodegradation was adapted to a plot of ln (At/
A0) vs time to obtain the constant degradation rate. According to
Table 1, the k-value for photolysis in RhB dye removal process was
6.57 × 10−4 min−1, for ZnO electrode in HP and EHP systems were
9.69 × 10−4 and 1.75 × 10−3 min−1, respectively. After N-doping,
higher values were obtained for the HP and EHP configuration of
2.16 × 10−3 and 2.38 × 10−3 min−1, respectively, reinforcing the
better efficiency of EHP configuration in relation to HP.

The EHP configuration occurs with biased potential electrodes. In n-
type semiconductors after irradiation, the electrons are conducted to
the conducting substrate, which is collected by the counter electrode,
and the holes migrate to the photoanode/electrolyte interface, con-
tributing to the increase in the separation of charges and the reduction
in recombination of the photogenerated e−/h+ pairs [82]. Thus, a
better pollutant degradation rate can be achieved in photocatalytic
tests. Ojani and Zarei [83] highlighted the efficiency of hydrazine
oxidation from Ti/TiO2 electrodes using potential at 0.8 (vs. Ag / AgCl)
when compared to existing methods. Santos et al. [84] reported better
results for the TiO2 and Ag-TiO2 electrodes with the EHP configuration
in photocatalytic remediation of contaminated water with gram-nega-
tive and gram-positive bacteria from E. coli and S. aureus.

The better photocatalytic performance of ZnO:N electrode in rela-
tion to ZnO film, in both HP and EHP configurations, can be related to
both the formation of intermediate levels in the prohibited band gap
energy and the increased oxygen vacancies due to nitrogen doping, as

Fig. 8. Linear Scanning Voltagrams (LSV) of (a) ZnO and (b) ZnO: N (20 cm3 min−1) films at 500°C in Na2SO4 support electrolyte (pH 6.6) under 10 s chopper of
visible light with range from -0.1 to 1.2 V (vs. Ag / AgCl) anodic potential with a scan rate of 1.0 mV s−1. (c) Cyclic voltammograms (20 mV s−1) of the Rhodamine B
dye aqueous solution (1.0 µmol L−1) in 0.1 mol L−1 Na2SO4 in the dark (Insert: Rhodamine B dye UV-vis analysis), and (d) energy diagram for photocatalyst/RhB dye
interface in aqueous solution, considering the HOMO and LUMO of dye as well as the BV and BC edges of the ZnO and ZnO:N electrodes.
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indicated by the XPS results.
The formation of intermediate levels in the prohibited band gap

energy, caused by nitrogen doping of ZnO, provides a better electron
transport from VB to CB and light absorption as well as a lower re-
combination rate in ZnO:N film, as observed in photoelectrochemical
properties results. Gionco et al. [85] described that the nitrogen-doping
process of ZnO provided better photocatalytic activity for solutions
containing phenol and 2,4-dichlorophenol, due to variations in sample
absorption at different N proportions and the presence of localized

states between the prohibited band gap energy. According to theore-
tical studies by Yu et al. [86], the presence of non-metal atoms such as C
and N in the ZnO structure provides the substitution of oxygen atoms
due to the similarity between these atoms causing changes in the Fermi
level in EBG improving electronic properties and better photocatalytic
results.

According to Silva et al [50], the mechanism of RhB photo-
degradation on ZnO can be described by a cluster model, in which
trapping holes are identified as oxygen vacancies (Vo) in oxide dis-
ordered structure ([ZnO4]x/[ZnO3•Vo). These trapping holes are able to
water oxidize to form hydroxyl radical (OH*), which with O2H* result
from O2 reduction on semiconductor surface by photogenerated elec-
trons, are mostly responsible for RhB degradation [50]. Therefore, the
higher ZnO:N film photocatalytic efficiency in relation to ZnO film can
also be associated to oxygen vacancies promoted by nitrogen doping on
ZnO:N.

4. Conclusion

In this work, ZnO films were successfully obtained by the

Fig. 9. Photocatalytic study of Rhodamine B dye aqueous solution with C0 = 1.0 µmol L−1 (0.48 mg L−1) under polychromatic irradiation at 25°C. (a) Degradation
efficiency by photolysis, heterogeneous photocatalysis (HP) and electrochemically assisted HP (EHP) using ZnO and ZnO:N electrodes and (b) degradation kinetics.

Table 1
Catalytic efficiency and degradation kinetics of Rhodamine B dye in different
systems.

Catalytic
System

Photocatalyst Film Catalytic
Efficiency (ɳ (%))

Degradation kinetics
(k (min−1))

Photolysis 15.6 6.57 × 10−4

HP ZnO 19.0 9.69 × 10−4

EHP 26.0 17.5 × 10−4

HP ZnO:N 36.6 21.6 × 10−4

EHP 43.0 23.0 × 10−4
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electrodeposition method, the calcination temperature study achieved
better results for the heated film at 500°C for 1 h and for direct nitrogen
doping of ZnO during the electrodeposition process in different N2 flow
rates (10, 20, and 30 cm3 min−1) heated at 500°C. All prepared films
have hexagonal structure (wurtzite) and similar values of direct optical
EBG calculated by the Tauc method. Nitrogen doping on ZnO:N film was
confirmed by XPS analysis, which indicated that the doping occurred
both in an interstitial and substitutional manner. FE-SEM images illu-
strated a change in the morphology of the ZnO film obtained in the
presence of N2. Photoelectrochemical analyzes indicated that nitrogen-
doping with a flow rate of 20 cm3 min−1 improves electron transport
and increases separation of electrons and photogenerated holes, re-
ducting the recombination time of the e−/h+ pair. For the analysis of
material viability as photocatalyst, oxidative degradation studies of
RhB dye in aqueous solution under polychromatic irradiation were
tested in the HP and EHP configurations using the ZnO and ZnO:N (20
cm3 min−1) electrodes as photocatalyst for 165 min. In this study, the
photoanodes were biased at +0.7 V vs. Ag/AgCl, and photocatalytic
efficiency showed better results because the applied potential caused by
suppression of e−/h+ pair charge recombination. Thus, the highest
photocatalytic activity obtained was for the EHP configuration with the
ZnO:N (20 cm3 min−1) electrode, due to higher stability, lower re-
combination rate, and better visible radiation absorption caused by the
formation of intermediate states in the EBG interval. Hence, the direct
doping of ZnO film with nitrogen during the electrodeposition process
under N2 flow proved to be a simple and efficient method of nitrogen
doping, with promising potential for doping other semiconductors with
nitrogen.
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