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Microwave-assisted synthesis of ZnO/BiNbO,
heterojunctions for enhanced hydrogen productiony
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This work introduces a novel heterojunction between ZnO and BiNbOy,, prepared through a microwave-
assisted technique that significantly reduces time and energy consumption for the synthesis. The used
method requires 48 minutes to obtain vertically aligned wurtzite ZnO films and 30 minutes to obtain
globular orthorhombic/triclinic BiINbO,4. The heterojunction exploits the suitable band alignment of ZnO
and BiNbO, to construct an S-scheme structure, achieving enhanced charge separation and transfer. The
prepared ZnO/BiNbO,4 heterojunction was used as a photoanode for water photosplitting, exhibiting a
fourfold increase in photocurrents for oxygen evolution compared to pristine ZnO. The heterojunction
has also demonstrated photocatalytic activity for hydrogen production that is 3.5 and 2 times higher than
that of bare ZnO and BiNbO,, respectively. These findings highlight the promising potential of ZnO/
BiNbO, heterojunctions for advanced photocatalytic and photoelectrocatalytic applications, particularly

rsc.li/nanoscale in hydrogen production.

Introduction

Bismuth niobate represents a functional class of materials that
exhibits chemical and electrochemical stability and photoelec-
tronic activity. These properties can be explored in various
applications, including photocatalysis."** The niobate struc-
ture is composed of distorted [NbOg] octahedra, which exhibit
a relatively high energy level of Nb 4d that composes the con-
duction band (CB). The presence of Bi*" lone pair electrons in
the structure promotes a narrowing of the band gap due to the
contribution of the Bi 6s orbital to the valence band."?
Bismuth niobate has been successfully used for the photode-
gradation of organic pollutants or water photosplitting under
UV or visible light (Table 1).

BiNbO, exists in two polymorphs: low-temperature ortho-
rhombic and high-temperature triclinic phases. According to
the literature, the orthorhombic o phase is the most suitable
from a photocatalytic perspective.> The orthorhombic phase
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is typically obtained at 900 °C, and its irreversible transition to
the triclinic phase occurs at 1020 °C.*>'® Compared to other
reported bismuth niobates (see Table 1), orthorhombic
BiNbO, exhibits high band gap (BG) energy and fast recombi-
nation rates."”

The analysis of Table 1 shows that the photoactivity of
bismuth niobates can be improved through nitrogen-doping,*
adding co-catalysts such as Ag® Pt° and Bi° nanoparticles,>"*
or by forming heterojunctions with BiOL'® BiOCl,”® TiO,,® gra-
phene,’ C3N,,' WO;,"® AgO or Ag,0." However, despite all its
potential, few modifications have been reported specifically for
BiNbO,. >4

Recently, our group has shown that a heterojunction
formed between BiNbO, and WO; has the potential to be
applied as a photoanode for the oxygen evolution reaction
driven by simulated sunlight."®> However, the BiNbO,/WO;
suffers from a high onset potential, which limits its appli-
cation in photocatalytic water splitting.

In this sense, coupling BiNbO, with ZnO represents an
advantage, since ZnO shows high photocurrents for oxygen
evolution at low potentials."”>* ZnO has a high bandgap
energy (~3.2 €V),"® and is well established as a host material
for preparing heterojunctions for photoelectrochemical water
splitting.”®** The coupling of ZnO with another semi-
conductor reduces its photocorrosion and enhances charge
transfer.'*>°

In this work, we report a novel ZnO/BiNbO, heterojunction
synthesized via a microwave-assisted method, which enabled

This journal is © The Royal Society of Chemistry 2025
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energy- and time-efficient preparation. The material was
thoroughly characterized to elucidate its structural, optical,
and photocatalytic properties, as well as the underlying
mechanism.

Experimental
Materials

Niobium(v) chloride (NbCl;), bismuth(u) nitrate pentahydrate
(Bi(NO3);-5H,0), fluorine-doped tin oxide coated glass slide
(FTO glass, surface resistivity ~7 Q sq'), hexamethyl-
enetetramine (HMT), zinc acetate dihydrate
((CH3C00),Zn-2H,0, ZnAc), sodium sulfate (Na,SO,), and tri-
ethanolamine (TEOA) were purchased from Sigma Aldrich.
Ammonium hydroxide solution (NH,OH) and isopropanol
were purchased from LabSynth. AEROXIDE supplied TiO,
anatase P25.

Synthesis of BiNbO,

10 mL of 0.01 M aqueous Bi(NOs);-5H,0 solution was pre-
pared and stirred for 20 min. Separately, 10 mL of 0.01 M
aqueous NbCl; was stirred for 20 min at 70 °C. The NbCl;s solu-
tion was then dripped into the Bi(NOj);-5H,O solution, and
the resulting mixture was stirred for 30 min. The pH was
adjusted to 7.0 using aqueous NH,OH, followed by an
additional 15 min of stirring. Next, 20 mL of the reaction
mixture was transferred to a 30 mL borosilicate vial and sealed
with a septum that withstands 300 psi of pressure. The system
was placed in the cavity of the Monowave 400 microwave
(Anton-Paar), operating in monomode. The reaction was
carried out in constant-temperature mode at 200 °C for
30 min, using a maximum irradiation power of 750 W. The
resulting solid was collected by centrifugation and washed
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with water and ethanol. The obtained materials were dried in
an oven at 60 °C for 24 h and then calcined at 700 °C for 3 h.

Synthesis of ZnO films

First, FTO substrates (1 cm x 2.5 ¢cm) were cleaned by sequen-
tially dipping them in acetone, distilled water, and ethanol,
followed by sonication in each solvent for 30 min. The growth
of ZnO nanorods directly on the FTO substrate was carried out
in 2 stages.

In the first stage, a ZnO seed layer is formed. Aqueous solu-
tions of 0.5 M HMT and 0.5 M ZnAc were prepared. The FTO
films were placed on a WS-650MZ-23NPPB spin coater. Then,
125 pL of each solution was dripped onto the FTO substrate
and allowed to stand for 5 min. Each film was spin-coated at
600 RPM (revolutions per minute) for 6 seconds and at 3000
RPM for 30 seconds. Finally, the films were calcined at 200 °C
for 15 min using a heating ramp of 10 °C min™" in an EDG
3000 muffle furnace.

In the second stage, the ZnO nanorods were grown hydro-
thermally. Aqueous solutions of 0.1 M HMT and 0.1 M ZnAc
were prepared, and 3.5 mL of each solution was transferred to
a borosilicate vial containing the FTO substrates with the de-
posited ZnO nanorods seed layer. A Teflon tape was applied on
the surface of the FTO glass with no seed deposition to
prevent ZnO growth on that surface. The system was sealed to
control the pressure and placed into the cavity of a Discover
microwave (CEM), operating in monomode. The microwave
synthesis was carried out at 300 W of irradiation power for
48 min, maintaining a constant temperature of 100 °C
throughout the process.

After the synthesis, the films were washed with distilled
water to remove residual byproducts, then dried at room temp-
erature and atmospheric pressure for 24 h.

Deposition of BiNbO, onto ZnO films

To prepare the BiNbO,/ZnO electrodes, a suspension of
BiNbO, nanoparticles at a 1 mg mL™" in isopropanol was pre-
pared by sonication for 3 h. Then, 20 pL of the resulting sus-
pension was drop-casted as three layers onto the surface of the
ZnO film, allowing each layer to air-dry before applying the
next. The resulting material was annealed at 100 °C for 1 h to
evaluate the effect of thermal treatment on its activity. The het-
erojunctions were subsequently named BiNbO,/ZnO and
BiNbO,/ZnOr, where the letter “T” refers to the thermally
treated sample.

For comparison, BiNbO, films were prepared by dripping
20 pL of the same suspension in three layers onto the surface
of the FTO substrate, allowing each layer to air-dry before the
next was applied.

Characterization

XRD patterns were collected using a Bruker D8 Discover theta-
theta diffractometer equipped with a Cu X-ray tube operated at
40 kv and 40 mA. Grazing incidence measurements were per-
formed using a parallel beam optics configuration, which
include a Gobel mirror and a 0.2° divergence vertical Soller slit

Nanoscale, 2025,17,15706-15719 | 15707


https://doi.org/10.1039/d5nr01637a

View Article Online
Nanoscale

(,_4 ,_8 jowrw $¢°7) Do 00£
U S joww 10°S Je 3uIfeauue pue U g
/(paseaw uononpoid ¢y ond[eresojoyd J1qUIOYIOY}I0 10J (M 0SZ) Do 00T T&
JIom j0U) THA A /UOTIOBDI UONIN[OAD pUEB JIUIDLI}  SISOUIUAS [EULISYIOIPAY OUuZ JIm
SIYL 970 I8 ,_ WD VW 61°0 DS TNV U3AXO0 [BOTWAYD01II[20I0Yd (z¢) I[-Te[NqO[D JO 2INIXTW V poisIsse-oABMOIDTIN  uomoun(oroH  YOqNIg
Do 00£

Je 3uiesuue pue urw 0g
103 (M 0SS) Do 0ST I

(parnseaw uonepeidapojoyd (ouues) SISOIUAS [eWIdI0IPAY (O%3y 10 O3V Im
a8 j0U) Y T I91JE %FE 06T NV g aurwepoyy (T€) L12 MI[-1e[NqO[D JIqUIOYIOY}IQO PoISISSE-2ABMOIDIIA  uonounfois}oH  OqNId
Do 00£
Je 3uIeauUe pue U Og
(parnseaw JIqUIOYIOY}I0 10J (M 0S2) Do 00T F®
j0U) AHY A UOTIOBAI UOTIN[OAD (papraoxd (oures) puUe OIUIPLI}  SISOYIUAS [RULISYIOIPAY SOM JIM
€T 9038 ,_WD VW 9270 DS TNV Ua3AX0 [BOTWAYD01309[2030Yd j0U) '€ MI[-Te[NQO[D JO 2INIXTW V paisisse-aaBMOIdIN  uondunforsldsH  YOQNIA
uoneurwIN[I
uns 1 2onpoid Do 0SS
HO®BN W T AHY A 0} pajeiqIfed UoOeBaI UONIN[0AD Je SureaUUR pue D, 0ST
TI 9°0 38 ,_ WD VW SE°0 duwre] aX M 0ST  U34X0 [BOTWAYD01309[2030Yd 09'C 199ySoueN JIqUIOYIOYIIO Je paLIp 1aAe[-Aq-194eT payipow 30N  YOQqNId
(;_u rowr 00¥) (owres) saredar3de
4 1Y Towr ozeT duwe] 34 m 0S¥ uononpoid ?H onAfereooloyd  (swes) g'g~  papunox wrl ¢- JIqUIOYIOYIIO 1 02/Do 006 78IS PI[OS oA YOqNIg
931}
JO-Ind WU 0¥ proe q¥e
IT Y ¢ 193 (%ST) %L8 dure ax M 00€ onseAxouaydoIoyorg-v‘c (z0'¢) 06’7 (owres) ayejdoueN JIqUIOYIOYNQ I0J Do 00 [BWISYIOIPAH o STOfqNf1g
uoneperdapojoyd (ouues)
ON - (%87) %¥6 (wu 089-00%) (OW) @8ue1o [Ayrow sajoniedoueu yve
0T ‘dD-F - (%8€) %00T duwef ax m 00 pue (dD-¥) [ousydoroyd-¥  (06°2) 6£°7  9MI[-UOIPAYRIDO  OIqUOYIOYIIO 10J Do 00T [BWISYIOIPAH YNED STOfqNSId
9013
urui 08 JJO-Ind WU OgH uonepeidapojoyd (ouues) Y¥z s100ys ouaydeid
6 199Je (%S¥) %/8 dure] a1 M S€ g surwrepoyy (e£7) 65T sapnredoueN JIqUIOYIOYIQ 10 Do 0TT [BWISYIOIPAH uo payroddng STQEQNSIG
(popraoxd pauiojur
(parnseaw jou) uonepeidapojoyd (papraord  ou) orPWOIdIW jou armyeradwa) ‘4 ¢T 10§ 101d [3Im
ST uru 0ST 19338 %09 duref axX M 00€ g SUTWepoyy j0U) 26T Ie[nNqo[D oIqn)  SISAYIUAS [RULISYIOIPAH uonounfordloH  £OqNEIg
931}
JJo-Ind WU 0ZH uonepeidapojoyd donredoueu
9 4 T 193J€ %56 dure aX M 00S g surwrepoyy ST punoi A[TeaN a1qnD uoneydoaidon paygIpow 10N “OqNfIg
(ura 008-00%) uonepeidapojoyd (odeys
S U ¥ 1933 (%0S) %¥6 dure ax M 00S a3uero (AN (£572) €v'T Aeyy) sodejoueN a1qnd uoneyidioardon Surpeol-3y  ‘OqNf1g
19313
JJO-INd WU 0gH uonepeidapojoyd (saronredoueu) qer
¥ YT I8 (%LE) %66 durey ax M 00€ an[q sUSAYIaIN (¥9°2) L¥T SIamofjoueN 2IqND  10J Do OFT [BWISYIOIPAH Burdop-N  “OqNFfig
931}
JJO-INd WU 0gH
dure uadorey 49T
¢ urw 0 I93Je %¢Ch u9ls3uny M 00€ I1e UI ON JO [eAOWIY 68°'C sareidoueN 2IqND 10§ Do 00T [BWISYIOIPAH poyIpow 0N “OqNFfig
_(eo
3) U ﬁoEﬁz OTT 19)[3 Jo-nd  uondnpoid °H dndreresojoyd wu OS> yct
1 /U T 193Je 9%00T WU 0¥ 9X M 00S Juonepeidaporoyd [ousayd LT [expay4od 2IqnD 10§ Do OFT [BWISIOIPAH paygIpow 10N “OqNfIg
RN (payipow-uou)  uonRIPERII IYSIT uonyedrddy (payrpow (paygipowt 2INdNIS SISOUIUAS JO POYIOIN UOTIEOIPOIN  [BIIRIN
payipowt Aduatoyya -uou) -uou) payyrpour aurreIsiin
payTpowt A3oroydiom
(A9)
de3 pueg

Paper

Aouaipyys pue sapadoad ‘spoyiaw sisayyuAs bunybnybiy ‘sassacold onkjeiesosydaaoioyd pue onAjeiesoioyd ul pasn sayeqolu yinwsiq jo Asains olydesbonqgiqy T 219eL

"INd G€:92:9 9202/82/T U0 (dSN) OINVd OVS dVAISHIAINN Ag papeojumoq ‘G0z dunt Og Lo paustiand

This journal is © The Royal Society of Chemistry 2025

15708 | Nanoscale, 2025, 17,15706-15719


https://doi.org/10.1039/d5nr01637a

Published on 20 June 2025. Downloaded by UNIVERSIDAD SAO PAULO (USP) on 1/28/2026 6:26:35 PM.

Nanoscale

on the incident beam, along with a 0.1° divergence parallel
plate horizontal slit and a 0.2° vertical Soller slit on the diffr-
acted beam side. The angle of incidence of the X-ray beam was
fixed at 0.5°. Data were acquired over a 26 range of 10° to 60°,
with a step size of 0.1° and an acquisition time of 30 s per
step. For the SEM analysis, the sample powders were sus-
pended in isopropanol, dropped onto a silicon wafer, and
mounted on stubs using conductive carbon tape. The images
were acquired using an Inspect F50 scanning electron micro-
scope (Thermo Fisher Scientific). For the HRTEM analyses,
suspensions of the materials were prepared by scraping a
portion of the sample from the film surface and mixing it with
10 pL of water. The suspension was then drop-cast onto
copper grids and dried at room temperature for two days. The
images were collected using a transmission electron micro-
scope, the Talos F200X G2 (Thermo Fisher), operated at an
accelerating voltage of 200 kV with a field-emission gun.
Kelvin probe force microscopy (KPFM) measurements were
performed using an NX-10 Park Systems microscope equipped
with a NanoSensors Pt/Ir-coated silicon probe (model
PPP-EFM), featuring a nominal force constant of 2.8 N m™*
and a nominal resonance frequency of 75 kHz. The image size
was 2.0 pm x 2.0 pm at a resolution of 256 x 256 pixels, with a
frame rate of 0.2 Hz. Image processing was performed using
the Gwyddion software. X-ray photoelectron spectroscopy was
conducted using a K-alpha XPS (Thermo Fisher Scientific) to
quantify the elemental composition and oxidation states of the
samples. The analysis employed Al Ka emission, with a
vacuum level below 107® mbar, and charge compensation
during the measurements. The spectra were acquired using
energies of 200 and 50 eV, with resolutions of 1.0 and 0.1 eV,
respectively. The spot size of the incident radiation was
400 pm in diameter, and each spectrum was averaged 20 scans
to ensure high statistical accuracy. Ultraviolet photoelectron
spectroscopy (UPS) measurements were performed using a
Specs XPS/UPS system equipped with a Phoibos 150 analyzer
and a CMOS 2D detector. A He I excitation line (21.22 eV) from
a UHV gas discharge lamp was used, and a —4 V bias was
applied to the samples. The optical properties of ZnO, BiNbO,,
BiNbO,/ZnO, and BiNbO,/ZnOy films were analyzed by UV-Vis
diffuse reflectance spectroscopy (DRS) with an UV-vis-NIR
spectrophotometer Cary 5000 Series (Agilent Technologies),
with measurements recorded in the 200-800 nm wavelength
range.

The photogenerated charge-carrier dynamics in ZnO,
BiNbO,, BiNbO,/ZnO, and BiNbO,/ZnOr films after UV illumi-
nation were studied by the Time-Resolved Microwave
Conductivity method (TRMC). A pulsed and tunable laser
source (200-2000 nm), equipped with an optical parametric
oscillator (EKSPLA, NT342B), was used to excite the samples,
while a 30 GHz Gunn diode generated the microwaves. The
light energy density incident on the sample was 1 mJ em™> at
360 nm. TRMC signals were obtained by illuminating the front
side of the films and averaging over 200 laser pulses to mini-
mize noise. Reproducibility was assessed by generating TRMC
signals from two independent samples of each material.

This journal is © The Royal Society of Chemistry 2025
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The principles of TRMC have been described in detail
elsewhere.?”*® The technique measures the relative change in
microwave powder reflected from a semiconductor, (AP(t))/P,
during its excitation by a laser pulse. This change can be
related to a small perturbation of the sample’s conductivity, as
shown in eqn (1).

(AP($))/P = AAo (1) (1)

where A is a time-independent proportionality factor. The
signal obtained by this technique represents the evolution of
the sample’s conductivity, I(¢), also known as photoconductiv-
ity, as a function of time (ns). The primary data extracted from
TRMC is the maximum signal intensity (Inax), which reflects
the number of excess charge carriers generated by the laser
pulse. The subsequent decay in the signal is attributed to the
reduction in excess (free) electrons.

Photoluminescence (PL) data were obtained in a Cary
Eclipse spectrofluorometer (Varian). The films were positioned
at a 45° angle relative to the excitation beam in the cuvette
sample holder, identical slit conditions were maintained
throughout the measurements. Fluorescence lifetime decay
was obtained through time-resolved fluorescence (TRF)
measurements performed using a FluoTime 300 (PicoQuant
GmbH) photocounting setup, equipped with a 375 nm pulsed
laser diode (LDH-P-375B) controlled by a PDL 820 drive con-
nected to a computer. The signals were detected at the
maximum emission wavelength (424 nm) using an MCP PMT
(PicoQuant) photomultiplier. Measurements were conducted
with two sets of deposited films, and the reported curves rep-
resent the average of 50 000 decay points.

Photoelectrochemical experiments

Electrochemical experiments were performed using a three-
electrode system in a cell with a quartz window. ZnO, BiNbOy,,
BiNbO,/ZnO, and BiNbO,/ZnOr films were used as working
electrodes, Ag/AgCl (KCl 3 M) was used as a reference, and Pt
wire was used as a counter electrode. An aqueous solution of
0.01 M Na,SO, was used as the electrolyte for evaluating the
oxygen evolution reaction. Mott-Schottky plots were obtained
with an AC amplitude of 10 mV and frequencies of 10, 100,
and 1000 Hz in the dark. For the chopped-light linear sweep
voltammetry and chronoamperometry measurements the
system was positioned at a fixed distance from a solar simu-
lator equipped with a filter suitable for simulating sunlight
with an AM. 1.5 G spectrum and an intensity of 100 mW
cm ™2, measured with a Newport model 842-PE power meter
coupled to an 818-P-001-12 light intensity detector.

Hydrogen generation

The hydrogen generation experiments were conducted in a
closed quartz cell (37 mL). For each experiment, ZnO, BiNbO,,
BiNbO,/ZnO, and BiNbO,/ZnOr films were placed in 20 mL of
an aqueous solution containing 25% of TEOA as a hole scaven-
ger. The cell was degassed with Ar for 20 min to remove dis-
solved oxygen. A helios photoreactor equipped with a medium-

Nanoscale, 2025,17,15706-15719 | 15709
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Fig. 1 XRD diffractograms of samples ZnO, BiNbO,4, BiNbO,4/ZnO and
BiNbO,4/ZnO+. For comparison, the XRD of FTO substrate, ZnO ICSD
44477, orthorhombic BiNbO, ICSD 74338 and triclinic BiNbO,4 ICSD
135657 are shown.

pressure UV Hg lampi was the light source. A gas chromato-
graph (Micro GC Fusion, argon as the carrier gas, series
number 70159886) was used to analyze the generation of H,.
During irradiation, the reaction system was stirred by a mag-
netic stirrer. Each reaction lasted 4 h, and all measured H,
amounts were the average of three independent experiments.
For comparison, hydrogen production was measured by dis-
persing 6 mg of P25 in 20 mL of an aqueous solution contain-
ing 25% TEOA.

Results and discussion
Characterization

XRD patterns of the produced materials are shown in Fig. 1.
The crystalline structure of ZnO can be attributed to the wurt-
zite (ICSD 44477) structure.”® It can be observed that the peak
at 329, corresponding to the plane (100), is more intense than
the others. This result suggests a preferential growth in the
(100) direction, which contradicts the literature. Typically, the
direct growth of ZnO onto FTO films through similar routes,
under conventional®® or microwave conditions,*' leads to pre-
ferential growth of the (002) plane (~34°). The XRD patterns of
BiNbO, show a mixture of the orthorhombic and triclinic
BiNbO,. It is important to note that these two structures are
expected to be formed under 1000 °C after 48-72 h;">?3>33
when conventional heating sources are used during the syn-
thesis. However, previous reports from our group using micro-
wave-assisted synthesis have already led to the production of
the phase mixture."*?* The color is strongly affected by the

{Emission spectrum available at: https:/www.heliosquartz.com/wp-content/
uploads/2015/12/mercurio.jpg.
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presence of the orthorhombic structure, as it is the phase that
absorbs in the visible region. As discussed later, the BiNbO,
reported here shows an intense yellow color,'® possibly due to
a high ratio of orthorhombic BiNbO,. For the BiNbO,/ZnO and
BiNbO,/ZnOr films, the observed XRD peaks are mainly
ascribed to the ZnO wurtzite, including the preferential growth
along the plane (100). The peaks ascribed to BiNbO, can be
observed at the noise level and are shown in the insets of
Fig. 1.

SEM images (Fig. S1t) show that the films are composed of
vertically aligned ZnO nanorods with hexagonal shapes. The
TEM images (Fig. 2a) show the nanorod morphology of ZnO,
with an average diameter of 25.7 nm. The crystallinity of the
ZnO materials was confirmed by the distinct lattice boundaries
observed in the HRTEM images (Fig. 2b). The only identified
lattice spacing of 2.46 A corresponds to the (101) crystalline
plane (ICSD 44477). The pattern diffraction obtained from the
selected area electron diffraction (SAED) (Fig. S2t) confirms
the polycrystallinity of the structure with concentric circles. Six
crystalline planes of ZnO were identified, including (100),
(101), (102), (103), (200), and (004). In addition, elemental
mapping further supports the formation of ZnO, as evidenced
by the distinct presence of zinc (Zn) and oxygen (O) elements
(Fig. S3at).

For the BiNbO,, TEM images reveal particles with an
elongated, rounded shape (Fig. 2c), exhibiting distinct sizes.
The HRTEM image (Fig. 2d) confirmed the high crystallinity of
the material, identifying a lattice spacing of 4.15 A corres-
ponding to the (1—11) plane of triclinic BiNbO,, in agreement
with the XRD results. No lattice fringes associated with ortho-
rhombic BiNbO, were observed in the analyzed HRTEM
images. Elemental mapping provides additional confirmation

4.15 AT
BiNbO,

Fig. 2 TEM (a) and HRTEM (b) images of ZnO. TEM (c) and HRTEM (d)
images of BiNbO,.

This journal is © The Royal Society of Chemistry 2025
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of BiNbO, formation, indicated by the unambiguous detection
of bismuth (Bi), niobium (Nb), and oxygen (O) elements
(Fig. S3bt).

TEM images of BiNbO,/ZnO and BiNbO,/ZnOr films (Fig. 3a
and e) reveal that the ZnO and BiNbO, particles are in close
contact, exhibiting morphologies similar to those of pure
materials. Diffraction patterns from the ZnO region display mul-
tiple diffraction rings, indicating a polycrystalline structure
(Fig. 3b and f). The HRTEM images confirm the crystallinity of
the materials through the clearly visible lattice boundaries
(Fig. 3c and g). The ZnO particles exhibit a lattice spacing of
2.46 A, corresponding to the (101) plane (ICSD 44477), consist-
ent with the pure ZnO sample. BiNbO, particles show lattice
spacing that corresponds to the (210), (121), and (040) planes of
orthorhombic BiNbO,. Elemental mapping confirms the pres-
ence of Zn, O, Bi, and Nb in both samples, verifying that the
ZnO and BiNbO, particles are in close contact (Fig. 3d and h).

However, from the TEM images, it is impossible to under-
stand the dispersion of the BiNbO, onto the ZnO or whether
the heterojunctions have been formed. Therefore, KPFM was
used to verify changes in the surface potential of the sample,
which would be a consequence of the change in the work func-
tion (in this case, band gap). The KPFM results (Fig. 4) showed
an increase in the heterogeneity of the surface potentials of
the BiNbO,/ZnO; sample compared to BiNbO,/ZnO,
suggesting a change in the material’s properties that may be
attributed to band gap variations resulting from heterojunc-
tion formation. Both topography and KPFM images show a
good alignment of ZnO and suggest a more homogeneous dis-
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persion of BiNbO, onto the ZnO surface in the BiNbO,/ZnOr
thin film.

XPS analysis was performed to confirm the chemical com-
position of the samples. The survey spectra (Fig. S41) show the
presence of bismuth, niobium, oxygen, and zinc (only on the
spectra of the ZnO film and the heterojunctions). The O 1s
XPS spectrum of ZnO film (Fig. 5a) shows a peak at the lower
binding energy of 530.78 €V assigned to O~ ions in the Zn-O
bonding of the wurtzite structure of ZnO. High-resolution O 1s
XPS spectrum of pristine BiNbO, (Fig. 5a) shows two peaks at
530.48 eV and 528.58 eV, corresponding to the O-Bi and O-Nb
bonds, respectively.>**® The peak at 532.28 €V corresponds to
the oxygen at the Nb-O bond of the Nb,Os oxide form.*® For
the BiNbO,/ZnO and BiNbO,/ZnO; samples, the O 1s XPS
spectrum shows a peak at 530.58 eV that is slightly shifted in
comparison to the peaks at similar binding energies found in
the spectra of pristine BiNbO, and ZnO; also, the peak is
broader. The observed peak probably corresponds to a combi-
nation of the O-Bi***° bond and O®  ions in the Zn-O
bonding.>” A second peak with lower intensity is observed at
around 528.90 eV and can be ascribed to the O-Nb bonds.**?®
The position of this peak is also shifted to a higher energy
value when compared to the pristine BiNbO,. These obser-
vations may suggest that oxygen is critical for the chemical
bond between the species.

The high-resolution Nb 3d spectrum of pristine BiNbO,
exhibits two peaks at 205.38 and 208.18 eV, corresponding to
the Nb** 3d5/2 and Nb®" 3d5/2 states, respectively (Fig. 5b).
These features are associated with Nb atoms octahedrally co-

- (300)

= (203)
s (200)
B (110)
B (102)
~——(101)

(100)

Fig. 3 TEM image (a), SAED (b), HRTEM (c) and elemental mapping (d) of BiNbO4/ZnO film. TEM image (e), SAED (f), HRTEM (g) and elemental

mapping (h) of BiNbO4/ZnO+ film.
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Fig. 4 Topography and KPFM images of ZnO BiNbO4/ZnO and BiNbO,4/ZnO+ samples.

ordinated to oxygen atoms, in which Nb atoms are surrounded
by six oxygen atoms, resulting in distorted octahedra ortho-
rhombic phase of Nb,Os oxide.>***3%3° while the Nb 3d spec-
trum of BiNbO,/ZnO film does not show significant shifts, the
spectrum of BiNbO,/ZnOr film presents a slight shift to higher
binding energy, indicating heterojunction formation.

The high-resolution Bi 4f spectrum of pristine BiNbO, exhi-
bits two peaks at 157.78 and 163.08 eV, which can be ascribed
to Bi 4f;,, and Bi 4f;,, respectively (Fig. 5¢). They are related to
the distorted trigonal bipyramidal of Bi,O; oxide.?*?¢38*!
Again, no significant shifts in the binding energy were
observed for the BiNbO,/ZnO, film. In contrast, a slight shift
to higher binding energy was observed for the BiNbO,/ZnOr
film, indicating heterojunction formation.

ZnO exhibits two distinct peaks at 1044.08 and 1021.08 eV,
corresponding to the Zn 2p1/2 and Zn 2p3/2 core levels,
respectively (Fig. 5d).>” These results indicate that the chemi-
cal valence of Zn at the surface of ZnO corresponds to a +2 oxi-
dation state.>” The binding energy found on the Zn 2p high-
resolution spectra of BiNbO,/ZnO and BiNbO,/ZnOr is shifted
to lower energy, which can be ascribed to changes in the
chemical environment. These complementary binding energy
shifts, positive for Nb and Bi species and negative for Zn,
establish a coherent charge transfer mechanism from the
BiNbO, phase to the ZnO component, which is characteristic
of successful heterojunction formation.*> The magnitude and
consistency of these shifts across the elements provide evi-
dence for interfacial charge redistribution and the establish-

15712 | Nanoscale, 2025, 17, 15706-15719

ment of internal electric fields that facilitate enhanced charge
separation in the composite photocatalytic system.*’

The work function (¢) of ZnO and BiNbO, samples was
determined from the secondary electron cutoff observed in the
UPS spectrum using He-I excitation (Fig. 6a). The secondary
electron onset on the left side of the spectrum was determined
as 17.49 eV and 16.55 eV for ZnO and BiNbO,, respectively. ¢
was then calculated as 3.73 eV and 4.67 eV for ZnO and
BiNbO,, respectively. The larger work function of BiNbO, in
comparison to ZnO suggests that the band alignment in the
BiNbO,/ZnO and BiNbO,/ZnOr forms a band bending at the
interface, indicating the formation of an S-scheme structure.**
The detailed calculation process is provided in the ESI.{ The
valence band maximum (VBM) was determined by linearly
extrapolating the low binding energy edge of the valence band
intersecting with the background in the XPS (Fig. 6b). The VB
vs. NHE (pH 0) was calculated as 3.05 V and 3.92 V for ZnO
and BiNbO,, respectively. These values are expected for n-type
semiconductors. The calculation process is also provided in
the ESLt

The UPS data were combined with the DRS results to assess
the band structure of the heterojunction. The DRS spectrum of
ZnO (Fig. 6d) shows an overlap in the visible and near-infrared
regions. A similar behavior is observed for pristine BiNbO,,
which shows lower reflectance between 400-500 nm than ZnO.
The band gap energies were estimated using the Kubelka
Munk Function (detailed calculation is shown in the ESI{). By
plotting the [F(R) x hv]* vs. hv, the direct band gap values were

This journal is © The Royal Society of Chemistry 2025
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determined (Fig. 6e). The calculated band gap of ZnO is 3.26
eV, consistent with the literature.'® For pristine BiNbO,, the
estimated band gap is 3.22 eV, which can be attributed to the
contribution of the triclinic phase. Based on these values, the
conduction band minimum (CBM) potentials vs. NHE (pH 0)
were calculated as —0.21 V and 0.70 V for ZnO and BiNbO,,
respectively (see calculations in the ESIt). Fig. 6f shows the
proposed band alignment of the heterojunctions, derived from
the combined UPS and DRS data.

Moreover, as depicted in Fig. 6c¢, the VB spectra of BiNbO,/
ZnO and BiNbO,/ZnOr indicate a shift in the VBM compared
to both pristine BiNbO, and ZnO (Table S1}). These changes
reinforce the hypothesis of a band banding due to the for-
mation of heterojunctions.”> The band gap energies of
BiNbO,/ZnO and BiNbO,/ZnO+, calculated from DRS (Fig. 6e),
also suggest electronic transitions resulting from heterojunc-
tion formation, where the observed shift relative to the individ-
ual components is attributed to band bending. However, the
DRS spectrum of BiNbO,/ZnOr resembles that of pristine
BiNbO,. The band gaps of BiNbO,/ZnO and BiNbO,/ZnOr were
calculated to be 3.24 eV and 3.19 eV, respectively. This change
aligns with the results obtained from KPFM. Finally, combin-
ing the estimated band gap energies and VBM positions, the
CBM values can be calculated as 0.49 V and 0.21 V vs. NHE pH
0 for BiNbO,/ZnO and BiNbO,/ZnOr, respectively. These values
lie between the CB potentials of the individual components,
which indicates changes in the band potentials due to the
combination of the materials through the method we reported
here. Therefore, the collected evidence supports the hypothesis
of heterojunction formation in BiNbO,/ZnO and BiNbO,/ZnOr.
However, the calcination process caused slight changes in the
band gap and band edges of the resulting material, which may
affect its applicability, as discussed later.

The dynamics of excess charge carriers in the photocata-
lysts and their recombination kinetics were investigated using
TRMC measurements (Fig. 7a). In ZnO-based samples, elec-
tron mobility is significantly higher than hole mobility,*® and
thus, Acs(t) (eqn (1)) primarily reflects the behavior of the
excess of electrons in the conduction band. A similar obser-
vation was also made for TiO, (P25), which has been analyzed
for comparison purposes. The BiNbO,/ZnO and BiNbO,/ZnO
samples exhibit reduced I,,,,x values compared to ZnO (53, 43,
and 64 mV, respectively). This decrease can be attributed to
the reduction of surface recombination centers,>”*® likely
resulting from the formation of the S-scheme structure. For
the BiNbO, sample, no TRMC signal was obtained; in this
case, no conclusion can be drawn for this material. Although
further insight could be gained from analysing the decay kine-
tics, the signal was too noisy to allow for a reliable
interpretation.

To better understand the role of the heterojunction in
enhancing the photogenerated charge separation efficiency,
steady-state photoluminescence (Fig. 7b) and TRF measure-
ments were carried out for all samples (Fig. 7c). The PL spectra
reveals that the emission intensities of both heterojunctions
(BiNbO,/ZnO > BiNbO,/ZnO;) are significantly lower than
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recorded with the excitation wavelength of 375 nm at room temperature
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those of the individual oxide films (BiNbO, > ZnO). The de-
activation process of the photogenerated electron in each film
can explain this variation in the PL intensities.*’*° In pristine
ZnO and BiNbQ,, electrons are excited from the VB to the CB
at a specific excitation wavelength. These electrons then
recombine with the holes in the VB, resulting in a PL signal
that reflects charge carrier recombination. In contrast, in the
heterojunction samples, in addition to electron-hole recombi-
nation, and charge transfer between the oxides can also occur.
This transfer process reduces the radiative recombination, as
evidenced by the lower PL intensity. I particular, the reduced
PL intensity observed for the BiNbO,/ZnOr film suggests a
lower rate of charge carrier recombination and a more efficient
charge transfer process.

Moreover, the TRF results indicate that recombination
occurs rapidly in ZnO and BiNbO, but is slowed down in the
heterojunctions. It was impossible to distinguish the time
decay between BiNbO,/ZnO and BiNbO,/ZnO: due to their
similar PL lifetimes. However, the observed trend provides
direct evidence that the photogenerated charge separation is
enhanced upon heterojunction formation.”®>> These results
align with those from TRMC measurements, which also indi-
cate efficient photogenerated charge separation in both
heterojunctions.

Photoelectrochemical experiments

To determine the flat band potentials, Mott-Schottky plots
were obtained using eqn (2):>*

R A (2)
2 \eegoNg) | 2~ ™7 ¢

where C is the space charge layers capacitance, e is the electron
charge, ¢ is the dielectric constant, ¢, is the permittivity of
vacuum, N4 is the charge carrier density, V, is the applied
potential, and Vg, is the flat band potential. The flat band
potential Vi, was determined by taking the x intercept of a
linear fit to the Mott-Schottky plot, 1/C*, as a function of
applied potential (V,), Fig. 8a. All materials showed positive
slopes, indicating n-type semiconductor behavior. The Vg, of
ZnO film was determined to be —0.30 V, which is in accord-
ance with previously reported data.>* For pristine BiNbO,, the
Vi, was less negative (—0.69 V) than other structures of
bismuth niobates.”® In the BiNbO,/ZnO sample, the Vg, was
very similar to that of pure ZnO (—0.24 V), suggesting limited
charge contact between the two components of the heterojunc-
tion. In contrast, the BiNbO,/ZnOr heterostructure showed an
intermediate Vg, value (—0.59 V), falling between the values
found for the individual components. This result reinforces
the hypothesis of a heterojunction formation. Measurements
at additional frequencies (Fig. S6 and Table S21) confirmed
the consistency of the Vg, values obtained.
The Np can be derived from eqn (2), resulting in eqn (3):

2 dE 2 1
b= )

- Egoedl ~ eeoe slope
CZ
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where the slope refers to the linear portion of the Mott-
Schottky plots. In other words, the plots in Fig. 8a can be used
to extract the charge carrier density from their slope. It can be
observed that pristine BiNbO, and BiNbO,/ZnOy, exhibit
gentler slopes compared to ZnO and BiNbO,/ZnO BiNbO,,
indicating a higher charge carrier density for the former two
materials.

The photoactivity of each electrode was determined by
measuring the current density during the oxygen evolution
reaction (OER) under AM1.5G simulated solar light, irradiated
on the front side of the film. Fig. 8b exhibits the chopped-light
linear sweep voltammetry results. It can be observed that
BiNbO,/ZnO and BiNbO,/ZnOr show higher photocurrents
compared to pristine ZnO and BiNbO, films. For BiNbO,
films, the current densities are significantly lower and indistin-
guishable in Fig. 8b; therefore, the corresponding linear vol-
tammogram is presented in Fig. S7.f BiNbO,/ZnOr generated
higher photocurrents than BiNbO,/ZnO. This result can be
attributed to the synergistic effect of the heterojunction
formed between BiNbO, and ZnO, combined with improved
particle coalescence due to the post heat treatment applied to
the BiNbO,/ZnOr film, which increases the charge separation
and, consequently, the lifetime of photogenerated charge car-
riers. These findings are consistent with the trends observed
in the TRMC, PL, and TRF results (Fig. 7). Also, the lower
energy band gap observed can facilitate the photogeneration
of charges. For the BiNbO,/ZnO, the results suggest the for-
mation of a heterojunction with lower charge transfer capacity,
which still improves the activity of the resultant material (in
comparison to pristine BiNbO, and ZnO); however, it does not
reach the same efficiency as the BiNbO,/ZnOr film.

The photocurrents obtained for BiNbO,/ZnOy heterojunc-
tion are slightly lower than those observed for BiNbO,/WO;
heterojunction.”® However, it is important to note that the
onset potential for BiNbO,/ZnOy heterojunction is more nega-
tive than that of BiNbO,/WOj; heterojunction. In addition, the
BiNbO,/ZnOr heterojunction exhibits higher photocurrents at
lower potentials and better stability at higher potentials. These
results make the BiNbO,/ZnOr heterojunction a more promis-
ing material than the previously reported BiNbO,/WO; hetero-
junction.” While the photocurrent is lower than that reported
by Arunachalam and coworkers (see ref. 12 and Table 1), it is
worth noting that their study was conducted in a strongly
basic medium, which can significantly influence performance.
Chronoamperometry experiments (Fig. 8c) show that ZnO exhi-
bits a fast charge injection upon light irradiation, followed by
a fast decay, suggesting fast recombination of photogenerated
charges. In contrast, BiNbO, shows inefficient charge injec-
tion, with a slow increase in current upon illumination that
fails to reach a stable state and remains much lower than that
of ZnO. The BiNbO,/ZnO generates higher photocurrents than
either ZnO or BiNbO,. Its charge injection is faster than
BiNbO, but slower than ZnO, and it does not show fast recom-
bination. BiNbO,/ZnO; exhibits similar behavior to BiNbO,/
ZnO, with a faster charge injection process and higher photo-
current. All photoanodes demonstrate good stability over time.
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These results suggest that the synergistic effects of the hetero-
junctions lead to a material capable of producing a greater
number of photogenerated charges due to the reduced recom-
bination rates. These conclusions are consistent with the
TRMC, PL and TRF data.

Hydrogen generation

Due to the high band gap potential of the heterojunction com-
ponents, the photocatalytic activity of the films was investi-
gated through hydrogen evolution reactions under UV light
(Fig. 8d). To estimate the mass of photocatalyst used in each

15716 | Nanoscale, 2025, 17,15706-15719

experiment, the materials (FTO coated with the photocatalyst)
were washed, dried, and weighed. They were then immersed in
a 10% (v/v) aqueous solution of aqua regia for 10 min to dis-
solve the ZnO deposition. The remaining FTO glass was
washed, dried, and weighed again. The mass difference was
assumed to correspond to the amount of catalyst used in each
hydrogen evolution measurement. Due to the low sample
masses, an ultra-microbalance was used for accurate measure-
ment. Among the tested films, ZnO film produced the lowest
amount of hydrogen, 1.43 mmol g~' h™"; however, this value is
still higher than previously reported in the literature for

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Schematic representations of the possible reaction mechanism of photoelectrocatalytic water oxidation process (a) and photocatalytic H,
production (b) over the S-scheme BiNbO4/ZnO and BiNbO,4/ZnO+ heterojunctions.

Zn0.’*>” Surprisingly, pristine BiNbO, produced 2.34 mmol
g~ ' h™" of H,, contradicting the trend observed in the photo-
electrochemical measurements. This result can be ascribed to
the use of a hole scavenger (TEOA) in photocatalytic measure-
ments. Moreover, this result is significantly higher than the
value reported by Dunkle and co-workers (Table 1),> who syn-
thesized BiNbO, via a solid-state method. The BiNbO,/ZnO
and BiNbO,/ZnO; heterojunctions produced 3.28 and
5.01 mmol g~' h™" of H,, respectively, indicating a significant
enhancement in photocatalytic performance upon forming
heterojunctions. The kinetics of H, production (Fig. S81) show
a continuous increase in H, generation over time, suggesting
sustained activity. Notably, all synthesized materials outper-
formed commercial P25, which, despite showing a higher I,
in TRMC measurements, exhibited poorer performance, likely
due to its higher charge recombination compared to ZnO,
BiNbO,/ZnO, and BiNbO,/ZnOr, as evidenced by the faster
TRMC decay.

Mechanism

The combined evidence indicates that the BiNbO,/ZnO and
BiNbO,/ZnOr heterojunctions form an S-scheme structure.
Under photoelectrochemical conditions (Fig. 9a), both oxides
generate electrons and holes when simulated sunlight is
applied. The photogenerated electrons are transferred from
the CB of BiNbO, and recombine with the holes at the VB of
ZnO. The remaining holes at the VB of BiNbO, oxidize water to
0O,, while the photogenerated electrons at the CB of ZnO flow
through the FTO to the external circuit up to the Pt counter
electrode, where H' is reduced to H,.

Regarding the photocatalytic generation of H, via TEOA
photoreforming, the same S-scheme charge transfer process
occurs (Fig. 9b). In this case, H, is produced both by H"
reduction by the photogenerated electrons in the CB of ZnO
and through the oxidation of TEOA. Notably, better hydrogen
generation was observed under UV light irradiation.

The photocatalytic mechanism is likely, even though the
estimated value for the conduction band of ZnO is less nega-
tive than —0.41 V. It is critical to highlight that the band struc-

This journal is © The Royal Society of Chemistry 2025

ture was estimated based on the combination of the band
edges determined for the individual components, which can
be slightly different on the heterojunctions, as suggested in
the UPS data. Thus, the dual path for photocatalytic H, pro-
duction remains likely due to the lower recombination and
higher electron lifetime observed for the heterojunction. The
exact mechanisms have been proposed for similar heterojunc-
tions using TEOA as a hole scavenger.’®>°

Conclusions

Here, microwave irradiation produced vertically aligned ZnO
nanorod films, which were then combined with BiNbO, to
form two different heterojunctions. The first material was pre-
pared without an annealing step (BiNbO,/ZnO), while the
second was submitted to thermal treatment (BiNbO,/ZnOr).
The detailed characterization of the synthesized materials,
including XRD, SEM and TEM, confirmed the successful
mixture between the components. KPFM, XPS, UPS, and
optical studies, as well as Mott-Schottky plots, indicated the
formation of a heterojunction. Both heterojunctions exhibited
an S-scheme structure, which enhances the separation of
photogenerated charge carriers. This proposition aligns with
the results of TRMC, TRF, and PL. Slight differences in the pro-
perties indicated that the thermal treatment enhanced the
coalescence and stability of the BiNbO,/ZnOy, thereby foster-
ing higher photo(electro)catalytic activity. The superior activity
of BiNbO,/ZnOr in both oxygen evolution (under photoelectro-
chemical conditions) and hydrogen evolution (under photo-
catalytic conditions) confirms its potential as a highly efficient
material. Therefore, this study demonstrates the successful
synthesis of a bismuth niobate-based material with enhanced
activity, making it a promising material for photocatalytic and
photoelectrocatalytic applications, particularly hydrogen gene-
ration. This material has significant potential for future
optimizations and technological applications, surpassing pre-
viously reported systems, such as pristine orthorhombic
BiNbO, and the BiNbO,/WO; heterojunction. This advance-
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ment is especially relevant in the Brazilian context, where
abundant niobium reserves present an opportunity to diversify
the applications of this strategic metal.
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