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Abstract: Photoelectrocatalytic approaches are fascinating options for long-lasting energy storage
through the transformation of solar energy into electrical energy or hydrogen fuel. Herein, we report
a facile method of fabricating a composite electrode of well-aligned TiO2 nanotubes (TNTs) decorated
with photodeposited silver phosphate (Ag3PO4) nanoparticles. Assessment of the optical, physio-
chemical and photoelectrochemical features demonstrated that the fabricated TNTs/Ag3PO4 films
showed a substantially boosted photocurrent response of 0.74 mA/cm2, almost a 3-fold enrichment
in comparison with the pure TNTs. Specifically, the applied bias photon-to-current efficiency of
the fabricated TNTs/Ag3PO4 composite electrode was 2.4-fold superior to that of the pure TNTs
electrode. In these TNTs/Ag3PO4 photoanodes, the introduction of Ag3PO4 over TNTs enhanced
light absorption and improved charge transfer and surface conductivity. The developed process can
be generally applied to designing and developing efficient contact interfaces between photoanodes
and numerous cocatalysts.

Keywords: photoelectrochemistry; TiO2 nanotubes; silver phosphate; water oxidation

1. Introduction

The exploitation of the solar-assisted photoelectrochemical (PEC) method to yield H2
clean fuel through water oxidation is significant, as it involves cost-effective semiconductors
and is driven by renewable solar energy [1,2]. Selecting the proper electrode for the
PEC process is mandatory, as the electrode must absorb visible-light photons and yield
photoinduced charge carriers, which can be applied economically for industrial uses [3,4].
To powerfully transform solar photons into chemical fuels, semiconducting materials with
acceptable band energy levels and low overpotentials are required, as they can arrest a
larger region of the solar spectrum to execute the hydrogen and/or oxygen evolution
reaction (HER/OER). In recent years, tremendous research work has been performed to
endorse competitive n-type semiconductor candidates as photocatalysts, since the OER
is a kinetically more complicated process, and therefore suffers from severe oxidizing
circumstances. In order to realize this, different kinds of metal oxide-based photoanode
materials have been widely explored (e.g., TiO2 [5], ZnO [6], SrTiO3 [7], Fe2O3 [8], and
WO3 [9,10]). More importantly, TiO2 is recognized as an appropriate electrode material
for the photoelectrochemical water-splitting scheme to generate hydrogen, due to its
acceptable energy level position, high optical as well as chemical stability, and chemical
inertness [11–13]. Although the wider bandgap (~3.2 eV) of bare TiO2 limits its usage and
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limits its optical absorption to the UV portion of the spectrum, resulting, besides the slow
carrier transport, in lower electrochemical features [14], TiO2 nanotubes (TNTs) provide a
direct path to photocarriers with a high catalytic surface area. Since TNTs were explored
by Hoyer via a template-aided method [15], the effect of the fabrication characteristics,
doping strategies, and uses of TNTs have been widely explored [16–18]. In this context,
highly oriented TNTs have been demonstrated in the literature to be excellent electrode
candidates, owing to their greater durability, great efficiency under UV light, sustainable
features, and tendency to possess abundant potential for wide absorption with reduced
recombination [19–21]. To achieve superior efficiency, the sensitization of TiO2 materials
has been carried out by narrow-bandgap materials [22,23], and metal nanoparticles [24]
are frequently created. However, it is still a huge task to fabricate highly effective TNTs
photoanodes with appropriate water oxidation co-catalysts (WOC) in order to decrease the
driving force of the water-splitting systems.

Recently, incorporating n-type semiconductor materials with a WOC has been found
to be a suitable route for boosting the photoelectrochemical features of TNT films, as well
as reducing the recombination rate of photoinduced charge carriers [25]. For instance,
incorporating transition metal phosphides/phosphates has been explored as a way to
boost the water-splitting systems [26–29]. Specifically, one of the most favorable candidates
demonstrated so far has been silver phosphate, Ag3PO4, an indirect bandgap semiconduc-
tor with a bandgap of 2.45 eV that is capable of capturing solar photons of up to 500 nm in
the visible-light region [30–32]. Interestingly, significant recent efforts have been carried out
to decorate Ag nanoparticles over the Ag3PO4 surface, which acted as an electron acceptor,
improving the charge separation and inhibiting the deterioration of Ag3PO4. Inspired
by these earlier reports, we have reported on BiVO4-based electrodes loaded with nanos-
tructured Ag3PO4 for the water oxidation reaction [32]. Interestingly, we also established
that having both oxygen vacancies in the bulk and metal doping over the surface of the
TNT array films can efficiently increase the efficiency of the light-driven water oxidation
reaction [33–35]. Therefore, the synergistic combination of TNTs with Ag3PO4 decoration
can be an effective approach to improving light-driven water oxidation reactions.

Herein, a series of silver-phosphate-decorated TNT electrodes were obtained through
the chemical photodeposition process, and their photoelectrochemical features in water-
splitting reactions are explored. The fabricated TNTs/Ag3PO4 electrodes exhibited a
superior photocurrent density (0.74 mA/cm2 at +1.23 VRHE), signifying almost a 3-time
enrichment over its parent TNTs. We attribute the boosted PEC features to the narrower
band-gap of the composite electrode and the reduced charge recombination resulting from
the combination of plasmonic Ag nanoparticles over the TNTs surface.

2. Results and Discussion
2.1. Crystalline Properties of TNTs/Ag3PO4 Arrays

The overall procedure to decorate Ag3PO4 nanoparticles over TNTs films is defined
in Figure S1 (Supplementary Materials). With this chemical photodeposition method
and voltammetric scans, good regulation over the number of Ag3PO4 deposited layers
over the TNTs surfaces were acquired. The initial optimization of the photodeposition
concentrations of Ag nanoparticles was performed using numerous varied concentrations
(0.01–0.2 M [AgNO3]). The optimal Ag concentration in the TNTs for effective electrodes
was observed to be 0.05 M.

A crystalline analysis was performed to inspect the role of Ag3PO4 incorporation
over the fabricated TNTs in the photoelectrochemical performances. Initially, an X-ray
diffraction (XRD) analysis of TNTs, TNTs/Ag, and TNTs/Ag3PO4 photoelectrode materials
was performed (Figure 1a). Interestingly, the acquired diffraction patterns for all the
electrodes were observed at 25.1◦, 46.5◦, and 54.6◦, which are the diffraction patterns
corresponding to the (1 0 1), (2 0 0), and (2 1 1) diffraction planes of the pure anatase
TiO2 phase (JCPDS 21-1272) [36]. No other peaks related to Ag or Ag3PO4 were noticed
in the relevant XRD patterns, reflecting the small loading of the co-catalyst. The average
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crystallite sizes of the bare TNTs, Ag/TNTs, and Ag3PO4/TNTs were calculated to be
22 nm, 30, and 34 nm, respectively, as evaluated by the Scherrer formula [37]. These values
can, however, be unreliable, as the Scherrer formula considerably diverges for anisotropic
tubular shapes with high aspect ratios like TNTs [38,39].

Figure 1. Crystalline features of electrodes (a) X-ray diffraction patterns of bare TNTs (black),
optimized TNTs/Ag electrodes (magenta) obtained by photodeposition process, and TNTs/Ag3PO4

(blue) electrodes obtained through photodeposition process (b) Raman spectra of pure TNTs (black),
TNTs/Ag3PO4 electrodes.

Further, Raman spectroscopy has been applied as a sensitive system to observe the
phase and surface composition of the fabricated electrodes. The Raman spectroscopic
characterization of pure TNTs and TNTs/Ag3PO4 electrodes is presented in Figure 1b.
It is clearly evidenced that the anatase phase dominates the crystal structure of the
pure and Ag3PO4-loaded electrodes. Anatase has six Raman-active vibrational modes
(1A1g + 2B1g + 3Eg) [40]. The B1g, A1g, and Eg reflections, respectively, at 392 cm−1,
513 cm−1, and 636 cm−1 all confirm the anatase phase of the TNTs. After Ag3PO4 decora-
tion over the TNTs, no signal related to Ag or Ag3PO4 nanoparticles was identified, perhaps
because of the fairly low concentration of Ag incorporation onto the TNTs and its weak
Raman scattering. This validated that Ag nanoparticles decoration does not considerably
affect the crystalline features of TNTs electrode films.

2.2. Optical Properties of TNTs/Ag3PO4 Arrays

Diffuse reflectance spectroscopy (DRS) was engaged to explore the optical properties
of the unmodified TNTs, TNTs/Ag, and TNTs/Ag3PO4 array films; the acquired spectra
are presented in Figure 2a,b. The optical analysis presented in Figure 2a clearly vali-
dates that Ag3PO4 incorporation boosts the optical absorption features of TNTs between
380 and 800 nm. Mostly, the TNTs array surface absorbs the light photons in the UV region.
Interestingly, the UV-Vis analysis evidenced that the Ag3PO4 incorporation improved
the light absorption intensity in the visible region. The shift of absorption towards the
visible region can also be partially attributed to the plasmonic response of the Ag particles
decorated over the TNTs electrodes. In order to evaluate the effective band gaps of pure
and composite electrodes, which is a mandatory step for identifying the effectiveness of
decorating with Ag3PO4 when used as an electrode co-catalyst, Tauc plots were generated
and are shown in Figure 2b. From these plots, the effective band gap is estimated to be
3.18 and 2.83 eV for the TNTs and TNTs/Ag3PO4 electrode materials, respectively. The
bandgap for the pure TNT array film is in agreement with earlier described reports [41]. The
Ag3PO4 layer modified the effective bandgap of the TNT electrode. In addition, absorption
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in the visible range can also be observed, and it extends from just above the band edge
at ~400 nm to the end of the visible spectrum. Previous reports have demonstrated that
Ag/Ag3PO4 nanostructures induce light scattering [42], which enhances the overall light
absorption process.

Figure 2. Optical features of electrodes. (a) Normalized UV–Vis absorbance spectra and
(b) its corresponding Tauc plot relationship among (αhv)0.5 and E (eV) for fabricated TNTs films
and Ag nanoparticles decorated TNTs, and TNTs/Ag3PO4, with bandgaps of 3.18, 3.11 and 2.83 eV,
respectively.

2.3. Surface Features of TNTs/Ag3PO4 Arrays

Figure 3 displays the surface morphological properties of the TNTs/Ag3PO4 array
films as observed by Field Emission Scanning Electron Microscopy (FE-SEM). The Ag3PO4
decorated TNTs (Figure 3a,b) preserved their open-top structure and incessant nanotubular
morphology, maintaining an accessible surface area for the diffusion of electrolyte ions. As
shown in Figure 3a,b, morphological examination reveals a well-ordered, vertically aligned
tubular structure, with a nanotube diameter in the range between ~95 to 115 nm, a nanotube
length of about ~550 nm, and a wall thickness of ~18 nm. No obvious accumulation of
Ag3PO4 has been witnessed over the TNTs surface. Also, minor fragments of cracks exist
within the nanotube walls. Figure 3c shows cross-sectional images of the TNTs/Ag3PO4
composite film. Again, the TNTs were well-aligned, and the tube diameters and wall
thicknesses did not vary with Ag3PO4 decoration. Energy dispersive x-ray spectroscopy
(EDS) examination determined the Ag doping levels in the obtained films. Figure 3d
displays the EDS spectrum; Ag, P, Ti, and O peaks are evident, revealing the incorporation
of the Ag3PO4 layer.

The formation of a well-organized interface between TNTs and Ag3PO4 was assessed
by High-Resolution Transmission Electron Microscopy (HRTEM) analysis. Figure 4a,b
illustrates the HRTEM photographs of the TNTs/Ag3PO4 electrodes, which confirm the
homogeneity and arrangement of the obtained NTs arrays. Moreover, the developed TNTs
displayed an outer diameter of 170 ± 2 nm and a wall thickness of 20 ± 2 nm. The high-
resolution HRTEM photograph (Figure 4c,d) demonstrates distinctive lattice fringes of
0.352 nm, which agrees with the (101) diffraction plane of anatase TiO2 (JCPDS no. 21-1272).
Remarkably, the TNTs/Ag3PO4 array electrodes were distinguished by the existence of
5–10 nm nanocrystallites on the TNTs surface (Figure 4d).
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Figure 3. Morphological features of electrodes. (a,b) FE-SEM top-view images of Ag3PO4 photode-
posited over TNTs substrate and (c) its cross-sectional view showing the TNTs walls of TNTs/Ag3PO4

film. (d) EDS results for TNTs/Ag3PO4 electrodes.

Figure 4. (a,b) HR-TEM images of the TNTs/Ag3PO4 array films prepared using a two-step anodiza-
tion process; (c,d) at a higher magnification of TNTs/Ag3PO4.
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The chemical state of each component in the TNTs/Ag3PO4 array films was examined
by X-ray Photoelectron Spectroscopy (XPS). Figure 5a demonstrates the XPS survey scan of
both pure and TNTs/Ag3PO4 composite electrodes, in which the peaks of Ti, O, Ag, and P
could all be observed. The high-resolution Ti 2p spectra of both electrodes are displayed
in Figure 5b. The two main peaks, located at 464.0 and 459.2 eV, agree to Ti 2p1/2 and
2p3/2, respectively, which specifies the 4+ state of Ti allied with TNTs. Further, the peak-to-
peak positions and 5.86 eV peak separation of the Ti 2p doublet agree well with TiO2 [43].
Figure 5c illustrates the O 1s spectra of the TNTs and TNTs/Ag3PO4 electrodes. The O 1s
spectra evidence the prominent peak at ∼530.4 eV and another shoulder peak at 531.5 eV,
revealing the presence of two different O chemical states in the prepared electrodes [44].
The asymmetry of the Ag 3d peaks suggests the existence of dissimilar oxidation states for
Ag on the TNTs/Ag3PO4 film electrodes. After deconvolution, two main peaks at 374.1 and
367.9 eV are resolved (Figure 5d), corresponding with the Ag 3d3/2 and Ag 3d5/2 orbitals
of Ag+, respectively [45]. In addition, the smaller shoulder peaks at 374.2 and 368.2 eV
are characteristic of the metallic Ag0 oxidation state. The presence of metallic Ag over the
surface of Ag3PO4 is reported to function as an electron acceptor to boost the photoinduced
charge carrier separation and inhibit the reductive breakdown of Ag3PO4 [46]. Also, the
P 2p peak representing P5+ in the phosphate group can be recognized at 133.4 eV in the
TNTs/Ag3PO4 composite films, as seen in Figure 5e, validating the development of the
Ag3PO4 phase.

The O 1s, Ti 2p3/2, Ag 3d5/2, and P 2p3/2 peaks were applied to quantify the chemical
composition of the surface of the composite electrode. The atomic percentages of oxygen, Ti,
Ag, and P were calculated to be respectively 62.1%, 29.1%, 1.2%, and 7.6%. When compared
to the EDX compositional analysis (inset in Figure 3d), the differences are informative about
the film homogeneity of the Ag3PO4 layer. First, the increase in the at% of both Ag and P is
consistent with the surface sensitivity of the XPS technique. XPS is a surface technique that
probes only the top 2–3 nm of the sample, while EDX microanalysis can go deeper into the
sample. However, the Ti at% of 29.1% (compared to 36.95% in EDX) detected by XPS is still
substantial, indicating the ultra-small thickness of the Ag3PO4 layer over the TNTs surface.

2.4. Photoelectrochemcial Performances of TNTs/Ag3PO4 Arrays

The photoelectrochemical performance of the fabricated TNTs, and of the TNTs/Ag
and TNTs/Ag3PO4 array films best optimized toward PEC water splitting, was explored
under continuous/chopped visible-light photons in a 0.1 M PBS solution. Figure 6a
displays the linear sweep voltammogram (LSV) plots at 10 mVs−1 while in-situ light
pulsing for TNTs/Ag3PO4 composite array films decorated with an upsurging quantity
of Ag nanoparticles deposited in PBS solutions. Remarkably, the acquired photocurrent
response rises from 0.25 to 0.9 mA/cm2 as the concentration of AgNO3 increases from 0
to 0.2 M, owed to improved light absorption and, thus, enhanced photoinduced carrier
density. The maximal photocurrent response of 0.9 mA/cm2 was attained at a concentration
of 0.05 M and 1.23 VRHE (Figure 6b). At higher concentrations of Ag (>0.05 M), the
photogenerated holes need to be transported between numerous Ag3PO4 crystallites to
reach Ag3PO4/electrolyte interface sites, which substantially decreases the kinetics of the
hole transfer process, and, therefore, a lesser current density is witnessed [47]. Figure 6c
illustrates the LSV plots of the fabricated TNTs and TNTs/Ag3PO4 array films at 5 mV/s.
Under illumination, an acquired photocurrent at 1.23 VRHE was demonstrated on the
order of TNTs/Ag3PO4 (0.74 mA/cm2), which is a 3-fold enrichment compared to the
unmodified TNTs films TNTs (0.24 mA/cm2). The onset potential was also reduced with
Ag3PO4 decoration. Under the chopped condition, as seen in Figure 6d, the optimal
TNTs/Ag3PO4 electrodes also revealed boosted photocurrent response compared to the
unmodified TNTs. The estimated photocurrent response can be attributed to the enhanced
oxygen evolution reaction [48], which is greater upon Ag3PO4 introduction over TNTs
films. This considerable decline in onset potential and enhancement in photocurrent
density demonstrate a superior water splitting reaction, which may be enhanced by the
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higher absorption (and so higher carrier density), efficient photoinduced carrier separation,
and reduced rate of electron-hole recombination. Figure 6e illustrates the curves of the
applied bias photon-to-current efficiency (ABPE) with respect to potential. Specifically,
the pure TNTs array films show an optimum ABPE efficiency of 0.253%. Remarkably,
the TNTs/Ag3PO4 composite film showed higher efficiency, with a maximum ABPE of
0.58% at a relatively lower bias of ~0.33 VRHE. Therefore, nearly 2-fold enhancement in
ABPE efficiency at a reduced applied bias resulted from the decoration of Ag3PO4 on the
TNTs. Lastly, the photoinduced charge carrier separation and charge transport within
Ag3PO4 can be other major aspects behind the improved PEC features of TNTs/Ag3PO4
composite films.

Figure 5. Surface features of electrodes. XPS-survey spectrum of TNTs (black), and TNTs/Ag3PO4

(blue) (a), and the High-resolution Ti 2p spectra (b), O 1s spectra (c), Ag 3d spectra (d), and P 2p
(e) spectra of TNTs, and TNTs/Ag3PO4 array films. The solid line is fitted; the dashed line is the
experimental line.
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Figure 6. (a) Transient photocurrents obtained for TNTs array films with varied Ag nanoparticles
using chemical photodeposition process; (b) Photocurrent response acquired at 1.23 VRHE by varying
the Ag concentration in the chemical photodeposition process. (c) Linear sweep voltammetric
(LSV) curves of fabricated TNTs, optimized TNTs/Ag electrodes, and TNTs/Ag3PO4 acquired
under constant irradiations (1.5 G AM); (d) corresponding LSV plots attained for TNTs films and
TNTs/Ag3PO4 array films under chopped irradiation; (e) estimated photoconversion efficiencies
plots received for TNTs arrays, TNTs/Ag and TNTs/Ag3PO4 electrodes.
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Further data to explicate the origin of the improved PEC features of the TNTs/Ag3PO4
array films were obtained from a voltammetry analysis with the presence of a Na2SO3
sacrificial hole scavenger, as seen in Figure 7a. In addition, the Figure 7b curves show the
photocurrent response of the TNTs/Ag3PO4 array films with and without Na2SO3. It is
evident that the TNTs/Ag3PO4 films displayed an obvious enrichment of the photocurrent
response and a reduction of onset potential in the presence of Na2SO3. The hole scavenger
reduces the recombination of charge carriers and improves the injection of photoinduced
holes into the electrolyte. Surface charge transfer (ηsurface) efficiency was accordingly
calculated for the fabricated TNTs and TNTs/Ag3PO4 films at different applied biases,
using Equation (2). It has been confirmed that 100% of the photoinduced holes are exploited
in Na2SO3 oxidation, which means ηsurface is 100% [49]. Indeed, the TNTs array films
produced only <35% ηsurface, even at a higher applied bias, at which the greater electric
field hampers surface carrier recombination. Notably, after decorating with Ag3PO4,
ηsurface of the TNTs/Ag3PO4 composite array films was enhanced to ~84% at 1.23 VRHE,
signifying enhanced charge transfer kinetics. This can be understood by reference to the
TNTs/Ag3PO4 type II heterojunction structure (Figure 7f), which improves the charge
carrier separation. In addition, it was reported that Ag3PO4 can also enhance the stability
of the nanotubes by decreasing the recombination of charge carriers via the rapid and
comprehensive OER [32].

The stability/durability test was performed on the optimized TNTs/Ag3PO4 pho-
toanodes, using chronoamperometric measurements at 1.23 VRHE evaluated in PBS (0.1 M,
pH 7.5), under constant illumination conditions (Figure 7d). The chronoamperometric plots
for the TNTs/Ag3PO4 electrode showed improved stability compared to the pure TNT elec-
trode; subsequently, after 8 h of chronoamperometric tests, 62.50% of its early performances
were sustained (0.42 vs. 0.74 mA/cm2). Table S1 (Supplementary Materials) compares the
photocatalysts fabricated in the present study with those in earlier reports. Moreover, to
evaluate the mass loss through the durability test, an XRD and FE-SEM of the TNT/Ag3PO4
composite film were attained at eight hours. Notably, the obtained TNTs/Ag3PO4-treated
film had no obvious modifications in its diffraction pattern (Figure 7e) and FESEM images
(Figure S2, Supplementary Materials) after 8 h, compared to the fresh electrode.

The interfacial charge transfer features were examined by electrochemical impedance
spectroscopy (EIS), as seen in Figure 8a. The Nyquist plots of the TNTs/Ag3PO4 and
the TNTs array films assessed under illumination conditions at 1.0 VRHE, along with the
equivalent circuit, are presented in Figure 8a. Interestingly, under illumination, the di-
ameter of the arc radius is much lesser for the TNTs/Ag3PO4 array films than for the
pure TNTs, revealing fast interfacial charge transfer through the interface, and an ef-
fective separation of photoinduced electron-hole pairs, resulting in greater PEC prop-
erties [50]. The choice of the equivalent electrical circuit is dependent on the behavior
of the plots, as seen from the inset of Figure 8a; two-time constants were seen, and the
fitted curves were in good agreement with the experimental data throughout the entire
frequency range. As reported previously [51,52], the most appropriate circuit for the
analysis of TNTs is (Rs(Q1(R1(Q2R2)))). Evidently, Ag3PO4-addition enriched the charge-
carrier density and electronic conductivity, thereby decreasing the resistance (Table S2,
Supplementary Materials).
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Figure 7. (a) Linear sweep voltammogram plots of TNTs (black) and TNTs/Ag3PO4 (blue) under con-
tinuous illuminations in 0.1 M PBS and 1 M Na2SO3 as hole scavenger and chopped (b) illumination
of TNTs/Ag3PO4 photoanodes with and without 1 M Na2SO3; (c) plots of ηsurface vs. applied bias
acquired for bare TNTs and composite TNTs/Ag3PO4 films; (d) chronoamperometric measurements
at 1.23 VRHE of the long-lasting photostability of the TNTs and TNTs/Ag3PO4 array films evaluated
in 0.1 M PBS (pH 7.5) under continuous irradiations (AM 1.5 G). (e) X-ray diffraction patterns of
TNTs/Ag3PO4 array films earlier (solid) and after (dashed) 8 h of the chronoamperometric test
(f) mechanistic illustration of TNTs/Ag3PO4 array film.
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Figure 8. (a) Nyquist plots of fabricated TNTs array films and photodeposited Ag3PO4 over the
surface of TNTs (TNTs/Ag3PO4) composite array films. The measurements were executed at
1.0 VRHE, at frequencies varying from 100 kHz to 0.05 Hz, and the inset shows the equivalent circuit.
(b) Mott–Schottky measurements for unmodified TNTs, and TNTs/Ag3PO4 electrodes under the
dark condition at 100 Hz.

To further gain insight into the effect of Ag3PO4 on the electrical performances of TNTs,
the Mott–Schottky curves of the fabricated array films are displayed in Figure 8b. Interest-
ingly, the obtained Mott–Schottky plots of the pure TNTs and the composite TNTs/Ag3PO4
array films revealed a positive slope, as expected for n-type semiconductor electrodes.
Obviously, the acquired curves remarkably validated that the fabricated composite array
films had a lesser slope than their pure TNTs, indicating the enriched carrier density and
also the improve conductivity features of the former [53]. In particular, the assessed carrier
density of the fabricated TNTs/Ag3PO4 was 2.8 × 1019 cm−3, greater than that of the pure
TNTs electrodes (7.90 × 1018 cm−3). The higher carrier density can be credited first to
defect doping in the TNTs bulk, which is responsible for the reduction of the bandgap
observed above. In addition, the decoration of the lower bandgap Ag3PO4 will result in a
higher effective carrier density of the composite film. Furthermore, as seen in Figure 8b,
by assuming the M-S curves to the potential axis, the flat band potentials (EFB) of the
pure TNTs and their composite TNTs/Ag3PO4 array films were assessed to be 0.048 and
0.19 V vs. RHE, respectively. Moreover, the EFB of the composite TNTs/Ag3PO4 array
films was effectively moved positively and inferior to its parent TNTs, agreeing with the
electrochemical variations of the overpotential oxygen evolution reaction. In the case of the
TNTs/Ag3PO4 array films, the obvious positive shift of EFB enhanced the band bending
at the composite TNTs/Ag3PO4 array films and electrolyte interface, thereby decreasing
the recombination of the photoinduced electron-hole pairs and their overpotential in the
oxygen evolution reaction kinetics of the TNTs/Ag3PO4 composite array films.

3. Experimental Section
3.1. Chemicals

Ti foils (>99.5%, Alfa Aesar, Kandel, Germany) were applied to synthesize TNTs.
Ammonium fluoride (NH4F) and (Sigma Aldrich, St. Louis, MI, USA), silver nitrate, and
sodium sulfite (Na2SO3) were received from Sigma Aldrich (St. Louis, MI, USA). Sodium
phosphate (NaH2PO4, ≥99.0% and Na2HPO4, ≥98.0%, Sigma Aldrich, St. Louis, MI, USA)
was applied to fabricate the phosphate buffer solution (PBS). Ethylene glycol (EG) was
received from BDH.
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3.2. Fabrication of TNTs/Ag3PO4 Photoanodes

TNTs films were synthesized through a dual-step anodization method of Ti substrates
under normal circumstances, as previously reported [32]. A series of silver nanoparticles
were decorated over the surface of TNTs photoanodes via a chemical photodeposition
process. Subsequently, the incorporation of Ag nanoparticles over TNTs films was imple-
mented by impregnating the array of films in a AgNO3 solution for 5 min. Afterward,
the obtained electrodes were taken out and then cleaned with water and dried out in
an N2 atmosphere. Later, the subsequent electrode films were kept under the UV lamp
(400 W) for 60 min and then cleaned with water and dried out in the air. Similarly, a series of
Ag nanoparticles and an AgNO3 solution with altered concentrations were exploited, and
the AgNO3 concentration tuned from 0.025 to 0.2 M. The obtained electrode is labeled as
TNTs/Ag. In order to acquire the Ag3PO4 nanoparticles, the obtained films were subjected
to cyclic voltammetric scans within the range of −0.5 to 1.6 V (vs Ag/AgCl) in a PBS (0.1
M, pH 7.5), at the scan rate of 50 mV/s. Figure S1 demonstrates the different steps of the
synthetic process involved in developing the TNTs/Ag3PO4 electrode materials.

3.3. Materials Characterization

The morphological features of the photoanodes were examined via field effect SEM (FE-
SEM; JEOL JSM-7000F, Tokyo, Japan). Diffuse reflectance UV-Vis spectra were evaluated
in a Shimadzu UV-3600 spectrophotometer. The crystal features of fabricated electrodes
were studied by the Rigaku XtaLAB Mini II benchtop system. The surface features of the
electrode materials were examined through an X-ray Photoelectron Spectrometer (JEOL
JPS-9030, Tokyo, Japan). PEC measurements were carried out through an electrochemical
system (PGSTAT30) below AM 1.5G solar irradiation. All the PEC analyses were evaluated
in a 0.1 M PBS.

The applied bias photon-to-current efficiency (ABPE) of the fabricated materials was
assessed through the linear sweep voltammogram (LSV) plots obtained in Equation (1).

ABPE (%) =
JPEC

(
mA/cm2)× (1.23 − Vbias)V

Pin(mW/cm2)
× 100 (1)

where JPEC is the photocurrent density, Vbias is the applied potential, and Pin is the incident
irradiation power density.

The surface charge transfer efficiency of the electrodes was obtained using Equation (2).

ηsurface =
JH2O

JNa2SO3
× 100 (2)

where JH2O and JNa2SO3 are the photocurrents measured in the 0.1 M PBS without and with
1 M Na2SO3, respectively.

4. Conclusions

In summary, heterostructured Ag3PO4/TNTs electrodes were fabricated by a facile
anodic oxidation method and chemical photodeposition process. Well-aligned TNTs were
fabricated, and their decoration by Ag3PO4 essentially did not alter the homogeneity
and tubular structure of the film as revealed by FESEM and HRTEM. The TNTs/Ag3PO4
composite presented a remarkable photocurrent density of 0.74 mA/cm2 at 1.23 V versus
RHE, compared to 0.25 mA/cm2 for the undecorated TNT film, with a remarkably reduced
on-set potential. In addition, the charge transfer efficiency was calculated to be 84%
(compared to <35% for the pure electrode), with enhanced durability with only a 35%
photocurrent loss after 8 h of operation. Also, the onset potential of the TNTs/Ag3PO4
array films declined to 0.06 VRHE, and the ABPE was 0.53%. The EIS examination validated
that the synthesized Ag3PO4 layer provided efficient charge transfer kinetics and reduced
electron-hole recombination. These observed outcomes show this to be an effective tactic
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for designing new kinds of photoelectrode materials based on rare-earth materials for PEC
and photocatalytic uses.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal12111440/s1, Figure S1. Schematic representation of
fabrication process; Figure S2. FESEM analysis of the fabricated electrodes after durability test; Table
S1. comparison table with literature; Table S2. Impedance parameter values derived from the fitting
to the equivalent circuit for1 the impedance spectra were examined under constant illumination
conditions at 1.0 V vs. RHE. References [20,28,53–63] are cited in Supplementary Materials.
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