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HIGHLIGHTS

e Growth of the interfacially matched V,0s nanobelts and flake-like Co-ZnO thin films.

e Combined oxygen bonding at the interface of flake-like Co-ZnO and V305 nanobelts.

o Surface engineering of V,05/Co-ZnO holds the hydrophilic nature with 63°.

o Surface diffusion improves charge carrier acceleration and visible light harvesting.

e V,05/Co-ZnO outperforms with 42.0 and 10.0 times PEC activity than ZnO and V,0s/ZnO.

ARTICLE INFO ABSTRACT

Keywords: We report on novel interfacial assembly behavior of V,05 nanobelt bundles (VoOs NBBs) paired with flake-like

ZnO ZnO (V20s5/Zn0) and Co (1.8 at.%)-ZnO (V20s5/Co-ZnO) thin films for the first time. This work accomplished

V205 L o highly stable visible-light-driven photoelectrochemical (PEC) water splitting and toxic NO; gas sensing. Mainly,

Nanobelt/ ﬂake-l} k.e interface diffusion charge carrier acceleration ability is associated with the interfacial diffusion behavior between nanobelt and

Stable water splitting B . . . .

Gas sensing flake-like morphologies. Structural studies revealed strong network formation between predominant ZnO (002)
and V305 (001). Because of nanobelt/flake-like intimate interaction, we fairly established the flake-like ZnO and
Co-ZnO morphological features on V205 NBBs. Accordingly, chemical analysis of V205/Co-ZnO illustrated a
shift in the O 1s peak position towards lower binding energy, which is ascribed to the impressive combined
oxygen bonding formation at the interface of Co-ZnO and V2Os. Taking advantage of the interfacial interaction
and abundant hydrophilicity (63°) of V205/Co-ZnO, we controllably achieved stable water splitting activity
about 21.0 min. In an effort, V205/Co-ZnO composite outperformed the photocurrent generation with 1.45 x
1074 A/cmz, which is 42.0 times higher than ZnO. Also, V205/Co-ZnO attained NO3 gas response (130.0%) at
50 ppm. Comprehensively, nanobelt/flake-like morphological integration serves as a highly stable photoanode in
the PEC cell as well as a toxic gas sensor.

1. Introduction

Nowadays, generating sustainable clean energy has become
increasing demand due to the destructive depletion of many fossil fuels,
including natural gas, petroleum and coal, which is mainly due to the
rapid increase of global population and industrialization. To solve the
above ecological problems, there is an interesting demand pertained to
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develop promising and alternative sustainable clean energy techniques,
which can resolve the current public energy crisis. As an emerging
technique, photoelectrochemical (PEC) water splitting notably attracted
many researchers for sustainable hydrogen (H,) fuel generation from
water. To this end, researchers have been focusing on the development
of versatile visible light active materials, which endows water splitting
into Hy and Oa. Specifically, the production of Hy fuel using the PEC
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water splitting technique through harvesting solar energy is an effective
strategy, which is an exceptional way for zero-emission carbon
byproducts. For this purpose, Fujishima and Honda first reported the
groundbreaking work on TiO; as a potential photoanode in the year of
1972 [1]. Despite the remarkable advantage, TiO5 only absorb a limited
UV portion (4%) of solar light because of its band gap falls in the UV
region. Thus, several specified semiconducting oxide materials such as
ZnO, Fey03, SnO5 and WOj3 etc. have been endeavored to explore the
possible PEC activity. Among these, ZnO preferred as an alternative
material to the TiO2 due to its higher electron mobility and lower
recombination rate than TiO5 [2]. Moreover, ZnO exhibits key features
such as non-toxicity, abundance, chemical stability and good photo-
catalytic activity. In this context, ZnO (Eg = 3.37 €V) prevails effective
PEC performance. But, ZnO is also restricted in the UV region of the solar
spectrum. Generally, visible light PEC activity can be accomplished by
the transition metal ion doping or making promising hybrid structures.
Especially, making of interfacially assembled hybrid structure using
semiconductor thin film and nanostructures is an interesting way. In
particular, matching of interfacial environment enables visible light
response. In such a way, to cultivate the visible light active composite
through the improved charge carrier kinetics, integration of rationally
designed ZnO and V.05 nanostructures is growing immense interest.
Generally, V905 exhibits a band gap of about 2.3 eV [3,4], which can
absorb visible light. Also, it was reported that V,0s is a source for low
electrical conductivity, poor microstructure stability, charge trapping
states, and high density of surface states [3]. As a result, significant
charge carrier recombination limits its ability towards superior photo-
conversion efficiency [5]. To overcome these traditional issues, it is
necessary to develop the interfacially assembled heterostructure by
combining wide band gap semiconducting oxide material, which is
representative to inhibit the charge carrier recombination. For instance,
the organization of the nanostructure/metal oxide thin film intimate
interface is quite an interesting, challenging and novel perspective in the
field of optoelectronic devices. Moreover, it discusses the unique surface
interfacial interaction properties for achieving superior charge carrier
generation and separation. Hence, intimate interfacial interaction was
adopted to optimize and extend the visible light absorption during the
PEC activity. Therefore, nanostructure/metal oxide thin film morpho-
logical features unveiled state-of-the-art material, which facilitates
improved charge carrier generation, lifetime and separation. To date,
many researchers developed V505 based composites for diverse appli-
cations. Waseem et al. [6] developed GaN/V50s5 core-shell nanowires for
piezoelectric nanogenerators. Nagaraju et al. [7] synthesized ZnO/V20s
nanostructured composite thin films for toluene detection. Xie et al. [8]
fabricated TiO3/V205 nanocomposites for arsenic detection. Sahatiya
et al. [9] studied the enhanced photodetector performance using V505
nanowires over MoSy nanoflakes. Recently, Liu et al. [10] reported
symmetric supercapacitor activity of V,0s/rGO composites. Ahirrao
et al. [11] revealed the superior electrochemical and supercapacitor
activity using V,0s nanowires based graphene composite. Hong et al.
[12] studied the enhanced visible light efficiency on Z-scheme
V205/8-C3Ny heterojunctions. Su et al. [13] explored the kinetic be-
haviors of photogenerated charge carriers on VoO5-BiVO4 composite.
Among these rationally designed composites, ZnO/V,0s hybrid struc-
ture has been attracted due to its diverse applications including, field
emission properties [14], visible light photocatalysis [15-21] and anti-
bacterial activity [22]. At this point, limited findings have been reported
to reveal the impact of various V505 nanostructure interactions with
ZnO in the ZnO/V30s composite, which including nanoparticles [14,
201, nanowires [22], shell [23] and shell layer [15]. Motivated by the
above morphological integration, we adopted the V505 nanobelt bun-
dles (V205 NBBs) interfacial interaction with flake-like ZnO thin films,
which significantly reveal the charge carrier generation, separation and
transportation properties. Moreover, to further extend the photo-
response towards visible light and improve the charge carriers, transi-
tion metal ion such as Co?' can be incorporated into the ZnO host
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lattice, which is sensitive to succeed the charge carrier generation [24]
and acceleration between V5,05 and Co-ZnO. In particular, V,05 espe-
cially in the form of nanobelt shape brings us significant attention, since
the choice of its perfect interaction with sputter-deposited flake-like ZnO
and Co-ZnO thin films. This allows the magnitude of intimate interface
interaction. Therefore, understanding the interfacial charge carrier
transportation relation between (i) ZnO and V505 in the V50s5/Zn0O and
(ii) Co~ZnO and V305 in the V505/Co-ZnO promotes the development of
V205 based visible light PEC active material. Besides, nitrogen dioxide
(NOy) is a hazardous gas to our society, which is expelling from the
combustion of fossil fuels and automobiles. Pure V05 acts as a good
NO; gas sensor [25]. In such a way, V205 based metal oxides are also
potential candidates to detect the NO, gas, such as V505 decorated SnO,
[26], M0oO3-V20s composite thin films [27] and TiO3 -V20s nano-
crystals [28]. Inspired by the above outcomes, we demonstrated the NO5
gas sensing using the unique coordination of flake-like Co-ZnO and
V205 NBBs. To the best of our knowledge, there is no previous report on
the concept of interfacially assembled V;0s/Co-ZnO composite for
multifunctional PEC water splitting and toxic NO, gas sensing.

Here, we aim to rationally design and highlight the flake-like ZnO
and Co-ZnO thin film interfacial interaction with VoOs NBBs using
simultaneous RF and DC magnetron sputtering technique. The synthe-
sized V305/Co-ZnO composite prevailed as a potential photoanode
compared to pure ZnO and V30s5/ZnO. Specifically, the impact of Co
incorporation in the ZnO host lattice and Co-ZnO interfacial diffusion
interaction with selective V05 NBBs have been systematically demon-
strated, which aims towards the multifunctional PEC water splitting and
gas sensing activity.

2. Experimental
2.1. Synthesis of V205 nanobelt bundles (V205 NBBs)

To prepare the V505 NBBs, 10.0 g of commercially available V205
powder combined with 500 ml of 2 M NaCl in the stirrer at 25 °C for the
duration of 72 h. Then, the solution has been separated and washed
several times in DI water and ethanol by centrifugation process. The
above cleaning process leads to achieving the required VoO5 NBBs. Next,
the solution was left at 80 °C in a vacuum oven overnight. Finally, the
dried V505 powder was collected to further spin coat on the ITO sub-
strate. Before the spin coating, the ITO substrates were sequentially
subjected to ultrasonication in acetone and IPA. Later, the substrates
were placed on the hot plate for 5 min. Finally, the collected V205 NBBs
were used to spin coat on ITO substrates at 3000 rpm for 3 min. The
achieved ITO/V,05 NBBs used to couple with the flake-like ZnO and
Co-ZnO thin films.

2.2. Fabrication of V205/Zn0O and V5,05/Co-ZnO

Simultaneous RF and DC magnetron sputtering technique was used
to deposit the flake-like ZnO and Co-ZnO thin films on the VoO5 NBBs.
Fig. 1 represents the schematic diagram of V205 NBBs coordinated with
flake-like ZnO (V320s5/Zn0) and Co-ZnO (V20s5/Co-Zn0). Specifically,
RF and DC sputter powers of 140 W and 40 W fed to the ZnO (2"’ dia., 5
N purity) and Co (2" dia., 5 N purity) targets respectively. Here, we
selected the optimal DC sputter power of 40 W to incorporate the Co
content about 1.8 at.% in the ZnO host lattice [24]. In the sputter
chamber, the ITO/V205 NBBs was mounted on the rotating substrate,
which was considered to achieve fair growth of flake-like thin film
morphology. Before the sputtering process, the deposition chamber
evacuated to 2 x 10~° Torr. Then, sputter pressure was maintained at 2
x 1072 Torr using a mass flow controller under the Ar flow rate of 12
sccm. All the films (ZnO and Co-ZnO) were deposited at room temper-
ature for 30 min. Subsequently, post-deposition annealing has been
carried out specifically at 300 °C for 2h, which creates further perfect
interfacial diffusion interaction between V505 NBBs and
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Fig. 1. Schematic representation of V;05/Zn0O and V,05/Co-ZnO growth.

sputter-deposited flake-like ZnO and Co (1.8 at.%)-ZnO thin films
(Fig. S1). The nanobelt morphological features easily accommodate the
flake-like ZnO and Co-ZnO thin films during the annealing process
through the interface diffusion. The post-deposition annealed ZnO and
Co (1.8 at.%)-ZnO thin films anchored V5,05 NBBs further denoted as
V205/Zn0 and V,05/Co-ZnO respectively.

The crystal structure of the developed nanobelt/flake-like
morphology was analyzed using X-ray diffraction (XRD, X’ pert Pro
MPD, PANalytical). The surface morphology was recorded using the
field emission scanning electron microscopy (FESEM, JEOL, JSM-
7500F) and transmission electron microscopy (TEM, Tecnai G2 F30 S-
Twin). The chemical binding states were systematically analyzed using
the X-ray photoelectron spectroscopy (XPS, K-Alpha thermo electron,
UK). Optical properties were carried using Cary 50 Bio spectropho-
tometer. The water contact angle information was confirmed by the
SEO-Phoenix 300 (Model-PHX 300) contact angle analyzer. Mainly, the
role of V,05 NBBs on photoelectrochemical water splitting activity was
carried using a solar simulator under a UV cutoff filter (A > 410 nm) in a
standard three-electrode system. PEC performance has been carried out
in 0.1 M KOH electrolyte. Typically, 1Sun (100 mW/cm?) light intensity
is generated by the solar simulator (Asahi spectra, HAL-320, 300 W) and
illuminated towards 1 em? active surface area. Also, the room temper-
ature gas-sensing performance was measured on the controlling system
(GMC 1200) attached with a high precision multimeter (Keithley 2001).
The LabVIEW program was used to control the measurements. The
target gas NOy was maintained at specific concentrations of 10 and 50
ppm, where the air is the carrier gas.

3. Result and discussion
3.1. Structural analysis

XRD technique is employed to analyze the crystallographic phases
developed in the pure ZnO and V;0s NBBs assisted flake-like ZnO
(V205/Zn0) and Co (1.8 at.%)-ZnO (V205/Co-ZnO) thin films. Fig. 2
illustrates the crystal phases that existed in the pure ZnO and V3,05/ZnO
and V505/Co-ZnO developed on the ITO substrate. Note that all the
films expectedly exhibit predominate (002) reflection at 20 = 34.54°
along with weak (101) and (103) reflections at 36.2 and 63.0° respec-
tively, which revealing the formation of ZnO in hexagonal wurtzite

4000
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V,0./Zn0
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g g
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Fig. 2. XRD patterns of ZnO, V,05/Zn0O and V,05/Co-ZnO.

structured c-axis growth. Upon V305 assistance (V205/Zn0O), the
fundamental peak appeared at a lower diffraction angle of about 20 =
20.3° corroborates well with the selective (001) phase of V50s. Such a
predominant diffraction peak was also reported for pure V5,05 nanobelt
bundles [3]. Despite the V205 NBBs introduced even under the ZnO, the
XRD spectrum of V205/ZnO still ensuing the mixed networks of selective
V205 (001) and predominate ZnO (002) orientations. As observed, the
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peak raised at 20.3° demonstrates progressive single-phase V505 (001)
formation, which strongly promotes the compatibility and stabilization
of V5,05 at the interface of ZnO. It is also noticed that V,0s nano-
structures itself act as possible nucleation sites for the improvement of
ZnO (101) reflection (20 = 36.20°) in the V5,05/Zn0. In other words, as
the ZnO sputter growth occurred on the V05 NBBs, ZnO effectively
diffused towards the V205 NBBs and favor for the crystal growth towards
(101) direction. As a result, Vo05/ZnO and V,05/Co-ZnO composites
uphold the growth of ZnO (101) reflection along with predominate
(002). Further, we expect that there was a concomitant change in the
relative intensity of (002) reflection with the Co incorporation into the
ZnO host lattice (V20s/Co-Zn0O) compared to V20s/Zn0, which is a
plausible explanation for the successful substitution of Co®* ions for
Zn?* ions in the ZnO host lattice and bonding with the neighboring V205
NBBs. Since the precise growth of Co-ZnO and apparent variation in the
relative intensity of ZnO (002) attributed to the ordered intimate
interface interaction between ZnO (002) and V5,05 (001) directions.
Likewise, precise sputter growth of flake-like ZnO and Co-ZnO on V505
NBBs eventually allows diffusion interaction between ZnO (002) and
V205 (001). In accordance with the above growth directions, full width
at half maximum (FWHM) of the predominant ZnO (002) and V305
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(001) reflections were extracted to explore the nanoconfinement in the
V3205/Zn0O and V30s5/Co-ZnO composite. Thus, we considered the
Scherrer equation to calculate the crystallite size (L). FWHM of the V505
(001) reflection is about 0.42° in the V305/ZnO composite. Whereas,
V205/Co-ZnO was observed with an increased FWHM of 0.5°. Enlarged
(001) reflection of VOs is also presented in Fig. S2 (a). As a result, the
crystallite size of V505 in the V205/Zn0O and V205/Co-ZnO is about 20.1
and 16.8 nm respectively, which represents the nanoconfinement of
V305 in the V205/Zn0 and V,05/Co-ZnO composite. On the other hand,
variation in the crystallite size and FWHM of ZnO (002) reflection as a
function of V505 serves to realize the strong interfacial interaction be-
tween ZnO (002) and V;0s (001) (Fig. S2 (b)). Regarding the
V205/Co-Zn0, V.05 nanofeatures are closely promoted near the
Co-ZnO compared to the ZnO. Combing the above observations, we
account for the perfect interfacial arrangement of flake-like ZnO and
Co-ZnO thin films in the vicinity of V05 NBBs. Thus, the above
controllable approach provides a driving force to accelerate the charge
carrier interfacial kinetics during PEC activity.
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Co 2p
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(b)
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Fig. 3. XPS spectra of ZnO, V205/ZnO and V205/Co-ZnO: (a) Survey scan (b) Zn 2p. and (c) O 1s levels.
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3.2. XPS analysis

Better information over the proposed potentiality of V,0s NBBs
assistance and Co incorporation, it is necessary to explore the nature of
chemical binding states. Thus, we performed XPS analysis. Fig. 3 (a)
displays the survey scan spectra of pure ZnO, V305/ZnO and V20s5/
Co-ZnO. As can be seen, the photoelectron peaks were assigned to the Zn
3d, Zn 3p, Zn 3s, Zn 2p, Cls, Ols and Co 2p. At this point, the vanadium
(V) component is not observed, which explains the strong Zn-O bonds
tend to completely develop over the longer surface sections of V,Os
NBBs. We believe that the above features are consistent well with the
weak V305 (001) reflection developed along with ZnO (002). However,
the weak Co 2p peak is relative to the V505/Co-ZnO composite
following the Co (1.8 at.%) substitution into the ZnO host lattice.

To further assess the impact VoOs NBBs assistance on flake-like ZnO
and Co-ZnO thin films, we studied the information of Zn 2p state ob-
tained from the pure ZnO, V,05/Zn0O and V505/Co-ZnO. The study on
Zn 2p level facilitates a better understanding of interfacial chemical
interaction between V,05 NBBs and ZnO flake-like morphology. Thus,
we performed high-resolution scan for Zn 2p state (Zn 2ps,» and Zn 2p;,
2) as shown in Fig. 3 (b). Typically, in the case of pure ZnO, spin-orbit
splitting of Zn 2p level is associated with Zn 2p3,» for 1019.96 eV and
Zn 2py » for 1042.96 eV. These binding energy values originated with a
difference of 23.0 eV, which reflects Zn in the +2 oxidation state.
Impressively, for VoOs/Zn0, a significant chemical shift in the peak
position was observed. Note that the shift is a real contribution from the
interfacial interaction between V05 and ZnO accompanied by the flake-
like ZnO diffusion into the V05 nanobelts during post-annealing
treatment. In such a way, V20s5/Zn0O supplemented a detectable shift
in the Zn 2p3,2 and Zn 2p; /5 levels towards the lower binding energy
side and positioned at 1019.63 and 1042.76 eV respectively. Upon co-
balt incorporation (V,0s5/Co-Zn0), we further noticed a progressive
shift in the Zn 2p3 /2 (1019.50 eV) and Zn 2p; 2 (1042.60 eV) levels. This
clear shift is allowing us to confirm the Co incorporation into the ZnO
host lattice and unavoidable interaction between V505 and Co-ZnO.
Since, V505 NBBs functionalization and Co incorporation, the Zn 2p
level leads to a significant lower binding energy shift (0.4 eV). It should
be emphasized that the above findings are in agreement with the
following ideal aspects: (i) potential evolution of electronic interaction,
(ii) structural organization and (iii) near-surface presence of flake-like
ZnO and Co-ZnO thin films over the V,05 NBBs.

Fig. 3 (c) displays the high-resolution O 1s scan spectra of ZnO,
V205/Zn0, and V205/Co-ZnO. It is a challenge to explain the O 1s
spectra of composite structure because stronger interaction exits be-
tween V205 NBBs and flake-like ZnO. As compared to pure ZnO, V30s5/
ZnO and V30s5/Co-ZnO were observed with a lower binding energy
shift, which envisages the strengthened V,0s5 NBBs assistance and Co
incorporation. As it can be seen, the O 1s spectra of ZnO deconvoluted
into a dominating peak at 528.8 eV, which is associated with the lattice
oxygen (0%) in the Zn-O [29]. The secondary peak originated at a
higher binding energy of 530.5 eV corresponding to the hydroxyl groups
(OH™) adsorbed on the ZnO surface [24]. Indeed, we also observed a
significant shift in the lattice oxygen peak towards the lower angle side
about 0.33 eV and no notable shift in the shoulder peak (hydroxyl peak)
with the addition of V5,05 NBBs (V30s5/Zn0O) and Co incorporation
(V205/Co-Zn0). Considering the V,05/Zn0 composite, the fact that the
formation of combined oxygen bonding with Zn in ZnO and V in V205 at
the interface of V,05/ZnO0 reinforces shift in the O 1s peak position to-
wards lower angle side. In all of these, the Ol1s peak of V205/Co-ZnO
further shifted towards the lower binding energy side, indicating the
betterment in the combined oxygen bonding proportion between
Co-ZnO and V205 compared to V205/Zn0. Yan et al. [30] also reported
such binding energy shifts towards the lower angle side due to the for-
mation of cross-linking Zn—-O-Ti bonds in the ZnO/TiO heterostructure.
In other words, hybridization strength occurs between the incorporated
Co%* jons in the ZnO and oxygen in the V505 at the interface of
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V205/Co-ZnO. These parameters significantly impact on the electronic
band structure and also provides oxygen bonding evolution at the
interface of V50s/Co-Zn0. Further, we demonstrated the weak vana-
dium V 2ps3,, peak relative to the V305/Zn0O and V205/Co-ZnO com-
posites, which show the existence of two minor components at 515.5 eV
and 517.0 eV (Figs. S3(a-b)). In the organization of V505/ZnO and
V205/Co-Zn0O, peaks developed at 517.0 eV corresponding to the
characteristic V°* state on the vanadium surface [1 7,31] and additional
peak at 515.5 eV assigned to the lower oxidation state V**. As proof of
interfacial interaction between V505 and Co-ZnO, the binding energy
difference between predominate O 1s peak and V 2p3 5 is about 13.3 eV.
On the other hand, it is considered as a variation in the chemical state of
V505 into VO, at the interface of ZnO. In detail, it illustrates the suc-
cessful interfacial interaction between two oxide materials (VoOs/ZnO
and V205/Co-Zn0), which provides another determining factor for
achieving improved charge carrier generation and separation. We
further studied the high-resolution scan of Co 2p, which developed in
the V,05/Co-ZnO composite (Fig. S3(c)). As can be seen, Co 2p resolved
into Co 2p3,2 and Co 2py /2, which were positioned at 791.0 and 796.3 eV
respectively [32]. The above peak positions indicate Co in Co?" state
and perfectly substituted for Zn**in the V3205/Co-ZnO composite.
Overall, specific binding energy shift criteria and interfacial interaction
serve to realize the superior PEC activity.

3.3. Surface morphology

To observe the nanobelt interface functionalization with flake-like
morphology, we employed the FESEM analysis. Fig. 4(a—c) (i-iv) pro-
vides clear nanobelt/flake-like morphological features and EDAX
spectra of pure ZnO, V205/Zn0O and V205/Co-ZnO. Firstly, as synthe-
sized pure V205 NBBs at different magnifications were presented in
Fig. S4 (a) (i-iii). These morphological features realize that individual
V205 nanobelts are highly aggregated, which leads to the formation of
nanobelt bundles. As it can be seen in Fig. 4(b and c) (i-iii), geometric
isotropy of flake-like ZnO and Co-ZnO thin films on V205 NBBs, which
serve as dominating factor for achieving progressive interaction trend
between nanobelts and flake-like morphology. Specifically, in the initial
state of V205 nanobelts, the average diameter of the individual nanowire
is about 120 nm (Fig. S4 (b)(i)). Upon introduction of sputtered ZnO and
Co-ZnO, (i) evolution of uniform flake-like thin film morphology ori-
ented over the surface of V,05 NBBs and (ii) VoOs nanobelts completely
bonded and buried under the flake-like ZnO and Co-ZnO thin films. At
such conditions, the diameter of the overlapped composition signifi-
deposition annealing, the orientation of the flake-like ZnO and Co-ZnO
thin film morphology strongly involved throughout the vicinity of Vo0s5
NBBs. Indeed, elemental analysis confirms the clear existence of
impressive uniform V505 distribution under the flake-like ZnO and
Co-ZnO thin films (Fig. 4(a—c) (iv)). In this way, well-aligned V505/ZnO
and V205/Co-ZnO further strengthened the apparent surface interfacial
connection between flake-like (ZnO and Co-ZnO) and (V,0s) nanobelt
morphologies. On the other hand, to support the above surface inter-
facial interaction in the complex structure, we recorded the elemental
mapping for all samples (Fig. S5). Considering the observed elemental
mapping assignments, clear interfacial interaction is originated between
flake-like and nanobelt morphologies, which further confirmed the
preferential diffusion aligned between flake-like (ZnO and Co-ZnO) thin
film morphology and V,05 NBBs. Finally, the response of sputtering and
post-deposition annealing processes presumed a direct link to ampli-
fying the flake-like ZnO and Co-ZnO thin film diffusion towards the
vicinity of VoOs NBBs. This interfacial stability gained special attention
to robust PEC activity. It will be discussed later section in the PEC water
splitting analysis.
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Fig. 4. Low-, high-resolution FESEM images and EDX spectra of (a) ZnO, (b) V,0s/Zn0O and (c) V20s/Co-ZnO.

3.4. TEM analysis interaction phenomenon, we performed TEM analysis. Firstly, we car-

ried out a focused ion beam (FIB) technique, which is useful to view the

To further validate the above mentioned intimate interfacial individual thin film layer information in the well-aligned V,05/Zn0O and
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Fig. 5. TEM microstructure, interfacial assembly and SAED pattern of (a) V20s/ZnO and (b) V505/Co-ZnO.
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V205/Co-ZnO composite developed on the ITO substrate (Fig. S6 (a-b)
(1)). Later, in view of the interfacial assembly fact, detailed TEM
microstructure, high-resolution TEM and SAED pattern of V,0s5/ZnO
and V305/Co-ZnO have been systematically studied. Fig. 5(a and b) (i)
display the typical TEM cross-section microstructure view of V40s/Zn0O
and V505/Co-ZnO composites. We note that the VoO5 NBBs perfectly
combined with the ZnO and Co-ZnO thin films. Nevertheless, the above
morphological features are in good agreement with the above FESEM
observations. Another interesting phenomenon is that significant inter-
face diffusion interactions favoring the development of well-coordinated
V205/Zn0O and V50s5/Co-ZnO composites (Fig. 5(a and b) (ii)). In
agreement with the above findings, HRTEM images also illustrated the
sensitive surface interface interaction between V,0Os NBBs and flake-like
morphology (Fig. S6 (a-b) (ii)). To prove that, we interpreted the for-
mation of predominate V305 (001) and ZnO (002) lattice fringes by
means of corresponding SAED pattern of V20s5/ZnO and V205/Co-ZnO
(Fig. 5(a and b) (iii)). As observed from the above results, TEM analysis
further addresses well with the evidence of clear surface interfacial
interaction between nanobelt bundles and flake-like thin films, which is
a proper choice to accelerate the charge carrier generation, trans-
portation and separation during PEC activity.

3.5. Water contact angle analysis

Furthermore, the water contact angle is the degree of surface reac-
tion to evaluate the potential impact with the electrolyte during PEC
activity [33] and property of the surface that strongly demonstrates the
sensitization of incident photons. It is interesting to note that the water
contact angle greatly influences a few nanometers of the developed
photoanode [34]. Based on the above phenomena, we further inter-
preted the surface evolution properties of pure ZnO, V30s5/ZnO and
V205/Co-ZnO using water contact angle analysis (Fig. S7). As can be
seen from Fig. S7, appropriate decrement in the contact angle signifies
the strong evidence of V505 NBBs intimate interaction with flake-like
ZnO and Co-ZnO thin films. Since the formation of flake-like
morphology, pure ZnO is presumed to exhibit a water contact angle of
about 90°. Here, it is important to highlight that pure V,0s5 NBBs
exhibited superhydrophilicity with a water contact angle of 32° (inset of
Fig. S4 (b) (i)). Thus, we expect that the integration of nanobelts with
flake-like morphology sustains the development of hydrophilic nature. It
is assumed that superhydrophilic V5,05 NBBs interaction with flake-like
ZnO (V20s5/Zn0) maintained betterment in the water contact angle
about 75°, which further signifies the constructive interconnection be-
tween nanobelt bundles and flake-like morphological features. Surpris-
ingly, as the formation of Co-ZnO (V205/Co-Zn0), the corresponding
surface morphology architecture further influenced the water contact
angle (63°). Because of stable flake-like Co-ZnO thin film growth
significantly involved on the V,05 NBBs. Eventually, the V,05/Co-ZnO
composite greatly influenced the surface reactivity compared to the
V205/Zn0. Therefore, in the context of a surface interfacial assembly,
the unique microstructure of Vo05/ZnO (75°) and V20s/Co-ZnO (63°)
accord with the excellent hydrophilic nature and beneficial for the
electrolyte interaction during PEC activity. Thus, the above results
mainly due to the initial development of flake-like ZnO and Co-ZnO thin
film morphological features and effective diffusion towards the vicinity
of V2,05 NBBs, which acts as underlying factors for achieving superior
PEC activity.

3.6. Optical properties

Apart from the above parameters, interfacial interaction directly
impacts on the optical properties. Because of the interfacial interaction,
we can envisage the direct link between optical properties and PEC
water splitting activity. Generally, optical transmittance behavior is
closely related to the charge carrier generation entities to achieve su-
perior PEC activity. In other words, narrowing the band gap of nanobelt/
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flake-like composite excels the incident light absorption. Thus, the
quantitative determination of PEC water splitting activity can be
monitor as a function of the optical band gap. The specific variation in
the optical transmittance and absorption edge of ZnO, V20s5/Zn0O and
V205/Co-ZnO shown in Fig. S8 (a). Considering that pure ZnO has flake-
like morphology, it is reasonable to exhibit a sharp absorption edge
below 400 nm. This fact is explained by the characteristic property of
ZnO under the UV region. According to the Vo0s NBBs integration
(V205/Zn0), obvious changes in the electronic structure reflecting the
substantial shift in the absorption edge towards the visible region.
Moreover, interfacial diffusion is believed to play an essential role in
switching the absorption edge. As it can be observed from the figure, the
absorption edge completely extended towards the visible region of
V205/Co-ZnO. Therefore, this result is comprised of a stable interfacial
interaction trend between V505 and Co-ZnO. As expected, V,0s/
Co-ZnO guarantees the development of more sensitive groups on the
V205 NBBs, which quickly responds to the incident visible light. The
involvement of selective VoOs NBBs and Co substitution initiates a
contributing pathway to achieve superior PEC water splitting activity.
Because of the unique interface, strong visible light absorption was
addressed by the V,05/Co-ZnO compared to the pure ZnO and V,0s/
ZnO. To further clarify the interfacial diffusion, we extracted the band
gap from Tauc’s expression, which responsible for the variation in the
optical band gap. The direct optical band gap (E;) can be estimated from
the optical absorption coefficient (o) using the following relationship
[35],

ahv = A (hw-Ep) '? ——— 8]

where A is the proportionality constant and hv is the incident photon
energy. By extrapolating the linear portion of plots (ahv)? vs. (hv) to
(ohv)? = 0, the above expression provides the direct band gap infor-
mation of ZnO, V,05/Zn0 and V505/Co-ZnO (Fig. S8(b)). The extrap-
olation plots revealed that ZnO exhibits its characteristic band gap of
about 3.2 eV. As expected, V205/ZnO heterostructure highlighted with a
reduced band gap (2.98 eV). Similar band gap tuning was also observed
for ZnO/V90s composite thin films [7]. Observing more carefully, the
reduced band gap demonstrates the interfacial interaction and diffusion
between layered flake-like ZnO and V5,05 NBBs, which effectively alter
the electronic structure of the combined structure (VoOs/Zn0). Admit-
tedly, it clearly explains the credibility of successful intimate interaction
between flake-like ZnO and V,05 NBBs. When Co doping occurs in the
ZnO host lattice (V20s/Co-Zn0), the band gap value is further reduced
to 2.75 eV. From the concomitant V05 NBBs assistance and Co doping,
we can address the stable surface interaction between flake-like Co-ZnO
and V205 NBBs, which are the driving force for band gap tuning and
strengthened visible light absorption for achieving superior PEC water
splitting activity.

3.7. Photoelectrochemical (PEC) activity

To further figure out the impact of the above-mentioned potentiality
of inherent interfacial assembly involved in the nanobelt/flake-like
composite, we addressed the PEC water splitting activity by
comparing the linear sweep voltammetry (I-V), amperometric I-t, Tafel
plots and electron impedance spectroscopy (EIS) studies of pure ZnO,
V205/Zn0 and V305/Co-ZnO. All these parameters were carried out
under 0.1 M of KOH electrolyte. After checking the above parameters,
the interfacially integrated nanobelt/flake-like composite validates sig-
nificant development in the photocurrent generation and stability.

To quantify the ability of stable interfacial interaction on the concept
of progressive charge carrier generation, we measured the linear sweep
voltammetry (I-V) from —1 to +1 V. The charge carrier acceleration
mainly depends on the electron transportation and separation at the of
nanobelt/flake-like interface. Fig. 6 (a) depicts the I-V analysis of ZnO,
V205/Zn0O and V50s5/Co-ZnO under chopped 1 Sun irradiation at an
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Fig. 6. Visible light PEC properties of ZnO, V,0s/Zn0O and V,0s/Co-ZnO: (a) Chopped light linear sweep voltammogram (I-V), (b) amperometric I-t studies at +0.4
V (c) highly photostable V,05/Co-ZnO for 21 min and (d) photocurrent generation comparison of V,0s/Co-ZnO under simulated solar light and visible light (UV cut-

off) conditions.

interval of +0.2 V. We emphasize that photocurrents progressively
increased in the following order of V,05/Co-ZnO > V905/Zn0O > ZnO.
As a consequence, we note that linear increment in the photocurrents
primarily associated with the following parameters: (i) V205 nanobelts
assistance, (ii) Co incorporation into the ZnO host lattice and (iii) strong
interfacial interaction and diffusion between the nanobelts and flake-
like thin films. Especially, the achieved interfacial interaction act as a
successful parameter to account for charge carrier acceleration. As can
be seen from Fig. 6 (a), pure ZnO exhibits insignificant photocurrents
even under the light state. After the intimate interaction of V5,05 NBBs
with ZnO and Co-ZnO, photocurrents significantly boosted. The first
required factor to satisfy the improved photocurrents is the presence of
active VoOs NBBs networks buried and interconnected with the flake-
like ZnO. As a result, the composite (nanobelt/flake-like) structure al-
lows improved charge carrier separation, which favors photoelectron
transportation from ZnO to V,0s. Secondly, once the flake-like Co-ZnO
sputter growth on V05 nanobelt networks, the VoOs nanobelt surface
further strengthens insights into the stable interaction during progres-
sive coverage of Co-ZnO, which excels superior charge carrier genera-
tion and transportation from Co-ZnO to V,0s. At the same time, under
the impact of Co doping, Co?" ions are associated with ZnO host lattice
and experiences decrement in the band gap energy. Therefore, the
presence of interfacially anchored Co-ZnO on V505 NBBs significantly
extends the visible light absorption, which yields superior photocurrent
generation compared to V,0s5/Zn0O. Moreover, V,0s NBBs are effec-
tively surrounded by the active Co-ZnO flakes, which strengthens the
evidence of stable V,05/Co-ZnO interface. Keeping all the above fac-
tors, relatively high interfacial interaction is achieved by the V50s5/
Co-ZnO composite, which is preferable for achieving superior photo-
current generation and separation towards the counter electrode. On the
other hand, I-V spectra of ZnO, V;05/Zn0O and V305/Co-ZnO under
dark and light states (without chopped light) presented in Fig. S9 (a),
which is precisely matched with the chopped I-V spectra. From the

dealings of above I-V findings, the well-organized V20s5/Co-ZnO hybrid
structure crucially suggests the superior PEC water splitting activity due
to the selective interfacial diffusion raised between the V5,05 NBBs and
flake-like Co-ZnO thin film morphological features.

It is considered that the interfacial diffusion assembly of the
nanobelt/flake-like is anticipated to achieve durability and photo-
stability. At first, photostability was extensively recognized as a crucial
parameter to explain the characteristic details of the nanobelt/flake-like
interface. The monotonic constructive support of V05 NBBs with flake-
like ZnO and Co-ZnO demonstrate the considerable intimate interfacial
interaction. Thus, to ascertain more insights into the interfacial assem-
bly, we assessed amperometric I-t studies for 400 s at a lower bias
voltage of +0.4 V under chopped light conditions (Fig. 6 (b)). As seen in
the figure, the potential nature of V,05 NBBs assistance and Co doping
are helping tools to estimate the prompt light response and reproducible
photocurrents. The results indicate that the inherent increment in the
photocurrent generation is experienced by the strong interfacial inter-
action between nanobelt and flake-like morphologies. The achieved
transient photocurrents at +0.4 V were in good agreement with the I-V
analysis (Fig. 6 (a)). Besides, the hydrophilic nature observed by the
V205/Zn0 and V205/Co-ZnO contributes easy access to the electrolyte.
Thus, we compared the photocurrent generation of ZnO, V,05/ZnO and
V205/Co-ZnO relative to the well maintained hydrophilic surfaces as
shown in Fig. S9 (b). This outcome is mainly due to interfacial diffusion.
Thus, it is extensively established that interface interaction more effi-
cient for reproducible photocurrents and stable PEC activity. As
described above, charge carrier stability can be evaluated by the strong
relationship between V205 NBBs and Co-ZnO. Therefore, the V50s5/
Co-ZnO composite exhibit a chemically bonded nature. In depth, light
absorption extended towards the visible region, which can be inter-
preted by the successful Co incorporation into the ZnO host lattice. In
comparison, photoanodes illuminated under visible light (UV cut-off),
V205/Co-ZnO composite yielded superior photocurrents about 1.45 x
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10~* A/cm? compared to V505/Zn0O (1.42 x 10~> A/cm?) and ZnO (3.4
x 107% A/em?) at a specific lower bias voltage of +0.4 V. Here, suc-
cessful doing of Co?" ions into the ZnO host lattice gives deep insights
into the charge carrier generation and their separation towards the
conduction band of V50s. In this respect, the merits of the V,05/Co-ZnO
composite interface consist of no decay in the photocurrent separation,
which accounts for the successful development of highly stable photo-
anode under visible light. In turn, optimized V20s5/Co-ZnO providing
superior charge carrier generation and separation. Accordingly, V2Os/
Co-ZnO outperforms the photocurrent generation about 42.0 and 10.0
times higher than pristine ZnO and V205/ZnO respectively. On the other
hand, V,05/Zn0 advancing the photocurrent generation about 4.0 times
than pristine ZnO. It strongly suggests that enhanced and reproducible
photocurrents mainly due to the effective role of abundant visible light
absorption [36]. Moreover, the prolonged photocurrent generation of
V205/Co-ZnO photoanode under visible light also measured for 21.0
min, it indicates a highly stable nature without attenuation of photo-
currents (Fig. 6 (c)). In addition, we compared the PEC activity of
V205/Co-ZnO under simulated solar light and visible light (UV cut-off
solar light) (Fig. 6 (d)). It should be highlighted that the photocurrents
generated in both total solar spectrum and UV cut-off solar light con-
ditions were about 4.26 x 10™* A/cm? and 1.45 x 10* A/cm?
respectively. Based on Fig. 6 (d), we concluded that the Vo05/Co-ZnO
composite was completely tuned as a visible light active material. Spe-
cifically, visible light active Co-ZnO harvests the majority portion of
visible light present in the solar spectrum, which effectively separates
and transfers the electrons towards Vo0s. Moreover, we compared the
photocurrent generation based on the role of V205 based composites for
PEC water splitting applications in Table 1. In this approach, the above
results reflect that the V505/Co-ZnO photoanode provides a specific
interfacial assembly feature, which is the most relevant parameter to
fulfill the stable and reproducible PEC water splitting activity.

To gain more potential prospects, we studied the electrochemical
impedance spectroscopy (EIS) analysis. With the subsequent triggering
of photocurrent generation (I-V and I-t studies), charge carrier kinetic
efficiency is quantitatively consistent well with the EIS analysis and
Tafel plots (Figs. S10(a-b)). Accordingly, the EIS spectra of ZnO, V50s/
ZnO and V205/Co-ZnO under the light state is presented in Fig. S10 (a).
It revealed that the difference was sustained in the semicircle radius in
the order of ZnO > V505/Zn0O > V905/Co-ZnO. Thus, regarding the
possible interfacial charge transfer resistance between the Co-ZnO and
V205 NBBs drastically decreased in comparison with the ZnO and V50s5/
ZnO. Therefore, concomitant V,05 NBBs assistance and Co incorpora-
tion prevailed constructive interfacial assembly in the V,05/Co-ZnO
composite. Overall, during the charge carrier generation and separation
processes, reduced interfacial resistance was retained by the V5,0s/
Co-ZnO photoanode compared to ZnO and V205/ZnO.

By considering the above superior charge carrier separation at sup-
pressed recombination of PEC performance, we believe that there is
clear evidence of interfacial interaction between nanobelt bundles and
flake-like morphology. This outcome is significantly influenced by the

Table 1
Summary of various V05 based composites for PEC water splitting applications.

Photoelectrode  Photocurrent V vs. Ag/AgCl Electrolyte Ref
(or) RHE
TiO,/V,0s 80 pA/cm? 1.23Vvs.RHE - [371
Zn0O/V30s5 1.21 mA/cm? 1.23Vvs.RHE 0.5M [23]
NasSO4
V205/BiVO4 0.268 mA/cm? 1.23 Vvs. Ag/ 0.1 M [38]
AgCl NayS04
V,05/g-C3Ny 0.12 pA/cm? - - [12]
V,05/Ni(OH); 10 mA/cm? 39mVvs.RHE 1M KOH [39]
V,0s5/Zn0 1.42 x 10°° A/ 0.4 Vvs. Ag/ 0.1 M KOH In this
cm? AgCl work
V505/Co-Zn0O 1.45 x 107 A/ 0.4 V vs. Ag/ 0.1 M KOH In this
cm? AgCl work
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electrical resistivity, charge carrier generation, separation and trans-
portation during PEC activity. Thus, considerable development of visible
light active V205/Co-ZnO composite can be modulated by the V505
NBBs intimate interfacial interaction with the flake-like Co-ZnO thin
films.

3.8. Proposed PEC water splitting mechanism

To understand the visible light PEC water splitting based on the
interfacially assembled V205/Zn0O and V305/Co-ZnO photoanodes for
achieving superior charge carrier generation, separation and trans-
portation, we proposed a charge transport mechanism and presented in
Fig. 7. We emphasized that charge carrier separation efficiency is mainly
induced by the intimate interaction between the two layers, which
directly influence the PEC water splitting activity. At the same time,
electrostatic interaction between the hole transport material (V20s) and
electron transport materials (ZnO and Co-ZnO) in the complex structure
of V205/Zn0 and V,0s5/Co-ZnO regulates the overall PEC activity. As
illustrated in the schematic diagram, we inferred that the V,05/Co-ZnO
combination generates superior photocurrents compared to V205/ZnO.
Under light illumination, remarkable charge carrier separation occurs
by the V505/Co-ZnO matrix. Subsequently, the photogenerated elec-
trons move from the conduction band of Co-ZnO to the conduction band
of V505 [16,17,20], which indicates V20s/Co-ZnO composite exhibits
lower recombination rate. Besides, combined oxygen bonding with Zn
and V at the interface of VoOs and ZnO is another important factor,
which results in the acceleration of photogenerated electrons from Zn-O
to the VoOs NBBs. Whereas, Co-ZnO generates superior charge carriers
in the V205/Co-ZnO composite, which effectively drifts towards the
V205 NBBs compared to V20s/ZnO. Consequently, the lifetime of the
photogenerated electrons significantly improved, which strengthen the
prolonged Hy production at the counter electrode (platinum). On the
other hand, holes effectively migrate from the valence band of V505
NBBs to the valence band of Co-ZnO, which involves oxygen generation
at the working electrode. Moreover, the feasibility of interfacial inter-
action between nanobelt morphology of V205 and flake-like morphology
of Co-ZnO prevails superior intimate surface interaction for extending
the visible light absorption, charge carrier generation, separation and
transportation.

3.9. NO; gas sensing of V205/Co-ZnO
Further, we assessed the toxic NO; gas sensing capability based on
the existing interfacial assembly between V205 and Co-ZnO in the

developed V205/Co-ZnO composite. Initially, we developed the V,0s/
Co-ZnO composite on the ITO substrate and then conducted the room
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Fig. 7. Schematic charge carrier transport mechanism of V505/Zn0O and V,0s/
Co-ZnO under visible light.
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temperature gas-sensing performance. Fig. 8 presents the response curve
of V205/Co-ZnO to NO, gas at low concentrations of 10 and 50 ppm. As
shown in the figure, the evidence of interfacial diffusion assembly ach-
ieved between V205 NBBs and flake-like Co-ZnO prevailed to get clear
and large response signal under various NO, concentrations. The
response of the V;0s5/Co-ZnO sensor calculated by following the
expression,

(2)

Response (%) = Rgas - Rair / Rair X 100

where Rt and Ry are the electrical resistance of the V,0s/Co-ZnO
composite under target gas NO; and its initial resistance respectively.
Interestingly, the response to 50 ppm concentration of NO; reaches to
130.0% than 25.0% at a low concentration of 10 ppm. Under the
ambient conditions, oxygen molecules easily adsorbed and extract
electrons from the surface of buried V5,05 nanobelts and flake-like
Co-ZnO thin films, resulting in the formation of oxygen ions (O~ or
03) and processes to surface electron depletion. It is well known that
when the sensor is exposed to the NO;y gas, it behaves like a strong
oxidizing gas due to the absorbed O3 onto the composite surface and
extract more electrons from a nearby surface [40], this phenomenon
offers further decrement in the electron concentration of Vo0s/Co-ZnO
composite. Moreover, the development of the depletion region can be
observed under the NO5 gas. In such a way, the sensor resistance grad-
ually increases under the exposure of NO; gas. The detailed gas sensing
mechanism based on the interfacial assembly developed in the
V205/Co-ZnO composite is presented in Fig. S11. The gas sensing
mechanism can be explained from the following expressions [41],
In air,

0, + e~ — 07 (ads) 3

0; +e =20 (ads) (€]
In NO,

NO, + e~ — NO; (ads) %)

NO; + O; +2¢~ — NO; + 20~ (6)

All the above findings prove that the V,05/Co-ZnO is also suitable
and active for the toxic NO; gas sensing applications at 10 and 50 ppm
concentrations.

4. Conclusions

In this work, the effectiveness of selective VoO5 NBBs intimate sur-
face interaction with flake-like ZnO (V50s5/Zn0) and Co (1.8 at.%)-ZnO
(V205/Co-Zn0) thin films was successfully explored, which possesses
immense attention towards highly stable visible light PEC water split-
ting activity. In addition to PEC activity, V20s5/Co-ZnO composite
strengthened as a potential toxic NOy gas sensor at room temperature.
This study strongly suggests that post-annealing is crucial for interfacial
diffusion between nanobelt bundles and flake-like morphological fea-
tures. Because of the unique interfacial interaction between V,05 NBBs
and Co-ZnO, V505/Co-ZnO composite was highlighted with structural,
morphological, chemical and optical changes compared to pure ZnO and
V205/Zn0. Based on the promising interfacial diffusion, Vo05/Co-ZnO
is advantageous for the formation of a strong nanobelt/flake-like
morphological interface. Specifically, we observed binding energy
shift of O1s spectra of V,05/Co-ZnO due to the interaction effect orig-
inated from the interfacial oxygen bonding between Co-ZnO and V,05
NBBs. More importantly, the capability of unique V205/Co-ZnO com-
posite delivered outstanding reproducible and stable visible light pho-
tocurrents about 1.45 x 10~% A/cm? at a lower bias voltage of +0.4 V
compared to the V205/Zn0O (1.42 x 107° A/cm?) and ZnO (3.4 x 107
A/cm?). The photocurrents observed by the V;05/Co-ZnO in both
simulated solar light and visible light (UV cut-off solar light) conditions
are about 4.26 x 107 and 1.45 x 10™* A/cm? respectively, which
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Fig. 8. NO, gas response of V,0s/Co-ZnO composite at 10 and 50 ppm
concentrations.

strongly reveals the visible light active nature of V,05/Co-ZnO com-
posite. Also, the reason behind the highly stable and superior PEC ac-
tivity is related to the suppressed interfacial charge transfer resistance
and abundant hydrophilicity during PEC activity. Moreover, V20s/
Co-ZnO was deemed as a reliable NO, gas sensor up to 130.0% response
at 50 ppm concentration. In conclusion, combing the above exceptional
properties of interfacially assembled V205/Co-ZnO not only elucidates
insights into the highly stable visible-light-driven PEC water splitting
(for 21.0 min) but also provides motivating toxic NOy gas sensing
(130.0%) applications.
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