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Abstract

The physico-chemical, optical and photoelectrochemical (PEC) characteristics of copper sensitized titania nanotubes
(CuTNT) nanocomposites are still not well understood despite numerous conducted studies. In the present study, copper
sensitized titania nanotubes (CuTNT) were prepared using customized Successive Ionic Layer Adsorption Reaction (SILAR)
method. The foremost aim is to investigate the aforestated characteristics and consolidate the results to propose mechanisms
to elucidate CuTNT’s enhanced optical and PEC performance. Such mechanisms are of particular interest because a better
understanding of them would essentially translate to advances in improved CuTNT production and use, especially in regard
to PEC applications. We, therefore, attempt to shed more light on its characteristics by employing electron microscopies,
X-ray powder diffraction and X-ray photoelectron spectroscopy techniques. Well-ordered crystalline TNT was successfully
obtained via anodization in the mixture of ethylene glycol and water mixed with NH,F. CuTNTs were prepared at various
concentrations, SILAR cycles and immersion times. CuTNT/20 min of fixed 20 mM and 3 SILAR cycles showed enhanced
photoconversion efficiency of almost 2.7 times higher compared to pure TNT due to electron-trap center effect introduced
by Cu, reduced band gap energy from 3.26 eV of pure TNT to 2.75 eV, enhanced visible light reactivity and balanced dis-
tribution within TNT.

1 Introduction band gap limits its utilization to only UV light spectrum [2]
and not visible light spectrum.
Hence, various TiO, modifications were investigated

to circumvent the aforestated drawbacks, which include

Since the discovery of water splitting using TiO, by
Fujishima in 1972, TiO, is widely utilized in photocatalytic

applications due to its suitable band gap with band edges
that pass water redox potentials [1]. Such applications
require the highly reactive surface of TiO, but producing
TiO, nanoparticles is unfavourable due to the possibility of
recombination of electron—hole pairs [1]. The high recom-
bination rate between electron—hole pairs also contributes
towards its low electrical conductivity. Additionally, its wide
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surface modifications such as fabrication of TiO, as nano-
tubes (TNT) to increase the active surface areas; as well as
deposition of other narrow band gap materials onto TiO,
to improve TiO, absorption of visible light and reduce the
recombination rate. Studies on the depositions of various
dopants have been extensively reported including met-
als, noble metals, metal oxides, metal chalcogenides and
non-metals. Performance enhancements of various pro-
cess parameters due to such depositions are summarized in
Table 1.

However, the option of environmental friendly and low-
cost materials should be taken into account if green and
low-cost fabrication is desired. For example, chromium is
less environmental friendly and toxic whereas noble metals
such as platinum and silver are expensive and therefore these
materials are less suitable to be chosen as a dopant.

Copper is one of the most suitable metals that can over-
come these limitations since it has a narrow band gap.


http://orcid.org/0000-0001-7536-9599
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-018-9554-6&domain=pdf

Journal of Materials Science: Materials in Electronics (2018) 29:14210-14221

14211

Table 1 Summary of

Dopant Dopant type
performance enhancement

Performance enhancement

resulted from the deposition of Cu Metal
various types of dopants into

titania nanotubes Cr Metal

Ag Noble metal

Pt Noble metal

ZnO Metal oxide

WO, Metal oxide

PbO, WO, Metal oxide

CdSe Metal chalcogenide
CdS Metal chalcogenide
S Non-metal

C Non-metal

Visible light reactivity and photoresponse [3]

Visible light reactivity and hydrogen generation [4]
Visible light reactivity and photodegradation of phenol [5]
Photo-oxidation of ammonia [6]

Visible light reactivity and hydrogen generation [7]
Visible light reactivity and photoconversion efficiency [8]
Visible light reactivity, photodegradation of methylene blue [9]
Visible light reactivity and photoresponse [10]

Visible light reactivity and photodegradation of dyes [11]
Visible light reactivity and hydrogen generation [12]
Photoconversion efficiency and hydrogen generation [13]

Other advantages such as high availability, low cost, envi-
ronmentally friendly characteristic [14], good conductivity
and durability [15] render copper a promising dopant. By
tuning the morphology of Cu such as varying their shapes
and sizes, the properties can be altered to suit specific
applications [15]. Studies on the deposition of various Cu
species onto TiO, are quite extensive and they include
the deposition of CuO onto TiO, [16], CuO [9], Cu [3],
Cu,0 [6, 8, 13], Cu(OH), [17] or even mixtures of Cu spe-
cies such as CuO/Cu(OH), [18], and Cu (II) ions [19] into
TNT. The deposition involves various methods such as
Chemical Bath Deposition (CBD), electrochemical deposi-
tion, photochemical deposition, and the Successive Ionic
Layer Adsorption Reaction (SILAR) method.

SILAR method is widely known as a simple immer-
sion method for deposition of either thin films [17-22]
or nanoparticles. The deposition of nanoparticles onto
TNT conducted via this method has also been reported
[3, 11, 23, 24]. SILAR requires shorter immersion time
[25] with simpler chemical preparation and yet it is able
to synthesize a more uniformed dispersion of nanoparti-
cles [3] compared to other immersion methods such as the
CBD technique and can be considered as environmental
friendly. By using this method of deposition, we postulate
that Cu loading process could be simplified if a chemical
reduction process was incorporated into the SILAR pro-
cess, which could pave the way for a more cost-effective
variation of the SILAR process. So far, there is no identi-
fied report that elucidates light illumination mechanisms
associated with enhanced optical and photoelectrochemi-
cal performance of SILAR-synthesized CuTNTs. As such,
this gap of knowledge consequently inspires us to con-
duct the present study. The objectives of this study include
synthesis of CuTNTs via chemical reduction combined
SILAR method and characterization of the morphology,
elemental composition, chemical composition, band gap
energy as well as the determination of the photoconversion
efficiency of the resulting CuTNTs.

2 Materials and method

Ti foil substrates (1 X2 cm?) were cleaned by using an
ultrasonic bath. This was followed by an anodization pro-
cess to convert the Ti pieces into TNT. They were then
calcined in 500 °C to induce the crystallinity of the as-
anodized TNT. The anodization process was performed as
per our previous reported study [26]. Typically, anodiza-
tion is performed at 40 V in a mixture of 90 vol% ethylene
glycol (EG), 10 vol% distilled water, and 0.5 wt% NH,F as
the electrolyte for 1 h. The Ti foil functioned as the anode
while the high-density graphite functioned as the cathode.

Subsequently, Cu-sensitized TNT was prepared by using
a SILAR method customized from the method reported by
Wang and co-researchers [3]. The process began by first
dipping the TNT substrates into a Cu(Ac),.H,O solution
of selected concentration for a defined duration. This was
followed by rinsing with distilled water for 30 s before
these substrates were dipped into known concentrations of
NaBH,. The process was completed by a final rinse with
distilled water. This was considered as one cycle and it was
repeated for a defined number of cycles and period. The
illustration for our customized SILAR cycle is shown in
Fig. 1. The NaBH, solution was prepared fresh in 10 mM
NaOH solution (pH 12) to avoid the decomposition of the
reagent in water [27]. After the selected number of SILAR
cycles has been reached, the electrode was kept in a desic-
cators prior to further characterization.

To examine the effect of different Cu(Ac),.H,O concen-
trations, Cu(Ac), and NaBH, solutions were varied at 10,
20, 40 and 80 mM. The dipping time was fixed for 10 min
and repeated for three SILAR cycles. The resulting elec-
trodes were labeled as CaTNT/10 mM, CuTNT/20 mM,
CuTNT/40 mM and CuTNT/80 mM, respectively. The
effect of SILAR cycle was investigated by varying the
number of cycles at 2, 3, 5, and 7 cycles, and the result-
ing samples were labeled as CuTNT/2cyc, CuTNT/3cyec,
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Fig.1 Process flow of the synthesis of CuTNT via customized
SILAR method

CuTNT/5cyc and CuTNT/7cyc, respectively. Finally, to
determine the effect of immersion time, the time variation
was fixed at 5, 10, 20 and 40 min, and the samples were
labeled as CuTNT/5 min, CuTNT/10 min, CaTNT/20 min,
and CuTNT/40 min, respectively.

All samples were characterized using a Field Emission
Electron Microscope (FESEM) (Carl Zeiss SUPRA 40VP)
and an Energy Dispersive X-ray (EDX) (Carl Zeiss SUPRA
40VP). Meanwhile, the X-Ray Diffraction (XRD) (X Pert
Pro-MPD, PANalytical) system was operated at 40 kV and
30 mA, with a scanning range of 20=10-90° using Cu
Ka (A=1.504 A). X-ray Photoelectron Spectrophotometer
(ULVAC-PHI Quantera IT) using an Al-Ka (1486.6 eV)
radiation source was utilized for XPS signal acquisition.
The X-ray was set at 25 W and 15 kV to produce beam size
of 100 um. A survey scan was collected over the range of
0-1200 eV. Narrow scans for Ti 2p, Cu 2p and Ols and a
high-resolution spectrum for the Cu 2p5,, peak were also
obtained. The take-off angle of the photoelectron was set
at 45°. An Ultraviolet—Visible Diffuse Reflectance Spec-
trophotometer (UV-Vis-NIR, Model UV 3600, Shimadzu
Corporation, Kyoto, Japan) was also utilized, with a wave-
length range of 200-800 nm, and BaSO, as the reflectance
standard.

For the photoelectrochemical test, a three-electrode cell,
equipped with a flat quartz window that was connected
to a potentiostat (AUTOLAB), was used to analyze the
photoelectrochemical efficiency. The cell consisted of the
CuTNTs as the working electrode, a Pt counter electrode,
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and an Ag/AgCl reference electrode in 0.5 M NaOH electro-
lyte. The photoelectrochemical performance was evaluated
under sweep potential from +1 V to — 1 V with concurrent
chopped irradiation from a 300 W halogen lamp (as the vis-
ible light supplier) through the quartz window. Besides that,
the photocurrent-time analysis was also conducted. As the
light was intermittently chopped at a constant frequency,
both the ‘dark’ and light-induced photoresponse of the TNT
and the CuTNT were assessed in a single experiment.

3 Results and discussion

3.1 Preparation and characterization of titania
nanotubes and copper-doped titania
nanotubes

3.1.1 Effect of varying the concentration of copper(ll)
acetate monohydrate solution

Figure 2 shows the growth evolution of Cu-loaded TNTs,
which were prepared in various concentrations of copper
(I) acetate monohydrate (Fig. 2c—f), with fixed 3 SILAR
cycles and 10 min immersion time. Well-aligned and ordered
TNT was formed from smooth Ti foil upon anodization as
shown in Fig. 2a. The nanotubes were smooth (Fig. 2b) with
exposed tops and closed bottoms (inset of Fig. 2a) with outer
diameters that ranged between 107 and 143 nm, an inner
diameter that ranged between 78 and 104 nm and an average
wall thickness of 16.4 +2.8 nm. The inset of Fig. 2a shows
that the obtained nanotube length was approximately 2.2 pm.

Upon deposition of Cu via SILAR process, small spheri-
cal substances were observed to be deposited on top of the
TNT, presumably Cu. As low as 10 mM Cu(Ac),, Cu par-
ticles having 38—66 nm diameter range were successfully
deposited on the top mouth of CiTNT/10 mM (Fig. 2¢). In
CuTNT/20 mM and CuTNT/40 mM (Fig. 2d—e), Cu parti-
cles were deposited both into and onto the top surfaces of the
TNTs with a diameter range of 36-69 nm and 34-104 nm,
with some Cu deposits, respectively. However, the amount
of Cu in CuTNT/40 mM was sufficiently large to result in
a generous Cu coverage on the TNTs, with bigger particle
diameter range and greater clumping. Clumping of the nano-
tubes and almost a full coverage of Cu were obtained for the
CuTNT/80 mM sample. The Cu particles appeared to be
less distinctive from each other. The clumping of nanotubes
and the deposits of Cu that almost covered the entire TNT
may consequently inhibit light absorption by the internal
surface area of the TNT—this is undesirable in a photocata-
lytic application.

The crystal structure of all samples was analyzed using
XRD and their spectra are shown in Fig. 3. The pure TNT
showed Ti peaks (JCPDS 44-1294) at 26=35.0°, 38.45°,
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Fig.2 FESEM micrographs of: a pure TNT and its b TEM image; FESEM micrographs of ¢ CuTNT/10 mM, d CuTNT/20 mM, e
CuTNT/40 mM and £f CuTNT/80 mM. Inset figure in (a) is the cross-sectional image of pure TNT obtained via FESEM

A= Anatase
R= Rutile
Ti= Titanium
Cu= Copper

Ti

Intensity (a.u)

CuTNT/40mM

A
Ti
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Fig. 3 a XRD spectra for pure TNT and CuTNTs prepared from vari-
ous concentrations; zoom in view at b 20=24-26°, ¢ 20=35-37° and
d 20=42-44°

40.1°, 52.9°, 62.9°, 70.6°, 74.0°, 76.2°, 77.2°, 82.3°, and
86.7°, which corresponded to the (100), (002), (101), (102),
(110), (103), (200), (112), (201), (004), and (202) planes,
respectively. The pristine TNT has a mixture of anatase and
rutile crystalline phases, which improved its crystallinity
upon calcination. The anatase phase (JCPDS 21-1272) can
be seen as a prominent peak at 26 =25.4°, corresponding to
the (101) plane, and at 26 =37.9° (which overlapped the Ti
peak). Other anatase peaks include at 48.1°, 53.7°, 55.1°,
68.6°, and 75.0° that corresponded to the (200), (105), (211),
(116), and (215) planes, respectively. Minor rutile peaks
(JCPDS 21-1276) were detected at 20=27.4° and 36.0° that
corresponded to the (110) and (101) planes, respectively.
Cu metal peak (JCPDS 4-0836) at 20 =43.3° that cor-
responded to (111) was observed in the XRD pattern for
CuTNT/10 mM, CuTNT/20 mM, and CuTNT/80 mM
(Fig. 3a, c). Cu,O peak (JCPDS 5-0667) could also be
detected in certain samples: at 20 =36.4° which corre-
sponds to (111) crystalline plane in CuTNT/20 mM and
CuTNT/40 mM, which overlapped with rutile TiO, of
20=136.0° (refer Fig. 3c). These suggested the successful
loading of Cu species in every sample and that the reduc-
tion of Cu(Ac),.H,O in NaBH, has possibly resulted in the
mixture of Cu species deposited on the CuTNTs. These sug-
gested the successful loading of Cu species into the sam-
ples and that the reduction of Cu(Ac),.H,0 in NaBH, has
possibly resulted in the mixture of Cu species deposited on
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the CuTNTs. Shifting of anatase TiO, peak at 20 =25.4°
in CuTNT/10 mM, CuTNT/40 mM and CuTNT/80 mM
(Fig. 3b) indicated probable incorporation of Cu species
into the TiO, crystal lattice.

3.1.2 Effect of varying SILAR cycles

The effect of different SILAR cycles on the formation of
CuTNTs was examined at 20 mM of Cu(Ac),.H,O for
10 min. The morphological changes observed via FESEM
are shown in Fig. 4a—d. The CaTNT/2cyc (Fig. 4a) showed a
small amount of irregular-shaped Cu particles and also some
clumpings deposited on the top of the TNTs. In CuTNT/3cyc
(Fig. 4b), Cu particles were observed to be loaded, both
into and onto the top of the TNTs with more defined shape
and inner and outer diameters as mentioned in Sect. 3.1.1.
Increasing the SILAR cycles to 5 for CaTNT/5cyc (Fig. 4c)
and 7 for CuTNT/7cyc (Fig. 4d) had significantly increased
the number of Cu particles deposited onto the TNTs, with
particle diameters that ranged between 56 and 119 nm, and
55 and 134 nm, respectively. However, greater agglomera-
tion as well as noticeably stacking Cu particles, could also
be observed. This may be due to the repeated dipping with
increasing SILAR cycles that resulted in more Cu particles
stacking onto each other by force.

The increasing amount of Cu deposited in FESEM analy-
sis could be supported by the EDX elemental analysis as

Fig.4 FESEM micrographs
of CuTNTs at varied SILAR
cycles: a CuTNTs/2cyc, b
CuTNTs/3cyc, ¢ CuTNTs/5cyc
and d CuTNTs/7cyc

@ Springer

Table2 EDX elemental composition data of CuTNTs of various
SILAR cycles

Samples Weight percentage of elements (wt.%)

Ti (0] Cu C
Blank TNT 58.13 41.12 Not detected 0.75
CuTNT/2cyc 49.32 33.67 16.14 0.87
CuTNT/3cyc 46.77 32.19 20.22 0.82
CuTNT/5cyc 31.92 20.07 4722 0.78
CuTNT/7cyc 29.90 19.28 49.92 091

shown in Table 2. It seems that, upon increasing the SILAR
cycles, the proportion of Ti and O were greatly reduced
while the proportion of Cu increased. This proved the high
coverage of Cu on the TNT surface. The stacking layers
of Cu particles with high coverage on the TNTs may be
inappropriate in applications involving photogeneration of
electrons since this might hinder penetration of light, which
can contribute to low photoconversion efficiency.

3.1.3 Effect of varying the immersion time

Figure 5 shows the morphological changes of CuTNTs
that were prepared at various immersion times and three
SILAR cycles. For CaTNT/5 min, CuTNT/10 min, and
CuTNT/20 min (Fig. 5a—c), Cu particles were observed to
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Fig.5 FESEM micrographs
of CuTNTs of varied immer-
sion times: a CuTNTSs/5 min,
b CuTNTSs/10 min, ¢
CuTNTs/20 min and d
CuTNTs/40 min

— 200 NM

be deposited both on the inside and outside of the TNTs. The
particles were uniformly distributed, with less agglomera-
tion compared to the CuTNT samples obtained from differ-
ent SILAR cycles (Fig. 4a—d).

Cu clumps were not observed in the CuTNT/5 min,
which could be due to the short dipping time. Nonetheless,
defined Cu particles were detected with a diameter range of
21-71 nm in this sample. The particle diameter range for
CuTNT/10 min (Fig. 5b) was as stated in Sect. 3.1.1, but
with minor Cu deposits. As for Cu'TNT/20 min (Fig. 5c), the
Cu particles have a diameter range of 34—83 nm, with bigger
Cu deposits compared to that of the CaTNT/10 min. Thus,
lengthening the dipping duration appeared to have increased
the amount and the size of Cu particles deposited. This
might be due to the prolonged dipping time that allowed
more Cu" ions from Cu(Ac), to be reduced in NaBH,.

Overall, lengthening the immersion times instead of
increasing the SILAR cycles seems to have resulted in the
deposition of Cu particles onto the TNT in a moderate and
homogeneous manner (refer to Fig. 6¢). Furthermore, the
Ti and O proportions in CuTNTs of increasing immersion
times seem to be declining moderately as the proportion of
Cu increased, as compared to CaTNTs of increasing SILAR
cycles (refer to Table 2).

Nevertheless, 40 min of dipping time to fabricate
CuTNT/40 min, has resulted in a large network of Cu par-
ticles that had almost fully covered the TNT surfaces in
CuTNT/40 min (refer Fig. 5d), compared to other CaTNT

samples such as CuTNT/5 min (Fig. 5a), CaTNT/10 min
(Fig. 5b) and CuTNT/20 min (Fig. 5¢) in which the Cu par-
ticles appeared to be in a considerable amount, less distinc-
tive, and formed fewer blockage deposits onto the top of
TNT. The high coverage of Cu with less potential of light
penetrance such in CuTNT/40 min would be detrimental
to PEC application. Instead, homogeneity is an important
criterion to be considered due to maximized contact between
Cu and TiO, which in return, enhanced the synergetic effect
between these two chemical species.

Table 3 shows the EDX elemental composition data of
Ti, O, Cu and C species in blank TNT and all CaTNTs of
various immersion times. The detection of Ti and O in all
samples based on the EDX elemental composition analysis
data confirmed the formation of TiO,. C was also detected,
which may be due to the decomposition of ethylene glycol
during the anodization process. However, the wt% of C was
so marginal that it could be considered as negligible. The
detection of Cu species further proves the successful fabri-
cation of CuTNTs.

Therefore, in order to investigate the Cu species pre-
sent, an X-Ray Photoelectron Spectroscopy (XPS) analysis
was conducted. Figure 7 shows the XPS spectrum of the
resulting sample. The binding energy for Ti 2p;;, and Ti
2p, ), (refer Fig. 7a) were located at 458.5 eV and 464.3 eV
respectively, suggesting that the resulting CuTNT possessed
Ti of predominant oxidation state Ti**. The detection of Ti
peaks as Ti** or as TiO, was agreeable with other findings
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Fig.6 EDX elemental mapping of a Ti, b O and ¢ Cu; and d EDX spectrum of CuTNT/20 min

Table3 EDX elemental composition data of CuTNTs of various
immersion times

Samples Weight percentage of elements (wt.%)

Ti (0] Cu C
Blank TNT 58.13 41.12 Not detected 0.75
CuTNT/5 min 46.23 32.38 20.74 0.65
CuTNT/10 min 46.77 32.19 20.22 0.82
CuTNT/20 min 43.63 30.38 24.93 0.78
CuTNT/40 min 39.94 26.35 32.75 0.97

[25, 28, 29]. Figure 7b shows Cu 2p;,, and Cu 2p,,, peaks
at 932.5 and 952.7 eV, close to the binding energies of Cu
metal as reported by [17]. However, the binding energy val-
ues were comparable to that of Cu,O [21] which suggested
the possible existence of both Cu metal and Cu,O as proven
in XRD analysis (Fig. 3). On the other hand, the shake-up
lines observed at around 945.0 and 962.8 eV could be the
attributed by the partially filled Cu?* 3d orbitals (3d°) [30].

@ Springer

Hence, deconvolution was made on Cu 2p,, peak to confirm
the chemical species of Cu present and was shown in Fig. 7c.
The atomic concentration of Cu present in possible chemical
species was as tabulated in Table 4.

From Fig. 7c, a strong peak at 932.5 eV was observed,
indicating a high concentration of the mixture of Cu/Cu,O
on the sample surface. This can be proven by the high
amount of Cu/Cu,O detected as shown in Table 4. Cu**
chemical state was also present in the form of CuO which
was exhibited at higher binding energy 933.9 eV and also
at 935.0 eV in the form of Cu(OH), as claimed by [18],
with the comparable amount. This suggested that the Cu
species deposited on the CaTNT sample was consisting of
the mixture of Cu metal, Cu,0, CuO and Cu(OH),, upon the
chemical reduction of Cu®* ions adsorbed onto the TNT, in
NaBH, reducing reagent.

The chemical species of Cu present could also be sup-
ported upon deconvolution of O 1 s peak (refer Fig. 7d)
which indicates the Ols in the CuO lattice at 529.6 eV
and the Ols of the — OH group at 531.5 eV as reported by
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Table 4 Atomic concentration of Cu 2p and O 1 s in respective chem-
ical species present in CiTNT/20 min

Chemical states Chemical species Chemical
composition
(at.%)
Cu2p Cu/Cu,O 65.58
CuO 19.74
Cu(OH), 14.68
Ols TiO, 15.35
CuO 43.76
C-0 12.81
—OH 28.08

Akhavan and co-researchers [18]. The O 1 s of — OH group
detected was consistent with the amount of Cu detected in
Cu(OH), (refer Table 4) and hence supported the observa-
tion that Cu(OH), was present.

3.2 Photoelectrochemical (PEC) performance

To further elucidate the advantages of depositing Cu
onto TNT, the photoresponses of blank Ti, pure TNT and
the obtained CuTNT samples were examined via PEC
test. Several on—off illumination cycles were conducted
where both ‘dark’ and light-induced photoresponses were
assessed in a single experiment, as shown in Fig. 8. Fig-
ure 8a illustrates the enhanced photocurrent of TNT com-
pared to blank Ti. It can be seen that the blank Ti sample
exhibited a negligible photocurrent and very high dark
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Fig. 8 Photoresponses of a as-anodized TNT and calcined TNT and b
CuTNTs/20 min with optimum 3 SILAR cycles and 20 mM concen-
tration; ¢ the trend of the calculated photoconversion efficiency per-

current at positive potentials. On the contrary, pure TNT
exhibited enhanced photocurrent and negligible dark cur-
rent across the implied potentials. Such enhancement in
photoresponse is supported by several factors: (i) the high
surface area of the nanotubular structure of the TNTs that
enhances the charge transport [1], and (ii) the crystallinity
of the TNTs, which directly channels the photogenerated
electrons towards the Ti substrate [31], specifically anatase
TNT that suppresses the recombination of charged carriers
better than rutile TNT [1].

Figure 8b shows higher enhancement in photoresponse
upon the deposition of Cu in CuTNT/20 min as the photo-
current density was doubled. This could be attributed to the
presence of Cu species that served as an electron trap center
which helps reduce electron—hole recombination [19], thus
increases the lifetime of the electrons.
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formance of CuTNTs of various SILAR cycles and immersion time;
and d the I-¢ curves of CuTNT/20 mM and CuTNT/20 min at — 0.2V

The photoconversion efficiency (i) for all samples was
measured at — 0.3 V potential versus Ag/AgCl electrode.
Equation 1 as stated by [32] was used, where I, refers to
photocurrent density (A/m?), V. refers to applied potential,
and J ., refers to light irradiance (W/m?). The trend of the
calculated 7 values is shown in Fig. 8c.

I,(1-23-V,,
N = 0( bms) (1)
Jlighl

The deposition of Cu species onto TNT in various
SILAR cycles has led to a decrease in the photoconversion
efficiency in most of the CuTNT samples, as illustrated by
Fig. 8c. This might be due to big-sized Cu particles, or by
the deposits of Cu particles that decrease the penetration
of light into the nanotubes for photo-energy conversion.
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The declining PEC performance can be seen from the 5
values; from 2.24% in pure TNT to 0.31% in CuTNT/2cyc,
0.57% in CuTNT/5cyc, and 0.62% in CuTNT/7cyc. A sud-
den increase in # value at 2.45% in CuTNT/3cyc suggested
that the optimum SILAR cycle to synthesize CuTNT
would be three cycles.

The general trend of PEC performance, however, was
better in CuTNTs of various immersion times compared
to those of various SILAR cycles. This is shown by the
higher values of # at 1.76% in CuTNT/5 min, 2.45% in
CuTNT/10 min, 6.21% in CuTNT/20 min, and 2.49% in
CuTNT/40 min. This observation could be attributed to
the uniform distribution of Cu particles into and onto the
TNTs of various immersion times, which allowed light to
channel through the TNTs more efficiently. On the other
hand, the severe clumping and the layer-like of Cu that
covered the CuTNTs of various SILAR cycles could have
limited the penetration of light.

Among these samples, CuTNT/20 min, with the opti-
mum 20 mM and 3 SILAR cycles, showed 2.7 times better
PEC performance compared to that of pure TNT. Besides
having enhanced photo-light conversion efficiency per-
formance, CuTNT/20 min also showed an overall good
photocurrent reproducibility over time as observed in
Fig. 8d, similar to CaTNT/20 mM. This suggests that the
CuTNTs obtained exhibit good electrode stability. This
can be further supported by FESEM images in Fig. 9a, b
which shows no obvious change of morphology of Cu after
PEC test was conducted.

The enhanced performance of CuTNT/20 min could
be due to the balanced distribution of Cu species in the
TNTs, with fewer blockages on the TNTs, as shown by the
FESEM images. These are significant factors that could
increase the contact between Cu species and TiO,, inside
and outside of the TNT, which can lead to more effec-
tive light exposure as well as a balanced electron pathway
between these two chemical species. Thus, the positive
impacts induced by Cu species towards the TNTs were
not merely based on Cu being the electron trap center,
but its optimum particle size, concentration, and uniform

Fig.9 FESEM images of a
CuTNT/20 min before PEC and
b CuTNT/20 min after PEC

distribution had also contributed towards maximizing the
synergetic effect between Cu species and TiO,.

3.3 Ultraviolet-Visible diffuse reflectance
spectroscopy (UV-DRS) analysis

UV-DRS analysis was performed to establish the synergetic
effect between Cu species and TiO,, as shown in Fig. 10.
The band gap energy (E,) was calculated using Eq. 2 as
according to Yang and co-researchers [33]. The wavelengths
(1) absorbed by the samples were obtained by extrapolat-
ing the sudden drop of absorbance or absorption edge from
380 nm, as shown in Fig. 10a.

1240
E,=— @)

The bare TNT, as shown in Fig. 10a exhibited a strong
UV light absorbance at A <380 nm. The UV light absorption
can be attributed to the intrinsic band gap absorption of TiO,
[34]. Upon the deposition of Cu, the band gap absorption
edge shifted to approximately 420 nm, as shown in Fig. 10a,
which lowered the band gap from 3.26 eV (pure TNT) to
2.95 eV. However, the higher content of Cu in CaTNT/7cyc,
and CuTNT/40 min had decreased the absorption of UV
light, and increased the absorption of visible light, as shown
in Fig. 10b. The high visible light absorbance was due to
the domination of Cu on the TNT surface since the surface
Plasmon resonance of Cu is at a wavelength range of 580 to
600 nm [35]. These results further prove the decreased pen-
etration of light through the TNTs, as shown by the FESEM
morphological analysis. Consequently, the decrement of UV
light absorbance in UV-DRS, and also the lower PEC per-
formance were observed. On the other hand, CuiTNT/20 min
which showed the highest performance improvement, exhib-
ited both strong UV and visible light absorption capabili-
ties, with an increased redshift, as shown in Fig. 10a, which
lowered the band gap to 2.75 eV.

Nevertheless, in explaining the relationship between the
band gap narrowing effect towards the PEC performance of
CuTNT might require an explanation from the Cu species

— 200 NM
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Fig. 10 UV-DRS spectra of a pure TNT, CuTNT/20 mM and CuTNT/20 min; and b pure TNT, CaTNT/7cyc and CuTNT/40 min

Fig. 11 Possible mechanisms that are involved during the illumina-
tion of light

itself. It is noted that in this study, four Cu species were
deposited onto the CaTNT samples: Cu metal, Cu,0, CuO
and Cu(OH), semiconductors. It is understood that in a
metal such as Cu, the valence band (VB) and the conduc-
tion band (CV) is expected to overlap and hence might not
contributing towards the electron trap effect on TNT. Cu,0,
CuO and Cu(OH), on the other hand, are semiconducting
materials with distinguished VB and CB; and the difference
between these two chemical species’ transition bands with
that of TNT aids in the electron trap effect which functions
to reduce the electron—hole recombination rate of TNT. The
possible mechanisms could be illustrated via Fig. 11.

First, electrons were excited from the VB of TiO, and
Cu species (Cu,O/CuO/Cu(OH),) to their CB due to their
absorption in the UV light region and the visible light

@ Springer

region, respectively. The strong UV light absorption in
CuTNT/20 min (Fig. 10a) was due to the fewer blockages,
which enabled light to penetrate and excite TiO, electrons.
On the other hand, the visible light absorption was due to
the visible-light reactive Cu species on the surface of the
TNTs. Such broad utilization of the light spectrum will
eventually lead to an effective photocatalytic activity [35].
Second, since the VB of TiO, is more positive than that of
Cu,0 and CuO, photogenerated electrons in the conduction
band of Cu species would be transferred to TiO,. Similarly,
the photogenerated holes in the valence band of TiO, would
be transferred to Cu species. Hence, a wide electron—hole
separation was achieved where the photogenerated electrons
and holes were separated into the CB of TiO, and the VB of
Cu species, respectively. This reaction is able to reduce the
recombination of the electron—hole pairs, which was also
observed by Sun and co-researchers [36] hence explains the
electron-trap center induced by the Cu species, which had
enhanced the photocatalytic efficiency.

4 Conclusion

Well-ordered crystalline TNT with a mixture of anatase
phase (major) and rutile phase (minor) was obtained upon
anodization. Cu-loaded TNTs were successfully obtained
via SILAR method, as proven by FESEM, EDX, and XRD
analyses. The amount of Cu deposited onto the TNTs had
increased with increasing Cu>* concentration, SILAR cycles,
and immersion time. The Cu deposited, as investigated
via XPS analysis, was consisting of major Cu/Cu,O and a
comparable amount of CuO and Cu(OH),. CuTNT/20 min,
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with a fixed 20 mM solution concentration and 3 SILAR
cycles, exhibited the best PEC performance with 2.7 times
enhancement compared to pure TNT with good electrode
stability. UV-DRS analysis has confirmed the synergetic
effect induced by Cu, which can be seen by the redshift
with CuTNT/20 mM and CuTNT/20 min. This condition
led to the reduced band gap, from 3.26 eV in pure TNT to
2.95 eV in CuTNT/20 mM, and 2.75 eV in CuTNT/20 min
as well as the broad utilization of light spectrum exhibited by
CuTNT/20 min. The enhanced PEC performance of CuTNT,
therefore, could be attributed to several factors: the high sur-
face area of the nanotubular structure; the crystallinity of the
TNT that contributed towards the enhancement of electron
channels towards Ti substrate; the effect of the electron-trap
centre introduced by Cu towards the TNTs; the reduced band
gap energy; the broader utilization of light spectrum; and
the uniformed distribution of Cu species in TiO, NT which
allowed better light penetration and maximised the syner-
getic effect between these two chemical species.
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