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Photoelectrochemical (PEC) water splitting is a promising approach for renewable hydrogen production.
However, the practical PEC solar-to-fuel conversion efficiency is still low owing to poor light absorption
and rapid recombination of charge carriers in photoelectrode. In this work, we report a ternary
photoanode with simultaneously enhancement of light absorption and water oxidation efficiency by
introducing copper phthalocyanine (CuPc) and nickel iron-layered double hydroxide (NiFe-LDH) on TiO,
(denoted as TiO,/CuPc/NiFe-LDH). An experimental study reveals that CuPc loading on TiO, bring strong
visible light absorption; NiFe-LDH as an oxygen evolution reaction catalyst efficiently accelerates the
surface water oxidation reaction. This synergistic effect of CuPc and NiFe-LDH gives enhanced
photocurrent density (2.10 mA/cm? at 0.6 V vs. SCE) and excellent stability in the ternary TiO»/CuPc/NiFe-
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Photoelectrochemical (PEC) water splitting is a promising
technology to provide hydrogen fuel, which integrates solar energy
conversion and water electrolysis into a single photoelectrode [1-
3]. Particularly, photoanode has a core effect on the PEC water
splitting system owing to the multiple electron transfer process in
water oxidation [4-6]. The PEC water splitting on photoanodes
involves the following process: the generation of electron-hole
pairs after photo excitation; the charge separation and holes
migration to the photoanode surface; and the water oxidation
reaction in the photoanode/electrolyte interface [7-10]. Because of
low price and high stability, TiO, etc. metal oxide semiconductors
have attracted considerable attention to make the continuous
breakthroughs in solar to hydrogen conversion efficiency [11,12].
For TiO, photoanode, weak light absorption under solar light and
slow surface water oxidation kinetics usually result in unsatisfied
photoconversion efficiency.

It have been reported that the integration of water oxidation
catalysts with photocatalyst can improve the reaction dynamics by
reducing the overpotential of water oxidation and improving
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charge separation ability of semiconductor [13,14]. Layered double
hydroxides (LDHs) show extraordinary oxygen evolution reaction
(OER) performances with low overpotential and high stability,
therefore also attracted intensive attention as water oxidation
cocatalysts in PEC water splitting [15-20]. We discovered that the
modification of ZnFe-LDH or NiFe-LDH on TiO, can efficiently
improve the charge separation efficiency and surface OER kinetic
process [19,20]. The interface structure and the matched band
position in these TiO,/LDHs photoanodes play a key role in the final
photoanodes activity. In spite of all this progress, the PEC solar-to-
fuel conversion efficiency still cannot satisfy the requirement in
practice due to the ultralow utilization of light, which makes it
highly necessary to further exploration of TiO, photoanodes with
visible light absorption. Phthalocyanine copper (CuPc) is one of
organic semiconductors with high charge-transport properties,
excellent thermal and chemical stability, which inspires great
interest in PEC photoelectrode synthesis [21-23]. When combined
with TiO,, CuPc may act as an efficient photosensitizer which
derives in high photo-absorption and thereby gives high PEC
performance.

Taking advantage of electronegative phthalocyanine ligands
and positive LDH nanosheets, we successfully demonstrate the
construction of a ternary TiO,/CuPc/NiFe-LDH photoanode, which
involves the assembling of CuPc molecules and NiFe-LDH
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nanosheets on TiO, by a facile layer-by-layer (LBL) method. It is
shown that the CuPc and NiFe-LDH were uniformly anchored onto
TiO, nanorods, and the loading mass can be fine controlled by the
cycle numbers. The optimal TiO,/CuPc/NiFe-LDH photoanode
shows a photocurrent density of 2.10mA/cm? at 0.6V vs. SCE,
which is 5.7 times higher than that of pristine TiO,. An integrated
studies reveal that CuPc loading on TiO, bring strong visible light
absorption; NiFe-LDH as a cocatalyst accelerates the surface water
oxidation reaction.

As shown in Fig. 1a, the synthesis of TiO,/CuPc/NiFe-LDH
photoanode involves the TiO, alternately immersed in copper(Il)
phthalocyanine (CuPc) and exfoliated NiFe-LDH nanosheets
solution through LBL method (see details in the experimental
sections in Supporting information). The TiO, nanorods were
vertically grown on FTO substrate by hydrothermal method, with
rather rough surface and diameter of 100-150 nm, length of
2.5 wm (Fig. 1b and Fig. S1 in Supporting information). The TiO,
nanorods became much smooth after CuPc (negatively-charged
ligand) absorbed on the TiO, surface (denoted as TiO,/CuPc,
Fig. 1c¢). Then positively-charged NiFe-LDH nanosheets were
further adhered on TiO,/CuPc by electrostatic interaction. Finally,
TiO, nanorods were cross links with CuPc and NiFe-LDH after 6
times cycle in CuPc and NiFe-LDH solution (Fig. 1d). The cross-
section SEM images show that the introduced CuPc and NiFe-LDH
are distributed uniformly on these TiO, samples (Fig. S2 in
Supporting information). In addition, TiO,/NiFe-LDH sample was
fabricated to give a comparison study (Fig. 1e).

The composition and phase structure of obtained TiO,, TiO,/
CuPc, TiO,/NiFe-LDH and TiO,/CuPc/NiFe-LDH were investigated
by X-ray diffraction (XRD), UV-vis diffuse reflection and Raman
spectra. XRD patterns of four prepared samples (Fig. 2a) show two
sharp reflections at 20 = 36.1° and 62.8°, corresponding to the (101)
and (002) diffraction peaks of rutile TiO,, respectively [24]. But the
signals of CuPc and NiFe-LDH are missed in TiO,/CuPc/NiFe-LDH,
which can be attributed to the low concentration of CuPc and NiFe-
LDH. In the UV-vis diffuse reflection spectroscopy (Fig. 2b),
pristine TiO, sample shows strong absorption in the UV light
region. Slightly enhanced absorption at 400-500 nm was observed

Fig. 1. (a) Schematic illustration for the fabrication of TiO,/CuPc/NiFe-LDH. SEM
images of (b) TiO,, (c) TiO/CuPc, (d) TiO,/CuPc/NiFe-LDH and (e) TiO,/NiFe-LDH,
respectively.

in TiO,/NiFe-LDH, originating from NiFe-LDH [25]. The visible light
absorption of exfoliated NiFe-LDH was confirmed by the UV-vis
absorption spectrum (Fig. S3 in Supporting information). In case of
TiO,/CuPc and TiO,/CuPc/NiFe-LDH, the absorbance in the visible
light region was significantly enhanced. CuPc has absorption edge
at ~530 nm and the calculated bandgap through the Tauc analyses
is 2.35 eV (Fig. S4 in Supporting information). The Raman spectra of
the four samples show three peaks at 240 cm ™!, 445cm ! and
608 cm ™!, which can be attributed to the second order effect of
vibration mode in rutile TiO, [26]. The signals of CuPc at 1340 cm ™,
1450 cm ! and 1530 cm ™! can be observed in TiO,/CuPc and TiO-/
CuPc/NiFe-LDH [27]. Fe 2p and Ni 2p XPS spectra of TiO,/CuPc/
NiFe-LDH were further investigated, confirming the successfully
loading of NiFe-LDH in the composite photoanode (Fig. S5 in
Supporting information). Compare with exfoliated NiFe-LDH, no
shift of the Fe 2p and Ni 2p peaks in TiO,/CuPc/NiFe-LDH were
observed, suggesting weak interaction between NiFe-LDH and
CuPc. The above results demonstrated the successful loading of
CuPc and NiFe-LDH in TiO,/CuPc/NiFe-LDH by the LBL method.
The PEC measurements were carried out using TiO, TiO,/CuPc,
TiO,/NiFe-LDH and TiO,/CuPc/NiFe-LDH samples as photoanodes
in 0.5 mol/L NaySO4 aqueous solution. In dark condition, electro-
chemical water splitting cannot react for these four samples at bias
<1.2V vs. SCE (Fig. 3a). Under illumination, pristine TiO, displays a
relatively low photocurrent density of 0.37 mA/cm? at 0.6 V vs. SCE.
In contrast, the TiO,/NiFe-LDH and TiO,/CuPc photoanodes exhibit
an enhanced photocurrent density of 0.97mAj/cm? and 1.06
mA/cm?, respectively. The photocurrent density of TiO,/CuPc/
NiFe-LDH further increased to 2.10 mA/cm? at 0.6V vs. SCE. It can
be found that the fabricated TiO,/CuPc/NiFe-LDH has superior
photocurrent density than most reported TiO,-based works
(Table S1 in Supporting information). Amperometric I-t curves
of four samples were measured under chopped light illumination
(Fig.3b). It can be observed that these photoanodes exhibited rapid
and reproducible photocurrent response, corresponding to the ON-
OFF signals of the light. Moreover, it is found that the TiO, and TiO,/
CuPc/NiFe-LDH show excellent photocurrent stability while the
photocurrent of TiO,/CuPc and TiO,/NiFe-LDH has a decrease. The
PEC measurements under visible light were further measured
(Fig. S6 in Supporting information). Comparing with TiO,/NiFe-
LDH (21.4 pA/cm? at 0.6V vs. SCE) or TiO,/CuPc (25.9 pA/cm? at
0.6V vs. SCE), the ternary photoanode TiO,/CuPc/NiFe-LDH
showed more significant improvement with the photocurrent
density of 52.3 wA/cm? at same applied bias. Incident photon to
current efficiency (IPCE) results of four samples was shown in
Fig. 3c, displaying high photocatalytic activity in the UV light
region. The maximum IPCEs are obtained at 375 nm, which are
7.94%, 12.48%, 11.59%, and 14.97% for TiO,, TiO,/CuPc, TiO,/NiFe-
LDH, and TiO,/CuPc/NiFe-LDH samples, respectively. In the visible
light region, the IPCE of TiO,/CuPc/NiFe-LDH is much higher than
TiO, (Fig. 3¢ inset), which is consistent with the PEC performance
under visible light illumination. The IPCE of TiO,/NiFe-LDH shows
small improvement in the range of 450-650 nm, which can be
attributed to the photocatalytic properties of NiFe-LDH. In order to
confirm the water splitting products, the photocurrent and
produced H, were both monitored during the photoelectrolysis
measurements. By comparing the theoretical and actual H, yield,
the average Faraday efficiency was calculated to be 99%, 97%, 98%
and 99% for TiO,, TiO,/CuPc, TiO,/NiFe-LDH and TiO,/CuPc/NiFe-
LDH samples, respectively (Fig. 3d and Table S2 in Supporting
information). The durability test shows that TiO,/CuPc/NiFe-LDH
samples give a relatively stable photocurrent density under
illumination for 5h (< 5% current decay, Fig. S7 in Supporting
information). However, the photocurrent density of the TiO,/NiFe-
LDH and TiO,/CuPc has a significant decrease along with the time.
The results above demonstrate that introduction of CuPc or NiFe-
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Fig. 2. (a) XRD patterns, (b) UV-vis diffuse reflectance spectra and (c) Raman spectra of TiO,, TiO,/CuPc, TiO,/NiFe-LDH and TiO,/CuPc/NiFe-LDH, respectively.

3
@) | —m 0l . .
g~ | —TmopEeon o
. 3 —Tiocarevireton o~
£ A
i :
=i £,
=
04 SESIORENE [ Y of Lo
08 w 0% 0 s 0 e 40 600 KO 1D0D
Evs. SCE Time (s)
(€) ! )
—e, - —
—— T, T ]
124 T, LD E e
g e I =
< 94 H
Pt £ w0
£ o 3
3 g,:“"
=
4 o . ,
300 500 00 700 o 20 40 e 80 w0 1w

400
Wavelength (nm)

Time (min)

Fig. 3. (a) Current-voltage curves, (b) amperometric I-t curves at potential of 1.23V
vs. RHE under chopped light illumination, (c) IPCEs measured at 1.23 V vs. RHE and
(d) total H, production of TiO,, TiO»/CuPc, TiO,/NiFe-LDH and TiO,/CuPc/NiFe-LDH,
respectively.

LDH can improve the PEC performance of TiO, photoanode and the
obtained ternary TiO,/CuPc/NiFe-LDH photoanode shows more
superior stability and sunlight utilization efficiency.

The PEC performance of TiO,/CuPc/NiFe-LDH with different
loading mass of CuPc and NiFe-LDH was also investigated. The
loading mass onto TiO, can be tuned by the cycle numbers of CuPc
and NiFe-LDH in LBL process (denoted as TiO,/CuPc/NiFe-LDH-n,
where n is the bilayer numbers). The LBL process of TiO,/CuPc/
NiFe-LDH-n was monitored by UV-vis spectra (Fig. 4a), where
visible light absorption intensities at 600 cm ! increased from 0.78
to 1.37 along with the bilayer numbers increase from 2 to 8. In
addition, Raman spectra at ~1340 cm~!, 1450 cm~! and 1530 cm™!
also has a gradually enhancement as the bilayer numbers increase
(Fig. 4b). SEM images show that the surface of TiO, is completely
covered by CuPc and NiFe-LDH as the bilayer numbers increase to 6
(Fig. S8 in Supporting information). The peaks of CuPc or NiFe-LDH
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Fig. 5. (a) Mott-Schottky plots collected at a frequency of 1kHz in dark, (b) EIS
measured at 0V vs. SCE under illumination for the sample of TiO,, TiO,/CuPc, TiO,/
NiFe-LDH and TiO,/CuPc/NiFe-LDH, respectively. (c) Schematic illustration of the
PEC water oxidation process in the TiO,/CuPc/NiFe-LDH photoanode.

cannot be observed in the XRD of TiO,/CuPc/NiFe-LDH-8,
suggesting that the loading mass of CuPc and NiFe-LDH was
relative low (Fig. S9 in Supporting information). The PEC measure-
ments for TiO,/CuPc/NiFe-LDH-n photoanodes are shown in
Fig. 4c. The photocurrent density gradually increases from
0.75mA/cm? (n = 2) to 210mA/cm? (n = 6) at 0.6V vs. SCE, but
decreases to 1.44mA/cm? in TiO,/CuPc/NiFe-LDH-8. Therefore, 6
bilayers numbers is more suitable in the series of TiO,/CuPc/NiFe-
LDH samples. Moreover, the photocurrent density of TiO,/CuPc/
NiFe-LDH-6 showed the largest photocurrent density under visible
light in these samples (Fig. S10 in Supporting information). In
addition, it is worth mention that all the TiO,/CuPc/NiFe-LDH
samples in other parts were discussed with TiO,/CuPc/NiFe-LDH-6.

To give deep insights into the effect of CuPc and NiFe-LDH in
TiO,/CuPc/NiFe-LDH, Mott-Schottky measurements was used to
investigate the semiconducting properties of obtained four
photoanodes [28]. The Mott-Schottky plots of four samples show
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Fig.4. (a) UV-vis diffuse reflectance spectra, (b) Raman spectra and (c) current-voltage curves of TiO,, TiO,/CuPc/NiFe-LDH-2, TiO,/CuPc/NiFe-LDH-4, TiO,/CuPc/NiFe-LDH-6,

TiO,/CuPc/NiFe-LDH-8, respectively.
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positive slope, suggesting an n-type TiO, semiconductor properties
(Fig. 5a). The charge carrier density was assessed according to the
Mott-Schottky equation, which were 6.62 x 10, 1.13 x 10",
1.59 x 10" and 6.92 x 10" cm > for TiO,, TiO,/CuPc, TiO,/NiFe-
LDH and TiO,/CuPc/NiFe-LDH, respectively (see details in the
experimental sections in Supporting information). This demon-
strates that CuPc or LDH can increase the carrier density of TiO,
surface, and the enhancement is more significant in TiO,/CuPc/
NiFe-LDH sample. By extrapolating the Mott-Schottky plot, the
intercept of TiO,/CuPc/NiFe-LDH sample is shift from —0.60V to
—0.48 V compared with that of TiO,. The positive shift suggests a
decrease of the upward bending in band edge, which facilitates the
charge transfer in the semiconductor/electrolyte interface [29].
The electrochemical impedance spectroscopy (EIS) studies for
these four samples were carried out (Fig. 5b). After incorporation
of CuPc or NiFe-LDH, the arc diameters decreased slightly in TiO/
CuPc and TiO,/NiFe-LDH, representing the smaller charge transfer
resistance [30]. The minimal arc radius in TiO,/CuPc/NiFe-LDH
indicates the synergetic effect of CuPc and NiFe-LDH. The
photoluminescence (PL) behaviors were measured (Fig. S11 in
Supporting information), reflecting the recombination of electron
and hole in the surface of semiconductors [31]. The PL emission
spectra of TiO, photoanode display strong PL emission peaks at 409
and 454 nm. By introducing of CuPc or NiFe-LDH, decreased PL
emission intensity can be observed in TiO,/CuPc and TiO,/NiFe-
LDH. Finally the lowest PL emission intensity in TiO,/CuPc/NiFe-
LDH suggests a suppressed radiative recombination of generated
charge carriers. In addition, the surface charge injection efficiency
was calculated by photocurrent measured in the electrolyte with or
without H,0, (see details in the experimental sections in
Supporting information). The charge injection efficiency of TiO,/
CuPc at 0.6 V vs. SCE is 60.0%, which is comparable with that of TiO,
(58.0%). A giant improvement is obtained in TiO,/NiFe-LDH (79.2%)
and TiO,/CuPc/NiFe-LDH 82.1%), suggesting the highly OER
catalytic activity of NiFe-LDH in the photoanodes (Fig. S12 in
Supporting information).

Given the above discussions, a mechanism for the enhanced
PEC water splitting performance in this TiO,/CuPc/NiFe-LDH
photoanode is proposed and shown in Fig. 5c. The photoexcited
electron-hole pairs of TiO, are generated under UV light
illumination while CuPc can be excited under the visible light.
The difference in band position for TiO, and CuPc induce photo-
generated electrons and holes transfer oppositely: electrons from
CuPc to TiO,, while holes from TiO, to CuPc and finally capture by
NiFe-LDH [32,33]. CuPc can broaden the spectral response and
NiFe-LDH acts as the active site for water oxidation. The rapid
transmissions and utilization of charge carriers suppress the
recombination of electrons and holes generated by TiO, and CuPc.
The enhanced charge separation and injection efficiency was
confirmed by the EIS and electrochemical testing. Consequently, by
the synergetic effect of photosensitizer CuPc and cocatalyst NiFe-
LDH, effective PEC water oxidation is performed in the TiO,/CuPc/
NiFe-LDH photoanode with improved light absorption and charge
utilization efficiency.

In summary, a ternary TiO,/CuPc/NiFe-LDH photoanode has
been successfully prepared by a stepwise modificaiton of CuPc and
exfoliated NiFe-LDH nanosheets onto TiO, by LBL method. Due to
the synergetic effect of photosensitizer and cocatalyst, the well-

aligned TiO,/CuPc/NiFe-LDH significantly improves the light
absorption ability and charge utilization efficiency. A deeper
understanding based on the spectroscopy and electrochemical
studies imply that the CuPc and NiFe-LDH can serve as
photosensitizer and cocatalyst respectively, thereby improving
the PEC water oxidation efficiency.
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