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a b s t r a c t

Phthalocyanine-based light harvesting nanomaterials are attractive due to their low cost, eco-friendly
properties and sensitivity in the red region of the solar spectrum. However, for any practical application,
phthalocyanines need to be chemically modified for anchoring groups with wide-band semiconducting
nanomaterials. In this paper, zinc phthalocyanine (ZnPc) was functionalized with two carboxyl groups
containing a biologically important ligand, tartrate, using a facile wet chemistry route and duly sensitized
zinc oxide (ZnO) to form nanohybrids for application in photocatalytic devices. The nanohybrids have
been characterized using a high-resolution transmission/scanning electron microscope (HRTEM, FEG-
SEM), X-ray diffraction (XRD), steady-state infrared/UV–vis absorption and emission spectroscopy for
their structural details and optical properties, whereas the ultrafast dynamical events, which are key for
understanding the photocatalytic activities, were monitored using picosecond resolution fluorescence
techniques. More specifically, vibrational spectroscopy (FTIR) revealed the covalent connection of ZnPc
with the host ZnO nanoparticles via the tartrate ligand. The efficiency of the material for photocatalysis
under red light irradiation was found to be significantly enhanced compared to bare ZnO. A mechanistic
pathway for the formation of photo-induced reactive oxygen species (ROS) in an aqueous medium for the
photocatalytic efficacy was investigated. To make a prototype for a potential application in a flow device
for water decontamination, we have sensitized ZnO nanorods (ZnO NR) with tartrate-functionalized
ZnPc. The molecular proximity of ZnPc to the ZnO surface has been confirmed by picosecond resolution
Förster Resonance Energy Transfer (FRET) from the intrinsic emission of surface defects of ZnO NR to the
attached ZnPc. The excited-state electron transfer dynamics, as revealed by a picosecond resolution
fluorescence study (TCSPC), is in good agreement with the enhanced charge separation at the interface of
the nanohybrid. The enhanced photoresponse, wavelength-dependent photocurrent of the sensitized
nanorods and photodegradation of a model water pollutant in a prototype device format confirmed the
potential use of the nanohybrids in water purification.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

The choice of photo-sensitizers in solar light-harvesting appli-
cations, including dye sensitized solar cells (DSSC) and visible light
photocatalysis (VLP) is very important. In most cases, polypyridyl
ruthenium complexes are likely choices for such applications [1–4].
While the complexes work reasonably well in visible light, the main
drawback of such complexes is a lack of reasonable absorption in
the near-IR region. Given that IR energy accounts for 49% of the
ed),
solar spectrum, an extended red response of the sensitizers is
necessary to improve the device efficiency [5]. Phthalocyanines
(PCs) have been used in light-harvesting applications, including in
polymer-based hybrid DSSC [6], to complement the optical
absorption of the polymer in the red region of the solar spectrum.
The chemical structures of the PCs are characterized by an aromatic
monocyclic ligand carrying clouds of delocalized л-conjugated
electrons and a central metallic atom with typically 2þ oxidation
states playing the role of electron donor to the ligands. Zinc
phthalocyanines (ZnPc) are a class of PCs whose main electronic
features are explained in detail using DFT [7] and are represented
schematically in Fig. 1. ZnPc is usually modified by the addition of
anchoring groups for light-harvesting applications [8–13].
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Fig. 1. (a) High-resolution transmission electron microscopy (HRTEM) of ZnO NP.
Inter-fringe distance of 0.245 nm is consistent with (002) planes of the ZnO crystal.
(b) UV–vis absorption spectra of ZnPc in DMSO and the nanohybrid are shown. The
absorption spectrum of the suspended NPs without sensitization is shown for
comparison.

Scheme 1. (a, b) Molecular structure of the sensitizer zinc phthalocyanine (ZnPc)
and the ligand tartrate are shown. (c) The nanohybrid: possible molecular attach-
ment of ZnPc with ZnO crystal through the tartrate ligand is indicated.
(d) Schematic of the prototype flow device using the nanohybrid as the functional
material is shown.
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In this manuscript, a facile means to attach a biologically
important ligand, tartrate, to the central metal of ZnPc using simple
wet chemistry was employed. We have made nanohybrids of tar-
trate-functionalized ZnPc with zinc oxide (ZnO) of different
morphologies (particles and nanorods) for light-harvesting appli-
cations or red light photocatalysis. Although titania (TiO2) was
reported to be a more efficient charge separator from the excited
sensitizer in light harvesting, recently DSSC based on ZnO have
attained efficiency that is comparable to titania [6]. Moreover, ZnO
has emerged more recently in the framework of light-harvesting
devices as an alternative to titania because of its flexibility in
materials synthesis and significant electron mobility [14]. While
Fourier transform infrared (FTIR) spectroscopy reveals attachment
of the tartrate ligand through a carboxylate end to the ZnO NP,
X-ray diffraction (XRD) confirms the intactness of the crystal
structure of ZnO upon functionalization with tartrate. We have also
studied the photocatalytic activity of the nanohybrid under red light
illumination with a model water pollutant, methyl orange (MO),
and found significant enhancement, which is found to be a mani-
festation of enhanced ROS formation from the nanohybrid in aqu-
eous solution. To use the functional material (nanohybrid) in a flow
device for the decontamination of polluted water, we have used
ZnO nanorods (ZnO NR) on a glass plate duly functionalized with
tartrate–ZnPc. The intrinsic emission of the ZnO NR and its spectral
overlap with the absorption spectrum of ZnPc reveals Förster
Resonance Energy Transfer (FRET) from the surface of the NR to the
attached ZnPc, confirming the close proximity between the sensi-
tizer ZnPc to the host ZnO NR. We have confirmed enhanced pho-
tocurrent under visible light and measured the wavelength-
dependent photocurrent in the sensitized ZnO NR. A prototype of
the flow device has also been made and tested for potential appli-
cation in decontamination of the model water pollutant (MO).
2. Experimental section

2.1. Reagents

Zinc acetate dihydrate, ZnO (�30 nm), methyl orange, zinc
phthalocyanine (ZnPc), tartaric acid, zinc nitrate hexahydrate, and
hexamethylenetetramine were purchased from Sigma-Aldrich. All
compounds were of the highest commercially available purity and
used as received. Ultrapure water (Millipore System, 18.2 MΩ cm)
and ethanol (Z99% for HPLC, purchased from Sigma-Aldrich)
were used as solvents. Analytical-grade chemicals were used for
synthesis without further purification. Dimethyl sulfoxide (DMSO)
and sodium hydroxide (NaOH) were purchased from Merck.



Fig. 2. (a) Cyclic voltammograms of ZnPc (red) and ZnPc attached to tartrate ligands
(ZnPc–Tar, dark cyan). The CVs were measured in DMSO-aqueous KOH solution at
0.1 V s�1 scan rate and Ag/AgCl as reference electrode. (b) FTIR of the nanohybrid,
ZnO NPs and tartrate are shown. A bidentate binding of the tartrate to the ZnO
through the carboxylate end is evident (see text). (c) X-ray diffractograms of the
nanohybrid and reference ZnO NPs are shown. Intactness of crystal structure of ZnO
in the nanohybrid is evident (see text). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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2.2. Sensitization of ZnPc on the ZnO NP surface through tartrate
ligands

Tartrate has been chosen over other potential organic molecules,
including citrate and L-serine, as a ligand for the following reason. The
yield of the ligand-functionalized ZnPc is found to be highest in the
case of tartrate, as is evident from the following experiment. The
three ligands in the aqueous phase and ZnPc in chloroform were
stirred for 12 h. Then, the aqueous phase was separated and emission
of the ZnPc was monitored upon excitation at 633 nm. The con-
centration of the complex in the aqueous phase was maximum for
the tartrate-containing solution, indicating the strongest binding
between tartrate and ZnPc among the three ligands. A 0.5 mM ZnPc
(C32H16N8Zn) solution was prepared in dimethyl sulfoxide (DMSO)
with constant stirring for 1 h. The functionalization of ZnO NPs with
tartrate ligands was carried out at room temperature in dark ambi-
ence by adding ZnO NPs into a 0.5 mM tartrate aqueous solution (pH
adjusted to 9 by NaOH) with continuous stirring for 6 h. Then, the
tartrate-functionalized ZnO NPs were added to the 0.5 mM ZnPc
solution in a dimethyl sulfoxide (DMSO)–deionized (DI) water
(1:1, v–v) mixture and stirred for 12 h under dark conditions. After
the sensitization process, the solution was centrifuged for a few
minutes and the supernatant clear solution of unattached dyes was
removed. Then, the sensitized material was washed with a DMSO–
water mixture several times to remove any unattached dye. The
nanohybrid was then dried in a water bath and stored in the dark
until further use.

2.3. Synthesis of ZnO NRs

Zinc acetate dihydrate, Zn(CH3COO)2 2H2O (Merck), zinc nitrate
hexahydrate, Zn(NO3)2, 6H2O (Sigma-Aldrich), hexamethylenete-
tramine, C6H12N4 (Aldrich) were used as the starting materials for a
low temperature hydrothermal synthesis of ZnO NRs on FTO sub-
strates. Detailed processes for the hydrothermal growth of single-
crystal ZnO NRs are described in our previous reports [15–17]. In brief,
a ZnO seed layer was initially deposited on cleaned glass substrates by
the spray-pyrolysis method at 100 °C using 10 mM zinc acetate solu-
tion in isopropanol. The seeded glass substrates were then annealed in
air at 350 °C for 5 h and used for the hydrothermal growth of the ZnO
NRs. An aqueous solution of zinc nitrate (20 mM) and hexamethyle-
netetramine (20 mM) was used as the precursor solution for the ZnO
NR growth, which was carried out at 90 °C for 40 h. This led to the
growth of ZnO NRs with a length of approximately 2–3 μm and dia-
meter of 80–100 nm. To maintain a constant growth rate of the ZnO
NRs during the hydrothermal process, the old precursor solution was
replaced with a fresh solution every 1 h. The as-obtained ZnO NR
samples were then taken out of the reaction vessel and rinsed thor-
oughly with DI water to remove unreacted residues. Finally, the
samples were annealed in air at 350 °C for 1 h prior to the study.

2.4. Sensitization of ZnPc on the ZnO NR surface through tartrate
ligands

The functionalization of ZnO NRs with tartrate ligands was carried
out at room temperature in the dark by immersing the glass plates
with ZnO NRs into a 0.5 mM tartrate aqueous solution (pH adjusted to
9 by NaOH) for 12 h. After that, the plates were washed with distilled
water several times. For ZnPc sensitization, a 0.5 mM ZnPc solution,
C32H16N8Zn, was prepared in dimethyl sulfoxide (DMSO) with con-
stant stirring for 1 h. The sensitization of the ZnO NRs with ZnPc dye
was carried out in darkness at room temperature by dipping the ZnO
NR samples into the prepared dye solution for 12 h. After the sensi-
tization process, the ZnO NRs were extracted from the dye solution,
rinsed with a DMSO–water mixture thoroughly (to remove any phy-
sisorbed dye molecules), and stored in darkness for further use.

2.5. Characterization methods

Field Emission Scanning Electron Microscopy (FESEM, QUANTA
FEG 250) was used to investigate the surface morphology of the



Fig. 3. (a) Methyl orange (MO) photodegradation in the presence of the nanohybrid and comparison with bare ZnO NP under white light illumination are shown.
(b) Decrease in the rate of MO photodegradation in the presence of Cu2þ and after N2 purging compared to that of the nanohybrid alone. (c) Photocatalytic activity of the
nanohybrid under red light (optical irradiance spectrum is in the inset) illumination is shown. The reference for bare ZnO NPs does not show any activity under red light.
(d) Red light-induced reactive oxygen species (ROS) generation in the presence of nanohybrid and comparison with ZnO and control (DCFH) in aqueous solution are shown.
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samples. Transmission electron microscopy (TEM) was carried out
using an FEI (Technai S-Twin) instrument with an acceleration
voltage of 200 kV. A drop of sample was placed on a carbon-coated
copper grid and particle sizes were determined from micrographs
recorded at a high magnification of 100,000� . Electrochemical
experiments were performed using a CH analyzer potentiostat
(CHI1110C). For cyclic voltammetry, a three electrode system
consisting of a glassy carbon working electrode, a platinum
counter electrode and a reference electrode was employed. All the
potentials reported in this paper are referenced to the Ag/Agþ

couple and performed in DMSO-1 (M) aqueous KOH solution.
X-ray diffraction (XRD) was used to characterize the crystal phase
using a PANalytical XPERTPRO diffractometer equipped with Cu
Kα radiation (at 40 mA and 40 kV) at a scanning rate of 0.02° s�1

in the 2θ range from 20° to 80°. Fourier transform infrared spectra
(FTIR) were obtained with a JASCO FTIR-6300 spectrometer by the
KBr Pellet method. For optical experiments, the steady-state
absorption and emission were recorded with a Shimadzu UV-2600
spectrophotometer and a Jobin Yvon Fluoromax-3 fluorimeter,
respectively. Picosecond resolution spectroscopic studies were
carried out using a commercial time correlated single photon
counting (TCSPC) setup from Edinburgh Instruments (instrument
response function, IRF¼80 ps, excitation at 375 nm, 409 nm and
633 nm). The details of the experimental setup and methodology
were described in our earlier report [18,19]. The average lifetime
(amplitude-weighted) of a multi-exponential decay is expressed as

cav i
N

i i1τ τ=∑ =
, where ci's are weighted percentages with time con-

stants of τi's. The Förster Resonance Energy Transfer (FRET) has
been studied between donor (ZnO) and acceptor (ZnPc) by fol-
lowing traditional methodology [20,21] by calculating the Förster
distance (R0 in Å)
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where FD(λ) is the fluorescence intensity of the donor in the
wavelength range of λ to λþdλ and is dimensionless; εA (λ) is the
extinction coefficient (in M�1 cm�1) of the acceptor at λ. If λ is in
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Fig. 4. (a, b) FEG-SEM of the ZnO nanorods (ZnO NR) on a glass plate for the
prototype flow device is shown. Fluorescent micrographs of the plate before and
after ZnPc sensitization are also shown in the inset of (b).
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From the average lifetime calculation for the nanohybrid, we
obtain the effective distance between the donor and the acceptor
(rDA) using the above equations.

2.6. Photocatalytic tests

The photocatalytic activity of the nanohybrid under UV–vis
light illumination has been tested for photodecomposition of
methyl orange (MO, taken as a model pollutant) in water. The
photodegradation reaction of MO (initial concentration C0¼
0.3�10�4 M) was carried out in a 10 mm optical path quartz cell
reactor containing 3.5 mL of a model solution with a concentration
of 1 g L�1 of the nanohybrid. The suspension was irradiated with a
red LED (50 W) and also with a xenon lamp (300 W) for UV–vis
light, and an appropriate number of aliquots was collected from
the reactor at different time intervals. The percentage degradation
(%DE) of MO was determined using equation 5
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where I0 is the initial absorbance of MO at λmax¼460 nm and I
is the absorbance of MO after light irradiation.

2.7. Photocurrent under white light illumination and wavelength-
dependent photocurrent measurements

Photocurrent measurements were conducted in the device geo-
metry described earlier [18,22]. For the measurement, platinum NPs
deposited on FTO substrates were used as counter electrodes. The
platinum (Pt) NPs were deposited on the FTO substrates by thermal
decomposition of a 5 mM platinum chloride, H2PtCl6, H2O, and Fluka
solution in isopropanol at 385 °C for 30 min. Nanohybrids were used
as the photoelectrode and the two electrodes were placed on top of
each other with a single layer of 50-μm-thick surlyn 1702 (Dupont)
as a spacer between the two electrodes. A liquid electrolyte (1 M KCl)
was used as the hole conductor and filled in the inter-electrode space
by using capillary force, through two small holes (diameter¼1 mm)
pre-drilled on the counter electrode. Finally, the two holes were
sealed using another piece of surlyn to prevent leakage of the elec-
trolyte. In all of our experiments, the active area of light exposure
was fixed at 1 cm2. The wavelength-dependent photocurrent is
measured using a homemade setup with a Benthammonochromator
and dual light (tungsten and xenon) sources.
3. Results and discussion

The chemical structure of zinc phthalocyanine (ZnPc), tartrate
ligand and a possible binding site for the formation of the nanohy-
brid are shown in Scheme 1. A typical high-resolution transmission
electron microscopic (HR-TEM) image of ZnO NPs is shown in Fig. 1a.
The lattice fringe of ZnO NP shows an interplanar distance of
�0.245 nm, corresponding to the spacing between two (002) planes
[23]. The average particle size is estimated to be �28 nm. Fig. 1b
shows the UV–vis absorption spectra of ZnPc in DMSO and the
nanohybrids. The absorption spectrum of the suspended ZnO NPs is
also shown in Fig. 1b as a reference. The intactness of the optical
spectrum of ZnPc in the nanohybrid is confirmed from the studies.

In order to investigate the attachment of the tartrate ligand to the
ZnPc, cyclic voltammetry experiments were performed as shown in
Fig. 2a. Two observed redox processes are associated with ring based
processes, Zn(II)Pc2�/Zn(II)Pc3� and Zn(II)Pc3�/Zn(II)Pc4� as ZnPc
complexes are not known to show redox activity at the central metal
[24]. The redox potentials (E1/2) of ZnPc are 0.62 V and 1.26 V vs Ag/
AgCl in DMSO-1 (M) aqueous KOH solution for Zn(II)Pc2�/Zn(II)Pc3� ,
Zn(II)Pc3�/Zn(II)Pc4� couples, respectively. Whereas the E1/2 values
of ZnPc attached to tartrate ligand (ZnPc–Tar) are shifted to 0.68 V
and 1.30 V, respectively. The shift in the redox potentials can be
attributed to the binding of tartrate ligand at the axial position of the
ZnPc [25]. The Fourier transform infrared (FTIR) technique is used to
investigate the binding mode of the carboxylate group of the tartrate
on the ZnO NP surface because the attachment is very crucial for
efficient binding of ZnPc and eventually for light-harvesting appli-
cations. For free tartrate, stretching frequencies of the carboxylic
group are at 1730 cm�1 and 1412 cm�1 for antisymmetric and
symmetric stretching vibrations, respectively, as shown in Fig. 2b.
When tartrate is attached to ZnO, the stretching frequencies of the
carboxylic group are located at 1630 cm�1 and 1478 cm�1 for anti-
symmetric and symmetric stretching vibrations, respectively. The
shifting of the stretching frequencies clearly indicates the formation
of a covalent bond between the ligand tartrate and the host ZnO NPs
[22]. The difference between the carboxylate stretching frequencies,
Δ¼νas�νsym is useful in identifying the bonding mode of the car-
boxylate ligand [26]. The observed Δ value for the hybrid material is
152 cm�1, which is smaller than that of free tartrate (318 cm�1). This
observation reveals that the binding mode of tartrate on the ZnO
surface is predominantly bidentate. The XRD study (Fig. 2c) on the
bare ZnO NPs (2θ range from 20° to 70°) and upon sensitization with
tartrate-functionalized ZnPc shows characteristic planes of wurzite
ZnO, (100), (002), (101), (102), (110), (103), (200), (112) and (201). The
intactness of the crystal planes of ZnO upon sensitization with tar-
trate–ZnPc is also clear from the study. It has to be noted that (002)
planes are more polar than (100) and (101) planes. Mclaren et al. [27]



Fig. 5. (a) Spectral overlap of the emission of ZnO NR and the absorption spectrum of ZnPc is shown. (b) Emission from ZnO NRs. Deconvolution of the emission into two
peaks (P1 and P2) is also shown. Relatively higher quenching of P2 in the nanohybrid compared to bare ZnO NR is evident. (c, d) picosecond resolved emission transients of
ZnO NR and nanohybrid detected at 550 nm (P1 position) and 610 nm (P2 position), respectively. Higher quenching efficiency for P2 is consistent with steady-state spectra
shown in (b).

Table 1
Dynamics of picosecond-resolved luminescence transients of ZnPc and the nanohybrida.

Sample Excitation wavelength (nm) Detection wavelength (nm) τ1 (ns) τ2 (ns) τ3 (ns) τav (ns)

ZnO NR 375 550 0.40 (42.5%) 2.70 (27.6%) 31.70 (29.9%) 10.40
Nanohybrid 375 550 0.30 (61.3%) 1.75 (32.3%) 10.60 (6.4%) 1.40
ZnO NR 375 610 0.40 (28.6%) 2.75 (30.9%) 31.70 (40.5%) 13.80
Nanohybrid 375 610 0.30 (62.7%) 1.80 (32.2%) 14.00 (5.1%) 1.50
ZnPc 633 680 3.40 (100%) 3.40
Nanohybrid 633 680 0.05 (93%) 3.10 (7%) 0.25

a Numbers in parentheses indicate relative weights.
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have shown that the terminal polar faces are more active surfaces for
photocatalysis than the nonpolar surfaces perpendicular to them.

Fig. 3a shows the results of the investigation of photocatalytic
efficiency of the nanohybrid under white light irradiation
(λ4365 nm) in an aqueous environment. The test water under
investigation contains methyl orange (MO) and the model water
contaminant. From the experimental data, a significant enhance-
ment of the photocatalytic efficiency in the case of nanohybrids
compared to that of the bare ZnO is clearly evident. During pho-
tocatalytic reaction, photoinduced electrons and holes escape
recombination and migrate to the semiconductor surface which
consequently generates (in the presence of oxygen and water)
highly oxidative radicals, that can degrade the organic pollutants.
In order to investigate the role of reactive oxygen species (ROS),
the photocatalysis experiments were performed after N2 purging
for 1 h which drives out the dissolved oxygen. The decrease in the
photocatalytic activity as shown in Fig. 3b confirms that the
mechanism is mainly through ROS [28]. The photocatalysis rate
also decreases in the presence of Cu2þ which is a well-known
scavenger of super oxides and photogenerated electrons [29,30].
The photocatalytic efficiency of the nanohybrid under red light
illumination (620 nm) is also monitored, as shown in Fig. 3c. The
nanohybrid exhibits enhanced photocatalytic activity under red
light as the sensitizer absorbs in the same region, whereas bare
ZnO NPs show no activity under red light because of the lack of
absorption in the visible or near infrared region. Comparison with
the bare sensitizer ZnPc is difficult to make because the sensitizer
is completely insoluble in water. The quantum yield (No of con-
taminant molecules reacted per incident photon) of the methyl
orange degradation reaction in the presence of nanohybrid under
white and red light irradiation is found to be 7.0�10�6 and
4.6�10�6, respectively. The quantum yield values are consistent
with the reported literature for methyl orange degradation [31] by
dye-sensitized TiO2 nanoparticles under visible light irradiation
through ROS pathway. Our observation is consistent with the
enhanced photocatalytic activity of other nanohybrids reported in
the literature [18,32,33]. One of our earlier studies explored the
higher efficiency of the photocatalytic activity of the



Fig. 6. (a) White light response of the nanohybrid and reference ZnO NR. A sig-
nificant enhancement is observed for the nanohybrid. (b) Wavelength-dependent
photocurrent spectra of the nanohybrid and bare ZnO NR (solid lines). The
absorption spectra of the corresponding samples are also shown by dotted lines.

Fig. 7. (a) Steady-state emission spectra of ZnPc in DMSO and in the nanohybrids
with the same concentration are shown. Fluorescence quenching of ZnPc in the
nanohybrid upon 633 nm excitation is notable. Excitation spectra at a detection
wavelength of 680 nm are also shown in the inset. (b) Picosecond-resolved fluor-
escence quenching of ZnPc in nanohybrid on glass plate compared to ZnPc in DMSO
under red laser excitation (633 nm) and detected at 680 nm. Instrument response
function is also shown as a reference (see text for details).
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protoporphyrin-IX–ZnO nanohybrid under green light irradiation
through the formation of enhanced reactive oxygen species (ROS)
in the medium [22]. The ROS generation in the present case is also
monitored directly by the dichlorofluorescin–dichlorofluorecein
(DCFH–DCF) conversion in an aqueous medium. DCFH is a well-
known marker for ROS detection [34]. ROS oxidize non-fluorescent
DCFH to fluorescent DCF, and the emission intensity of the DCF
was monitored with time as shown in Fig. 3d. In the presence of
nanohybrids, maximum enhancement in fluorescence intensity
was observed under red light irradiation. In a control experiment,
ZnO NPs show insignificant ROS generation under red light illu-
mination because the NPs lack photon absorption in the red region
of the optical spectrum. It has to be noted that we cannot compare
the efficacy of ROS generation of bare ZnPc as the sensitizer itself is
insoluble in water. Time-dependent DCF emission in the absence
of the ZnO/nanohybrid is also shown as a control experiment.

To explore the application potentiality of the nanohybrids, we
have sensitized ZnO nanorods (ZnO NR) with ZnPc through the
tartrate ligand and formed a flow device as shown in Scheme 1c.
The SEM images of ZnO NRs used in the flow device are shown in
Fig. 4a, top view and Fig. 4b, side view. The ZnO NRs are found to
be 2–3 μm in length and have diameters of 80–100 nm. The syn-
thesized NR surfaces without sensitization were found to be
emitting at 590 nm due to the intrinsic oxygen vacancy in the
material [35]. We have exploited FRET from the NR surface to the
attached ZnPc due to their significant spectral overlap as shown in
Fig. 5a. A significant quenching of the NR emission is shown in
Fig. 5b. The broad NR emission is composed of two bands; One
arises from the doubly charged vacancy center (Vo

þ þ) located at
610 nm (P2), and the other arises from the singly charged vacancy
center (Vo

þ) located at 550 nm (P1) [36,37]. The emission intensity
of ZnO NRs in the nanohybrid decreases considerably compared to
that of free ZnO NRs, which can be attributed to the efficient non-
radiative photo-induced processes from ZnO NRs to the ZnPc.
Herein, we propose Förster Resonance Energy Transfer (FRET)
from the donor ZnO NRs to the acceptor ZnPc. The assessment
of molecular distances in numerous assemblies from FRET calcu-
lations has become a very useful tool [20,38–40]. The fluorescence
decay profile of the donor ZnO NRs in the presence and absence of
the acceptor ZnPc were obtained upon excitation with 375 nm
laser and monitored at 550 nm (P1) and 610 nm (P2) (Fig. 5c and d,
respectively). The excited-state lifetime of the ZnO NRs quenches
in the nanohybrid compared to that of bare ZnO NRs. The details of
the spectroscopic parameters and the fitting parameters of the
fluorescence decays are tabulated in Table 1. From FRET calcula-
tions, the distance between the donor ZnO NRs and acceptor ZnPc
is determined to be 3.3 nm and 3.1 nm for the P1 and P2 states,
respectively. The energy transfer efficiency is calculated to be
86.2% and 89.3% from the P1 and P2 states, respectively. This
observation is consistent with the fact that P2 (Vo

þ þ) states are
closer to the surface of the ZnO NR [41]. The FRET distances con-
firm the proximity of the ZnPc to the ZnO NRs with molecular
resolution.

The photoconductivity measurement [22] of the nanohybrid film
was carried out to better understand the contribution of photo-
induced charge separation to the net photocurrent in the device
(Scheme 1c). Fig. 6a shows the photocurrent response for the sen-
sitized ZnO NR thin film under white light illumination. An
improved photocurrent was observed for the nanohybrid thin film
(�1.8 μA) under illuminated conditions compared to the ZnO NR
thin film (�0.6 μA). The contribution of the ZnPc sensitizer to the



Fig. 8. Prototype performance: (a) photodegradation of MO under visible light
illumination. (b) Enhanced generation of ROS in the presence of nanohybrid
compared to bare ZnO NR is shown.
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charge separation for better light harvesting in the near red region
is evident from Fig. 6b. The wavelength-dependent photocurrents
in the device format for the sensitized ZnO NR and the bare ZnO NR
are consistent with the absorption spectra of the corresponding
materials. In the case of the sensitized ZnO NRs, the additional peak
at 650 nm in the photocurrent spectrum compared to that of the
bare ZnO NR (peak at 370 nm) is in accordance with that of the
650 nm in the absorption spectrum of the nanohybrid. To investi-
gate a molecular basis for the enhanced photocurrent in the red
region of the excitation spectrum, which is close to the absorption
of the sensitizer ZnPc, we have performed picosecond-resolved
studies. Fig. 7a shows the steady-state emission spectra of the
nanohybrid and free ZnPc in a DMSO solution. The concentration of
ZnPc was maintained at the same level for both cases. A significant
quenching of ZnPc emission upon red light excitation (633 nm) in
the former case compared to the latter one is clearly evident from
Fig. 7a, revealing excited-state electron transfer from the LUMO of
ZnPc to the host ZnO NR in the nanohybrid. Direct evidence of
excited-state electron transfer is revealed from picosecond resolu-
tion fluorescence transients (excitation 633 nm, Fig. 7b). One addi-
tional faster component of 30 ps (93%) in the nanohybrid emission,
compared to the single exponential fluorescence decay of ZnPc in
DMSO, clearly indicates an ultrafast photo-induced electron transfer
in the former case [42,43]. To explore the potential application of
the functional materials that have been developed here, we have
made a prototype of a flow device as shown in Scheme 1c. The
photocatalytic activity in the device under white light illumination
(λ4365 nm) is shown in Fig. 8a. A significant enhancement in the
catalytic activity compared to that in bare ZnO NR is consistent with
enhanced generation of photo-induced ROS in the device, as is
evident from Fig. 8b. If the nanorods are dipped in a solution of
ZnPc without tartrate ligand then during washing the dyes which
stick to the nanorods are washed out. The photocatalytic activity of
the device without using tartrate ligand is found to be similar as
ZnO NRs only.
4. Conclusion

In summary, we have sensitized ZnO NPs with ZnPc through a
tartrate ligand for the light-harvesting application in the red
region of the solar spectrum. A variety of spectroscopic and
microscopic techniques have been employed to confirm the for-
mation of a nanohybrid of ZnO with the organic ZnPc. We have
used the nanohybrid for a potential application of red-light-
induced photocatalysis of a model water contaminant, namely MO.
In a prototype, we have demonstrated that sensitized ZnO NRs in a
flow device under red light illumination work reasonably well for
decontamination of the model water pollutant MO. It was con-
firmed that the generation of enhanced ROS as a result of ultrafast
photo-induced charge separation in the sensitized nanohybrid is
the reason for the intrinsic catalytic activity of the flow device
under red light. This work would find relevance in harvesting in
the underutilized red region of the solar spectrum.
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