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Abstract We present a novel electrochemical approach to grow
copper phthalocyanine (CuPc) thin-film photoelectrodes
through anodic oxidation of copper and dilithium phthalocya-
nine (Li,Pc). This circumvents the challenges associated with
the electrochemical processing of unsubstituted CuPc from so-
lution. The potentiostatic co-electrooxidation reaction at the het-
erogeneous interface favors the growth of CuPc thin film. The
surface morphology of thin film exhibits nanorod-like features.
UV-Vis, grazing angle Fourier transform infrared (FTIR), and
grazing angle X-ray diffraction patterns reveal that the nanocrys-
talline phase corresponds only to &-CuPc and no admixture of
other polymorphs. Photocurrent measurement shows a stable
photoresponse in neutral medium. The photoelectrochemical
hydrogen evolution on p-type CuPc coated copper photocathode
shows an enhanced activity over bare copper and indium tin
oxide (ITO) electrodeposited with CuPc and monolithium
phthalocyanine radical (LiPc) thin films.

Keywords Photoelectrochemical hydrogen evolution -
Electrodeposition - Photocathodes - Copper phthalocyanine -
Dilithium phthalocyanine

Introduction
Solar energy conversion to solar fuels through

photoelectrochemical process needs photoactive semiconductors
fabricated as thin-film photoelectrodes [1—4]. Nanoarchitectures
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of photoelectrodes play a significant role on semiconductor/
electrolyte interface, efficient trapping of the visible part of
the solar spectrum, and separation of photogenerated excitons.
The long-term stability of the photoactive materials in a three-
phase interface for hydrogen evolution is another vital require-
ment in photoelectrochemical cells [4, 5]. Recently, p-type
photoactive polymeric organic semiconductors and molecular
photocatalysts as heterojunction with inorganic photoelectrodes
were in focus to retard the recombination effects and to en-
hance the effective separation of photogenerated charge car-
riers [6-8]. The symmetrical phthalocyanine ligand is an im-
portant model for biologically essential species such as chlo-
rophyll, hemoglobin, and porphyrin [9, 10]. The remarkable
physio-chemical stability, crystal structure features, and semi-
conducting behavior of phthalocyanines have extended their
application in many vital areas [9, 10]. CuPc is one of the
important p-type semiconducting metallo-phthalocyanine
(MPc) in the view of its physio-chemical stability, band gap
(1.8 eV), and a bright cyan color. This is useful in solar cells,
thin-film transistors, light-emitting diodes, and bio-sensing
[11-14]. The photoelectrochemistry of many metal phthalocy-
anines show a good visible light absorption and photoconduc-
tivity [15]. It is observed that the photocurrent response of the
thin films depends on the molecular ordering, thickness, and
the redox characteristics of metal phthalocyanines [16, 17].
Mostly, these thin films were fabricated by physical methods
and the photocurrent responses were studied in a dry cell setup
[16, 17].

Electrochemical growth of unsubstituted MPcs as thin
films from the solution remains seldom explored due to
their solubility limitations [9, 10]. Hence, the thin films of
CuPc were usually fabricated by high-temperature tech-
niques, ultrahigh vacuum-organic molecular beam deposi-
tion, spray coating, spin coating, and precipitation techniques.
But, these techniques require the strict control on the thin-film
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fabrication parameters which affect the phase formation, sur-
face morphology, and other properties [18]. Generally, phtha-
locyanine rings were functionalized to improve their solubility
[19, 20]. This significantly alters the structural, optical, and
electrical properties in thin films.

Thin-film growth by direct electrochemical synthesis on
the electrodes is a soft technique. Electrocrystallization meth-
od could yield very crystalline solids and highly pure phase of
some materials which are difficult to obtain by other synthetic
routes [21-23]. Tunable parameters like potential, current
density, and electrolytic bath composition have control on
surface nanostructure and composition [22, 24, 25]. Among
the metal ion containing unsubstituted phthalocyanines, Li,Pc
shows the highest solubility [9, 10, 26]. Two lithium ions in
Li,Pc can be easily replaced by divalent metal ions in solution
to form insoluble MPcs. Electrooxidation of Li,Pc in acetoni-
trile or acetone produces needle-like LiPc crystals or thin-film
on different electrode surfaces [26-28]. LiPc is the first
monovalent phthalocyanine radical compound which is a
p-type semiconductor and paramagnetic in nature [26].
Electrodeposition of unsubstituted FePc was done with
the modification of electrolytic conditions by using ionic
liquids [29]. A cathodic electrophoretic deposition of aggregated
CuPc film on indium tin oxide (ITO) substrate was done from
the protonated-oxidized CuPc in trifluoroacetic acid containing
dicholoromethane [30]. Electrodeposition of ring substituted
Cu(Il), Fe(IIl), and AI(III) tetrasulphonated phthalocyanine
tetrasodium compounds on the gold electrode in alkaline
media was reported [18]. Recently, electropolymerization of
water-soluble copper (II) phthalocyanine bearing tetrakis(1,
1-(dicarbpentoxy)-2-(4-biphenyl)-ethyl)-tetrachloro substitu-
ents, which was denoted by authors as CuPc, was investi-
gated for hydrogen evolution reaction (HER) [20].

Here we describe a new electrochemical methodology for
direct preparation of nanostructured, ring unsubstituted CuPc
thin film on the copper substrate via simultaneous anodic ox-
idation of copper and Li,Pc. In this approach, we make use of
the onset electrooxidation potentials of Li,Pc and copper to
prepare CuPc thin films in the organic medium. The photo-
current measurements and photoelectrochemical hydrogen
evolution performance of these photocathodes were investi-
gated in neutral and in acidic conditions.

Experimental

Dilithium phthalocyanine (Li,Pc; Aldrich), tetrabutyl ammo-
nium hexafluorophosphate (TBAP; Aldrich), and acetonitrile
(Finar) were used without further purification. A three-
electrode electrochemical cell setup with Cu foil (0.1-mm
thickness) of 0.70 cm® as a working electrode, platinum
as the counter electrode, and Ag wire as a pseudoreference
electrode was used for electrodeposition of CuPc. Initially,
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potentiodynamic experiments were conducted to determine
the copper oxidation potential in acetonitrile containing
only TBAP. An electrolytic bath containing Li,Pc
(0.01 M) and TBAP (0.1 M) in acetonitrile was used for
electrochemical growth of CuPc on copper electrode.
Potentiostatic electrodeposition was carried out from the
above electrolytic bath at 0.075 V versus Ag wire, for
5 min. Thin film grown on the surface was washed with
acetonitrile and used for further electrochemical, surface,
structural, and spectroscopic investigations. The potentiostatic
electrodeposition (—0.9 V vs Ag/AgCl) of Cu on indium tin
oxide (ITO) electrode was done using CuSO4 (0.1 M)
containing Na,SO4 (0.5 M) as supporting electrolyte. As
described earlier, a similar procedure was adapted to elec-
trodeposit CuPc on ITO/Cu surface. In addition, a bare
ITO electrode electrodeposited with LiPc thin film was
used for comparative analysis.

The surface morphology of the electrodeposited sample
was observed using FESEM-ZEISS Ultra-55. Thin-film
X-ray diffraction pattern was recorded in Rigaku Smartlab
diffractometer at the grazing angle and normal incidence.
UV-visible spectra of ITO-LiPc and ITO/Cu-CuPc were
measured using Thermo Scientific Evolution 201. The
grazing angle Fourier transform infrared (FTIR) spectrum
was measured using PerkinElmer FTIR Spectrum GX. All
electrochemical preparations and characterizations were
done using CH Instruments CHI-6008E. HER on copper
and CuPc coated electrodes were done in 0.1 M HCl in a three-
electrode cell setup. Potentiostatic impedance measurements
were carried out at open circuit voltage and under hydrogen
evolution condition at —0.7 V versus Ag/AgCl in the frequency
range of 100 kHz to 0.1 Hz with 5-mV amplitude for copper
and CuPc covered copper electrodes. Photoelectrochemical
HER was performed with one side illumination on the surface
of the photocathode using Xenon Arc lamp source (400 W).
The photocurrent measurement of CuPc on the copper electrode
was measured in open circuit voltage (—0.05 V vs Ag/AgCl) in
0.5 M Na,SO;, solution.

Results and discussion

The cyclic voltammograms (CVs; Fig. 1) are illustrative for the
choice of potential (0.075 V) for concurrent electrooxidation of
Li,Pc and copper. Here, in the CV curve, (1) an electrooxidation
peak (shown marked with asterisk) is observed with the
electrolyte containing Li,Pc. Following this peak, there is
a continuous increase in anodic current density. This is
attributed to the continuous release of copper ions from
the Cu electrode. The eclectrooxidation of Li,Pc on non-
reactive electrodes (Pt, Au, ITO, and SS) show a clear
electrooxidation peak, which is discussed in earlier reports
[26-28]. The curve 2 in Fig. 1 illustrates the bare copper
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Fig. 1 Cyclic voltammograms of Cu electrode (/) in acetonitrile
containing 0.01 M Li,Pc and 0.1 M TBAP at a sweep rate of 10 mV s™'
and Cu electrode (2) in acetonitrile containing 0.1 M TBAP at the sweep
rate of 10 mV s~'. Arrows show the forward (upward arrow) and reverse
(downward arrow) scan. A star shows the peak

oxidation in the electrolyte without Li,Pc. Comparison of
curves 1 and 2 suggests the close potential regime for
electrooxidation of both Li,Pc and Cu. Hence, in this approach,
copper acts as a reactive working electrode. In addition, there is
a small cathodic shift on the onset electrooxidation potential in
the electrolyte containing Li,Pc. From the CV analysis, the
potential values were chosen to favor the simultaneous
electrooxidation of both Li,Pc and Cu. It is well known that
M?" ion can easily replace both the Li* ions of Li,Pc in the
solution. Here the electrooxidation of Li,Pc yields LiPc radical
which can readily react with copper ions (Cu'") which were
released from the electrode surface. Moreover, LiPc radical is
well known to undergo easy reduction [26-28]. Here the LiPc
radical is reduced by oxidation of anodically generated Cu'* to
Cu?" near the electrode/electrolyte interface. These Cu®" ions

Fig. 2 Scanning electron
micrograph of CuPc film on the
copper surface showing nanorod-
like structures. The inset shows a
photograph of electrodeposited
CuPc film on copper electrode

easily displace the lithium ions in phthalocyanine core near the
interface, and concurrently, the growth of CuPc is observed on
the electrode surface. Hence, there is a stringent necessity to
have control of the electrooxidation potential of copper surface
and Li,Pc from the solution to favor the growth of CuPc. Since,
as the electrooxidation potentials were increased by potentio-
dynamic or potentiostatic methods, a swift precipitation was
observed inside the electrolytic bath. This is due to the exten-
sive release of copper ions into the solution and faster rate of
formation of CuPc in the solution than on the electrode. CuPc
formed in the solution appears turbid and settle down in the
bottom of the electrochemical cell. Moreover, the electrolytic
solution turns to pale or even colorless within few minutes. The
analysis of the settled products shows the similar spectroscopic
and structural characteristics of CuPc. Furthermore, at higher
electrooxidation potentials (>0. 15 V in Fig. 1), no proper film
formation was observed on the electrode surface. The choice of
the anodization potential range (0.02 to 0.09 V) in the given
electrolytic bath condition controls the co-clectrooxidation
of copper substrate and LiPc followed by near electrode
surface reaction favors the growth of CuPc thin film on the
working electrode. Similar experiments were performed on
ITO electrodeposited with the copper thin film (ITO-Cu)
electrode yielding a bright cyan color ITO/Cu-CuPc. How-
ever, the electrooxidation of Li,Pc on the bare ITO surface
produces dark greenish LiPc thin films. Both the electrodes
are visibly distinct in color and support the above growth
process of CuPc on copper electrode.

The scanning electron micrograph (Fig. 2) of CuPc covered
on copper exhibits nanorod-like features. These nanostructure
growth further facilitates the continuous anodic release of cop-
per ions from copper surface and subsequent growth of CuPc.
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Fig. 3 Thin-film X-ray diffraction patterns of CuPc film on the copper
surface. a Grazing angle incidence. b Normal angle incidence
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Fig. 4 UV-visible absorption spectra. a LiPc coated on ITO glass. b
CuPc coated on ITO glass
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tance of 3.79 A in «-CuPc (4.79 A in 3-CuPc). Notably, the
diffraction pattern does not show any additional intense peak
at 9.19 (-=102), which confirms the absence of (3-CuPc. The
other peaks also well correlate to x-CuPc, as reported in the
literature [18, 19, 31]. Additional intense peaks at 43.5 and
50.5 correspond to the base copper substrate (PDF no 1—
1241). In CuPc, « (metastable) to 3 (stable) transitions are
known to appear at high temperatures (>250 °C) and due to
solvent effects [31]. CuPc thin film fabricated by high-
temperature methods normally exhibits 3 modification [31].
Here, the room temperature electrochemical synthesis yields
nanocrystalline x-CuPc, which is not common in many fabri-
cation techniques. The grazing angle incidence (Fig. 3a)
shows the difference in the intensities of the peaks to that of
normal incidence. This is due to the preferential orientation of
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Fig. 6 Cyclic voltammograms of CuPc coated on Cu electrode (/) and
bare copper (2) in acetonitrile containing 0.1 M TBAP at the sweep
rate of 10 mV s
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Fig. 7 The photocurrent measurement of CuPc electrodeposited on the

Cu electrode measured at open circuit voltage (—0.05 V vs Ag/AgCl) in
0.5 M Na,SO, solution

phthalocyanine crystallites. Figure 4a, b shows the UV-vis
spectra of ITO coated with LiPc and Cu-CuPc, respectively.
In Fig. 4b, the B (335 nm; d—7t* transitions) and Q (615 and
700 nm; 7—7r* transitions) bands agree well with the reported
CuPc spectrum [32]. The UV-vis spectrum (Fig. 4a) of elec-
trodeposited LiPc on bare ITO shows that distinct band posi-
tions with additional bands at lower wavelength are in good
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Fig. 8 a Cyclic voltammogram of CuPc coated on Cu electrode in 0.1 M
HCI at a sweep rate of 10 mV s . b A forward scan of the cyclic
voltammograms of CuPc coated on Cu electrode under illuminated
condition (7), CuPc on Cu electrode in dark (2), and bare Cu (3) in
0.1 M HCl at a sweep rate of 10 mV's '

agreement with reported literature [27]. The grazing angle
FTIR spectrum (Fig. 5) of CuPc on copper shows the charac-
teristic vibrations corresponding to C-N (1102 ecm™"), C=N
(1600 cm™"), C=C (1650 cm "), =C—H (3000-3100 cm ),
and C—H (2800-3000 cm ). There is no strong band ob-
served at 3400-3200 cm ' region which corresponds to the
N-H antisymmetric stretching. This confirms that the thin film
is metallated phthalocyanine and it is free from H,Pc. Also,
there is a blue shift in some of the bands due to metal incor-
poration into the phthalocyanine cavity [31].

Comparative CVs (Fig. 6) of CuPc coated on copper (1)
and a bare copper (2) in the acetonitrile containing TBAP
depict the redox behavior of phthalocyanine ring. Instead,
the bare copper shows no similar characteristics. Copper elec-
trode shows a small increase in current values at more nega-
tive potentials in the forward scan. This could be due to weak
adsorption of tetrabutyl ions on the copper surface. In the
reverse scan, an increase in current from —0.15 to 0 V was
observed with the bare copper electrode. This signifies the
easy electrooxidation of the uncoated copper surface. This
behavior is absent in the CuPc covered copper surface which
illustrates its electrochemical stability. Figure 7 shows a stable
on—off photocurrent response of the nanostructured CuPc on
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Fig. 9 a Nyquist plots of CuPc deposited on Cu (/) and bare Cu (2) as
working electrodes at —0.7 V vs Ag/AgCl (0.1 M KCI). b Nyquist plots of
CuPc deposited on Cu electrodes under illuminated (/) and dark
conditions (2) at —0.7 V versus Ag/AgCl (0.1 M KCl). The inset shows
equivalent circuit for the hydrogen evolution reaction
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copper in the neutral medium. Measurements carried out at
open circuit potential show a significant cathodic photocurrent
(0.25-0.35 pA cm ?) generation. The photoresponses are re-
producible over the long duration of measurements and even
after the film reduction. The nanostructured CuPc thin films
facilitate the ease separation of photogenerated charge carriers
and it impedes the recombination process. The HER studies
were done on the copper electrode and CuPc coated electrode
(Fig. 8) showing higher stability in acidic conditions and an
enhanced activity for hydrogen evolution on CuPc covered
electrode. The first reduction peak at —0.12 V in the first cycle
(Fig. 8a) of the CV does not reappear in the consecutive re-
duction cycles. This is due to the reduction of CuPc, and this
reappears when the working electrode potential is reversed to
positive electrooxidation potentials. In comparison to the bare
copper electrode (Fig. 8b, curve 3), there is an increase in
current density and a positive potential shift (150 mV) for
HER on CuPc coated electrodes (curves 1 and 2). This is
clearly shown in the forward scan of voltammograms in the
inset of Fig. 8b. In photoelectrochemical HER, CuPc electrode
exhibits a positive potential shift of almost 30 mV in compar-
ison to dark condition (Fig. 8b). In addition, there is a consid-
erable increase in the current density upon illumination of
CuPc thin film. This infers the higher rate of charge transfer
process across the interface. The potentiostatic impedance
measurements are informative regarding the charge transfer
resistance (Rc) at photoelectrodes. The potentiostatic imped-
ance spectrum (Fig. 9a) of the fresh copper electrode (2)
shows more Rcr than CuPc on copper (1); this demonstrates
that the photoelectrocatalytic hydrogen evolution of CuPc on
copper is better than the uncoated copper surface. The inset of
Fig. 9b shows the equivalent circuit for HER. The impedance
spectra obtained with applied DC bias voltage (0.7 V) is
interpreted according to the proposed equivalent circuit for
HER [32-34]. The impedance spectrum under illuminated
(Rct=12 ohms) condition shows a better charge transfer
for HER at —0.7 V than in dark condition (Rct=18 ohms)
(Fig. 9b). Also, there is an increase in conductivity of the
film under illumination which is observed at the high-
frequency region. The high-frequency region Rs is attrib-
uted to the electrolyte and electrode resistive components.
The Rt corresponds to the charge transfer resistance for
HER and Cpp to the capacitance in the first semicircle.
The low-frequency semicircle corresponds to adsorption of
reaction intermediates (Haps). Here the capacitive element
is replaced with constant phase element (CPE—Qspg) due
to surface roughness of the nanostructured electrode. Rapg
is pseudoresistance which is related to the mass transfer
resistance of the adsorbed intermediate Hapg, and Qaps is
the pseudocapacitance. The overpotential assisted faster
adsorption of H" on the copper phthalocyanine film, and
faster desorption after charge transfer results in reduced
adsorption resistance (Raps) and capacitance (Qaps). The
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comparison of the shapes of the impedance spectra reveals
that the process is charge transfer controlled on both cop-
per and CuPc on copper electrodes. The nanostructured
CuPc on copper electrode shows a significant reduction
in RCT and RADS-

Conclusions

In summary, we have demonstrated here for the first time the
novel electrochemical approach for the preparation of the
nanocrystalline metastable «-CuPc thin film. The control on
the potential for co-electrooxidation is essential for the growth
of'thin film on the electrode surfaces. The difficulty associated
with the processibility of solution phase unsubstituted CuPc is
avoided by this method. In contrast to high-vacuum and
high-temperature thin-film deposition methods, this is soft
and economical. The photoelectrochemical HER perfor-
mance on the CuPc covered copper surface is relatively
higher than in dark and uncoated copper electrode. The
transparent semiconducting surfaces electrodeposited with
copper can be used for electrochemical deposition of CuPc
thin film. This approach could be a possible direct route
for the preparation of other MPc thin films, provided the
electrooxidation potential of both metal and Li,Pc matches.
Moreover, this route could be used for forming heterojunctions
of CuPc with other inorganic semiconductors.
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