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ABSTRACT

Double-decker phthalocyanines were synthesized by a classical method with phthalonitrile and lan-
thanide metal salts, europium and lutetium acetate. Non-covalent double-decker phthalocyanine-reduced
graphene oxide (MPc,/rGO) composites were then prepared by simple sonication method. All the ph-
thalocyanines were peripheral tetrasubstituted 5-(3-pyridyl)-1,3,4-oxadiazole. Following spectroscopic and
morphological characterisation, fabricated composites were subjected to detailed electrochemical analy-
sis. EuPc,/rGO and LuPc,/rGO composite electrodes showed specific capacitance values of 115 F/g and
86 F/g, respectively. Coulombic efficiency values for those materials were determined as 85% and 74%,
respectively, at a significant current density of 5 A/g. Following 5000 cycles, EuPc,/rGO and LuPc;/rGO
electrodes retained 93% and 99% of their initial capacitance, respectively. These results demonstrated the
significant electrochemical performance of double-decker phthalocyanines and can be certainly extended

Europium

to other metal salts or other composite formers with double-decker phthalocyanines.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Phthalocyanines are highly promising for decades with typi-
cal uses in applications such as organic semiconductors [1], gas
sensors [2], photovoltaic cells [3], catalysis [4], and photolumi-
nescence [5]. Phthalocyanines possess 18 m-electrons delocalized
around four isoindole units with active nitrogen sites that involve
in redox reactions in many applications [6]. Because of their high
coordination numbers and large ion radii, lanthanides can form
double-decker phthalocyanines together with phthalocyanines.
These compounds, which have strong m-m interaction between
macrocycles, have superior semiconductor nature compared to
their monomeric counterparts. On the other hand, double-decker
phthalocyanines, also known as stable radicals, have interesting
electrical and electrochemical properties and show higher con-
ductivity and carrier mobility than monomeric phthalocyanines.
Double-decker phthalocyanines, and especially lutetium deriva-
tives, have been the subject of extensive research regarding their
electrochemical and electrochromic properties, intrinsic semi-
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conductivity, and third-order optical nonlinearity. Their various
properties appear to be susceptible to ring substituents and central
metal, but many details are still poorly understood. Studies on
this type of compound are ongoing. It is seen that conjugated
7 systems, which play an important role in applications in such
structures, are kept close especially by metal ions, and interactions
between rings provide many features in applications. On the other
hand, phthalocyanines are highly compatible with carbon-based
materials such as graphene, carbon nanotubes (CNTs) through
surface coordination via -7 interactions. Composites of phthalo-
cyanines and carbonaceous materials are utilized as electrodes in
energy storage systems and revealed promising electrochemical
response and prominent charge transfer efficiency [7,8].

As an energy storage system, supercapacitors have high energy
density, high charge/discharge rate and long cycle life [8]. The elec-
trochemical performance of supercapacitor is provided in two dif-
ferent ways. First one is a non-Faradaic process, where no charge
transfer occurs at the electrode-electrolyte interface, also called as
electrochemical double layer capacitance (EDLC). The second one is
called pseudo-capacitance, where a reversible redox reaction takes
place between electrode active species and the electrolyte [9]. Sig-
nificant efforts have been spent on the use of transition metal ox-
ides as electrode active materials in supercapacitors, likewise ni-
trides and sulfides [10]. Recently, the use of metal phthalocyanines
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Fig. 1. A schematic showing the synthesis route for EuPc,.

(MPcs) in charge storage applications was demonstrated and be-
came a popular issue, namely such as NiPc [11], CuPc [8], FePc,
and CoPc [7,12-15]. Madhuri and John reported a specific capaci-
tance of 223 F/g at a current density of 1 A/g from NiPc fiber/rGO
hybrids. A capacity retention of 88% following 1100 cycles was also
obtained [11]. Another FePc-NH,/rGO hybrid material was exposed
by Otyepka and co-workers demonstrating a gravimetric capacity
of 960 F/g at 1 A/g. Unlike this study, FePc-NH, was anchored
on the surface of graphene by covalent bond. This feature gave
covalently-bonded phthalocyanine durability, thus showing a high
cycle life without capacity fading [19].

MPcs, showed excellent electron transport ability by the inter-
action of aromatic phthalocyanine ring and central metal atom in
the inner ring [16]. As a consequence, unsubstituted MPcs have less
solubility in aqueous medium than the substituted MPcs [17]. This
is a limitation for substituted MPcs to be used in energy storage
devices, especially in supercapacitors utilizing aqueous electrolytes.
However, since the electrochemical properties are vastly depen-
dent on the interface of the electrodes, formation of composites
with MPcs provide a broad range of options to control the struc-
ture and morphology. This feature allowed these materials to per-
form as a prominent supercapacitive material in terms of capacity,
charge/discharge rate and cycle life compared with the traditional
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metal oxide compounds. The use of conductive carbon materials as
additives to the electrochemical matrix offer a solution to low con-
ductivity MPcs. Among these carbon materials, graphene offers the
best performance by providing high surface area, flexible chemical
tunability, high electrical and thermal conductivity [18]. Graphene
functionalized with MPc seems to be promising supercapacitor ma-
terial within higher mechanochemical properties, specific surface
area and better electrical properties [19].

Based on the above considerations, we have investigated the
electrochemical performance of m-m stacked double-decker ph-
thalocyanine and reduced graphene oxide (rGO) nanocomposites.
For this purpose we have utilized double decker Lutetium and Eu-
ropium phthalocyanines (LuPc, and EuPc,), which, to the best of
our knowledge, was not demonstrated in literature in composite
form with rGO.

2. Experimental
2.1. Materials and instruments
All solvents were dried by molecular sieves or proper

methods, and these solvents were used under nitrogen atmo-
sphere in the reactions [20]. 4[(5-(3-pyridyl)-1,3,4-oxadiazole)-

Fig. 2. A schematic showing the preparation method of MPc,/rGO composites.
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Fig. 3. (a) X-band ESR spectra of double-decker EuPc, and (b) FT-IR spectra of rGO, EuPc,, EuPc,/rGO.

2-thio]phthalonitrile and bis[tetra-2,9,16,23-{(5-(3-pyridyl)-1,3,4-
oxadiazole)-2-thio} phthalocyaninato]lutetium(Ill) were prepared
according to the literature [21]. All chemicals and rGO were pur-
chased from Sigma-Aldrich and Merck. Sonics VCX-750 Vibra Cell
was used for the sonication process. FI-IR analysis was conducted
with ATR by Bruker Tensor II FT-IR spectrophotometer. UV-Vis
spectra were recorded in the Shimadzu UV-1800 UV-Vis spec-
trophotometer. '"H-NMR spectra were taken in JEOL Resonance
ECZ400S 400 MHz spectrometer. SEM analysis was conducted us-
ing a TESCAN® MIRA3 XMU (Brno, Czechia) brand scanning elec-
tron microscope.

2.2. Synthesis of compounds

2.2.1. Bis[tetra-2,9,16,23-{(5-(3-pyridyl)-1,3,4-oxadiazole)-2-
thio}phthalocyaninatoJeuropium(IIl)

A mixture of 4-[(5-(3-pyridyl)-1,3,4-o0xadiazol)-2-thio]phtha-
lonitrile (100.0 mg, 0.3 mmol), Eu(OAc);.nH,0 (13.0 mg, 0.04
mmol), 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) and 1-hexanol
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(0.3 mL) was heated at 300°C for 45 min. in a pressure-resistant
sealed glass tube under nitrogen atmosphere. After the reaction
was terminated, the mixture was cooled and the organic phase
was precipitated with methyl alcohol (MeOH), filtered off. The
crude product was washed with MeOH (3 x 5 mL) and acetone
(3 x 5 mL), respectively. The green product dried under vacuum.
The compound was dissolved in N,N-dimethyl formamide (DMF)
and impurities were filtered off. The dark green solution was pre-
cipitated by the addition of MeOH, filtered off, and dried under
vacuum. The dark green compound was soluble in tetrahydrofuran
(THF), DMF and dimethyl sulfoxide (DMSO). Yield 38.0 mg (36%).
Mp: >300°C. 'H-NMR for reduced form of 2 (400 MHz, DMSO-
dg in the presence of hydrazine hydrate (1% v/v)): § = 9.2-8.9
(br, 24H, Pc Ar-H); 8.1-7.0 (br, 32H, Pyridyl Ar-H). UV-vis (DMSO)
Amax/nm (log &, dm3 mol~! cm~1) 700 (5.40), 621 (4.63), 472
(4.37), 361 (4.83). FT-IR (ATR) v (cm~!) 3057, 2926, 1602, 1479,
1316, 751. Anal. Calc. for Cip9Hs6N3g0gSgEu: C 55.54; H 2.18; N
20.51%, found: C 54.99; H 2.05; N 19.92%. MALDI-TOF MS m/z:
2596 [M+H]*+
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Fig. 4. SEM images of (a) LuPc,/rGO (1 pg/mL / 1 pg/mL) and (b) EuPc,/rGO (1 pg/mL / 1 pg/mL) composites.
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Fig. 5. TEM images of (a) LuPc,/rGO (1 pg/mL / 1 pg/mL) and (b) EuPc,/rGO (1 pg/mL / 1 pg/mL) composites.

2.2.2. LuPcy/rGO and EuPc,/rGO composites

rGO solutions (0.00001 pg/mL; 0.0001 pg/mL; 0.001 pg/mlL;
0.01 pg/mL; 0.1 pg/mL; 1 pg/mL) were prepared using DMSO as
solvent by sonication. The solution of 1 pg/mL of LuPc, or EuPc,
in DMSO (5 mL) was added to different concentrations of rGO so-
lutions (5 mL), respectively. The prepared solutions were sonicated
for 15 min.

2.3. Electrochemical analysis

2.3.1. Preparation of supercapacitor electrodes

Materials were obtained in powder form and mixed with car-
bon black and polyvinylidene fluoride (PVDF) solution (5 wt.% in
NMP) in the ratio of 80:10:10, respectively. Obtained slurry was
coated onto precleaned nickel (Ni) foams via dipping at least 5
times and vacuum dried at elevated temperature. Following dip-
coating, samples were compressed via a hot roller press machine
and weighed to determine the amount of deposited material. Ac-
tive mass for EuPc, and LuPc, were approximately 2.5 and 3.2 mg,
respectively.

2.3.2. Electrochemical setup

Electrochemical analysis was conducted using a Biologic VMP3
galvanostat/potentiostat system. A 3-electrode setup was used,
where EuPc,/rGO and LuPc,/rGO coated Ni foams, platinum (Pt)
foil and saturated calomel electrode (SCE) in saturated potassium
chloride (KCl) were used as working electrode, counter electrode,
and reference electrode, respectively. 1 M potassium hydroxide
(KOH) was used as the electrolyte. Cyclic voltammetry (CV), gal-
vanostatic charge-discharge (GCD) and potentiostatic impedance
spectroscopy (PEIS) were utilized to obtain electrochemical data.

3. Results and discussion

In the present study, bis[tetra-2,9,16,23-{(5-(3-pyridyl)-1,3,4-
oxadiazole)-2-thio} phthalocyaninato]lutetium(Ill) (LuPcy) was
prepared according to the literature [21]. Similarly, bis|[tetra-
2,9,16,23-{(5-(3-pyridyl)-1,3,4-oxadiazole)-2-thio}phthalocyaninato]
europium(Ill) (EuPc,) was synthesized by cyclotetramerization of
phthalonitrile and europium acetate in basic medium (Fig. 1).
LuPc, ve EuPc, have synthesized with the same conditions with
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Fig. 6. (a,d) Cyclic voltammogram, (b,e) galvanostatic charge discharge and (c,f) cycling stability graphs of EuPc,/rGO and LuPc,/rGO, respectively. Inset figures in (c) and (f)

show the voltammograms of 5000th cycles.

29% and 36% yields with 90 min. and 45 min. LuPc, and EuPc,
were obtained with 29% and 36% yields, respectively, after 90 min.
and 45 min. reaction times under similar conditions. It can be
speculated that these yield and reaction time differences are
due to the ion radius of Eu is larger than of Lu and that EuPc,
formation is less affected by the steric factors that occur with the
addition of the second Pc ligand.

Composites were then prepared by sonication of reduced
graphene oxide (rGO) and double-decker phthalocyanines (Fig. 2).

The ESR spectrum of EuPc, at room temperature presented a
strong signal at g: 2.0074 with a bandwidth of 5.86 G (Fig. 3a).
This result showed the formation and the paramagnetic nature of
europium-centered double-decker phthalocyanine [21]. In the FT-IR
spectrum of EuPc,, the characteristic vibrational band of the C=N

group, which appeared at 2241 cm~! of the phthalonitrile deriva-
tive [21], disappeared after double-decker phthalocyanine conver-
sion (Fig. 3b). The typical IR marker band of the Pc— m-radical an-
ion for double-decker EuPc, is showed a band at 1316 cm~! [22].
These results confirmed the formation of double-decker phthalo-
cyanine structure as a result of the cyclotetramerization reaction
of phthalonitrile. The UV-Vis spectra of EuPc, showed a peak at
700 nm for Q-band absorption and at 361 nm for B-band absorp-
tion. The characteristic absorption peak for the radical phthalocya-
nine anion in double-decker phthalocyanines appeared at 472 nm
for double-decker europium phthalocyanine [22,23]. The '"H-NMR
spectrum in the presence of hydrazine hydrate (1%, v/v) of EuPc,
showed aromatic protons between 9.2 and 7.0 ppm [21]. Elemental
analysis results of EuPc, were also in line with the structure.
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A sonication process was used to prepare non-covalent rGO
composites of double-decker lutetium and europium phthalocya-
nines via m-m interaction. Various concentrations of MPc,/rGO
(MPcy: 1 pg/mL; rGO: 0.00001 pg/mL; 0.0001 pg/mL; 0.001 pg/mL;
0.01 pg/mL; 0.1 pg/mL; 1 pg/mL) were prepared in DMSO to pro-
vide the interaction between the double-decker phthaocyanines
and rGO. Following the formation of LuPc,/rGO and EuPc,/rGO
composites, a redshift was observed in UV-Vis spectra. This shift
accounts for the - interaction illustrating the flattening of the
curves by increasing the amount of rGO [24,25]. Fig. 3b compares
the FT-IR spectrum of the rGO, LuPc, and LuPc,/rGO composites.
In the FT-IR spectrum of rGO, bands of -OH stretching, skeletal vi-
brations of unoxidized graphitic areas, OH deformations of C-OH
groups and stretching vibrations of CO groups were observed as
broad bands. Following the interaction of rGO with LuPc;, or EuPc,,
the intensity of the bands associated with their oxygen function-
alities were found to decrease. As a result of the LuPc,/rGO and
EuPc,/rGO composite formation, a general shift in the FT-IR bands
were observed. This was attributed to an increase in the electron
density due to the energy transfer between rGO and double-decker
phthalocyanine compounds [26]. Overall, FT-IR spectra showed the
formation of composites of rGO and double-decker phthalocyanine
[27].

SEM images of LuPc,/rGO and EuPc,/rGO composites are pro-
vided in Fig. 4. Partial agglomeration of rGO with LuPc, and EuPc,
in DMSO solution can be observed in Fig. 4a and 4b, respec-
tively. Formation of a continuous and porous rGO network en-
hanced the interaction between rGO and double-decker phthalo-
cyanines in the composites. It is also observed from the SEM im-
ages that the average pore size of the EuPc,/rGO composite was
lower than that of LuPc,/rGO composite. In this case, it can be
said that EuPc,/rGO composite has better w-m stacking bonds than
LuPc, /rGO. This structure can improve the charge transfer and de-
crease the charge transfer resistance in electrochemical systems.
In addition, TEM images of LuPc,/rGO and EuPc,/rGO composites
were taken to further reveal the distribution of LuPc, and EuPc, on
rGO. Fig. 5 shows TEM images of LuPc,/rGO and EuPc,/rGO com-
posites at different magnifications. In the TEM images, as in the
SEM images, the interaction in the EuPc,/rGO composite seems to
be higher than in the LuPc,/rGO composite.

Electrochemical characteristics of the fabricated EuPc,/rGO and
LuPc,/rGO composites are provided in Fig. 6. Typical rectangular
cyclic voltammogramms were obtained for both composites with-
out any evident redox peaks (Fig. 6a and 6d) at scan rates ranging
from 10 to 100 mV/s. These rectangular shapes indicated highly re-
versible, ideal pseudocapacitive behavior [28]. This ideal pseudoca-
pacitive behavior can also be observed from GCD plots provided
in Fig. 6b and 6e. For EuPc,/rGO composites, GCD plots had an
almost symmetrical shape, further proving the ideal-like behavior
(Fig. 6b). Coulombic efficiency was calculated as 85% at a current
density of 5 A/g, which decreased to 71% at 2 A/g. This showed
that EuPc,/rGO composites are highly promising for high-rate en-
ergy storage applications. On the other hand, LuPc,/rGO compos-
ites showed lower efficiencies compared to EuPc,/rGO counter-
parts. Coulombic efficiencies of 74% to 34% were obtained at cur-
rent densities of 5 A/g and 2 A/g, respectively. This could be re-
lated with higher leakage currents in LuPc,/rGO composites when
compared to EuPc,/rGO, yet does not hinder its high-rate capabil-
ity and related applications.

Lastly, cyclic stability tests were conducted for both composites
at a scan rate of 100 mV/s, results of which are provided in Fig. 6¢
and 6f. After 5000 cycles, EuPc,/rGO composites showed signifi-
cant stability and retained 93% of their initial capacitance (Fig. 6¢).
This can be attributed both to ideal pseudocapacitive behavior of
Eu and also the addition of rGO [28]. For the case of LuPc,/rGO,
capacitance retention was dropped to 95%, around 3800 cycles, yet
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Fig. 7. Specific capacitances of EuPc,/rGO and LuPc,/rGO composites at varying
scan rates.

reached up to 99% at the end of 5000 cycles (Fig. 6f). Inset of
Fig. 6f also proves that there is no apparent degradation in the per-
formance of LuPc,/rGO. The reason for this increase remains elu-
sive and may need further analysis on LuPc,/rGO composites.

Specific capacitances (Csp) of the EuPc,/rGO and LuPc,/rGO
composites were calculated using the equation;

Ei
_ JEf IdE ()
PT2muv AE
,where [ is the instantaneous current (mA), m is the mass of ac-
tive material (g), v is the scan rate (mV s~!), and AE is the po-
tential range (V). Specific capacitance values were calculated from
Fig. 7a and d for EuPc,/rGO and LuPc,/rGO, respectively, and the
results are provided in Fig. 7. EuPc,/rGO composite yielded a max-
imum capacitance of 114.7 F/g at a scan rate of 10 mV s~'. An
almost linear drop-down was observed with increased scan rates.
On the other hand, LuPc,/rGO composites showed a maximum ca-
pacitance of 86.0 F/g at a scan rate of 10 mV s~!. Both composites
had a promising supercapacitive behavior, which scaled up linearly
starting from 30 mV/s up to 100 mV/s, indicating significant rate
capability. Breaking from the linearity below 30 mV/s can be ex-
plained by the longer diffusion times of the ions from the pores of
the phthalocyanine structures.

For the sake of clarity, CV and GCD results are compared and
provided in Fig. 8a and 8b, respectively. Better specific capacitance
of EuPc,/rGO composite with respect to LuPc,/rGO counterpart can
be observed clearly in Fig. 8a. CV of the bare Ni foam is also pro-
vided in Fig. 8a, with no significant contribution to the capacitive
properties compared to the fabricated composites. Better kinetics
for EuPc,/rGO composite can be observed in the GCD results pro-
vided in Fig. 8b, where the charge-discharge curves have higher
symmetry than that of LuPc,/rGO.

PEIS analysis was also conducted to further analyze the electro-
chemical behavior of fabricated EuPc,/rGO and LuPc,/rGO compos-
ites. Nyquist plots are provided in Fig. 8c. A frequency range of 200
kHz to 20 mHz with sinusoidal amplitude of 10 mV at open circuit
voltage was used to obtain these plots. Equivalent circuit model
and respective plots of fittings for EuPc, and LuPc, were given in
the Fig. 8c, respectively. Very small series resistances of as low as
2.34 ohms and 1.93 ohms for EuPc,/rGO and LuPc,/rGO electrodes,
respectively, were observed. Very small semicircles in both com-
posites was indicative of the presence of very small charge trans-
fer resistances, which supported the reversible behavior of both
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Fig. 8. (a) CV, (b) GCD and (c) PEIS comparisons of fabricated EuPc,/rGO and LuPc,/rGO composites.

EuPc,/rGO and LuPc,/rGO especially at higher charge-discharge
rates. An angle that is higher than 45° in the low frequency re-
gion, is an indication of a complex storage behavior that is denoted
with constant phase element (CPE) in the equivalent circuit, which
is denoted as Q in the inset model. CPE can be written as
1

T Q(iw)"

,where i is the imaginary part of the system, w is the angular
frequency (w = 27 f) of the impedance spectra, Q is the charac-
teristic value of capacitive behavior (Fs™!) and n is the dimen-
sionless CPE exponent [29,30]. Higher angle of EuPc,/rGO com-
pared to LuPc,/rGO in low frequency range can also be corre-
lated to the better kinetics and reversibility of EuPc,/rGO compos-
ites. Here, n value determines the ideality. If n = 1, CPE behaves
as an ideal capacitor; while for n =0, it behaves as a resistive
component. Likewise, n = 0.5 is the case of Warburg impedance,
in which the system is controlled by diffusion especially in the
case of slow LiT intercalation in battery electrodes [31]. Thus, it
can be said that lower CPE exponent leads to non-ideal capacitive
behavior [30]. Q; and Q3 values are related with the nickel foam
substrate and electrode/electrolyte interface, respectively. With the
model provided as an inset in Fig. 7c, fitted impedance spectra
yields CPE exponents (from Q) of 0.984 and 0.814 for EuPc,/rGO
and LuPc,/rGO, respectively. This could be an explanation of the
better capacitance value and coulombic efficiency of EuPc,/rGO
compared to LuPc,/rGO. Ultimately, both double-decker phthalo-
cyanines showed very promising results and kinetics to be utilized
as supercapacitor electrodes.

(2)

Zcpg

4. Conclusions

In this study, two different double-decker phthalocyanines were
prepared by metal incorporation with europium and lutetium. Both
LuPc, and EuPc, were double-decker phthalocyanines gave periph-
eral tetrasubstituted oxadiazale structure. These phthalocyanines
were incorporated with rGO in a simple way by sonication method.
EuPc,/rGO and LuPc,/rGO composites demonstrated a good perfor-
mance in supercapacitor as an active material in aqueous KOH me-
dia. EuPc,/rGO showed a coulombic efficiency of 85% at the current
density of 5 A/g while LuPc,/rGO only presented 74%. EuPc,/rGO
maintained 93% of its initial capacity at a scan rate of 100 mV/s
after 5000 cycles, whilst LuPc,/rGO maintained 95% at 3800 cy-
cles and then increased to 99% after 5000 cycles. Specific capac-
itance for EuPc,/rGO and LuPc,/rGO were calculated as 115 F/g,
while LuPc,/rGO was found to be 86 F/g. Encouraging capacitive
behaviour was observed from both EuPc,/rGO and LuPc,/rGO ac-
tive materials. Therefore, these materials can be promising candi-
dates for positive electrodes in supercapacitors.
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