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Highlights

* A comprehensive review on phthalocyanines (Pc) in important applications.

* Targeting chemical sensors, non-linear optics (NLO), and energy storage technologies.
* Review focuses on recent advances (2014-2020) of phthalocyanines.

* Perspectives for huge research opportunities are highlighted.

Abstract

Phthalocyanines (Pcs) are intensely coloured, robust macrocycles that possess admirable
chemical, thermal and photo- stability as a result of its extensive n-network. The Pc family
has established their fundamental and technological importance in numerous applications due
to structural versatility and unique properties that result from the incorporation of a variety of
inorganic and organic components into its framework. The diversity of Pc structures allows
for the optimisation of certain properties to obtain functional, high-performance materials.
The combination of aromaticity, relatively simple synthesis and structural flexibility makes
Pcs a great asset for numerous scientific and industrial advancements. This review focuses on
recent advances (2014—2020) of phthalocyanines in the specific technologies of chemical
sensors, non-linear optics (NLO), and energy storage applications. Many MPc complexes
reported to date favour select metals and ligand derivatives which leaves huge opportunities
for further exploration.
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Abbreviations

A Ampere

a-6T a-sexithiophene

ACF activated carbon fibres

AFM atomic force microscopy

CNT carbon nanotubes

ANI Azidoaniline

CvV cyclic voltammetry

CVD chemical vapor deposition

DBU 1,8-Diazabicyclo[5.4.0Jundec-7-ene
DC drop cast

DFT density functional theory

DMSO dimethyl sulfoxide

DPSV differential pulse stripping voltammetry
EC electrochemical capacitors

EDLC electric double layer capacitor

EIS electrochemical impedance spectroscopy
ESA excited saturable absorption

FET field effect transistor

GCE glassy carbon electrode

GO graphene oxide

HEMIM 1-(2-Hydroxyethyl)-3-methylimidazolium
HOMO highest occupied molecular orbital
HM heavy metals

IDE interdigitated electrode

ITO indium tin oxide

LB Langmuir-Blodgett

LMCT ligand to metal charge transfer
LOD limit of detection

LRR linear response range

LSS charge transfer state

LUMO lowest unoccupied molecular orbital
MLCT metal to ligand charge transfer

MPc metallo-phthalocyanines

MWCNT multiwalled carbon nanotube

NBO natural bond order

nm nanometer

OL optical limiter

OTFT organic thin film transistor

Pc Phthalocyanines

PDT photodynamic therapy

PET photo-induced electron transfer

ppb parts per billion

ppm parts per million

QCM quartz crystal microbalance

QLS quasi-Langmuir-Shéfer

RSA reverse saturable absorption




SEI solid electrode interphase

SEM scanning electron microscopy
SMX sulfamethoxazole

SQD semiconductor quantum dot
SWCNT single wall carbon nanotube
SWV sweeping wave voltammetry
TEM transmission electron microscope
TIRE total internal reflection ellipsometry
VC vacuum deposit

VOC volatile organic compound

WHO world health organization
WORM write only read many

XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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1. Introduction

Phthalocyanines (Pcs) as a class of compounds have found widespread use in fundamental
research and increasingly more in diverse and important industrial and technological areas.
Different synthesis routes to phthalocyanines and insight into their structure have been well
established [1], [2], [3], [4], [5], [6]. Over the past 3 decades, an increasingly strong
correlation between Pc properties and their applications became apparent [2], [7]. The optical
and photosensitization properties [8], [9], [10], [11] as well as the dye and pigment qualities
[12] have always been on the forefront of Pc investigations. Once the fundamentals of
synthesis and properties became understood, its outstanding electronic properties could be
exploited, and emerging applications started to be investigated that led to its use as materials
and devices [13]. This led to the use of Pcs in dye-sensitized solar cells (DSSC) that was
recently comprehensively reviewed [14]. Recently, Pcs found applications in biological
systems, in particular photodynamic therapy (PDT) [15], nanobiotechnology and theranostics
[16]. The most recent reviews on Pcs were published in 2010 [5], [17], while its application
in DSSC and perovskite solar cells were reviewed in 2019 [14], [18]. We felt an updated
review of Pcs in the area of emerging applications not yet covered would be desirable. These
areas include the use of Pcs in chemical sensor technology, non-linear optics (NLO), and
energy storage applications. The review only focuses on recent advances in these areas from
2014 to the present, in some areas such as data storage devices it appears significant studies
were performed prior to 2014 only to be rejuvenated recently.

1.1. Phthalocyanine classification

Phthalocyanines are macrocyclic, consisting of a planar conjugated system with 18 7-
electrons and four isoindole subunits attached via meso positioned nitrogen atoms [19]. The
Pc ring is a flexible structure, allowing functionalization of varying substituents at the non-
peripheral (ortho-, o) positions {(1, 4), (8, 11), (15, 18) or (22, 25)} and peripheral (meta-, )
positions {(2, 3), (9, 10), (16, 17) or (23, 14)} on the ring (Fig. 1). Several metals ions can be
inserted into the central cavity of the Pc structure to form a metallated Pc (MPc) with some
metals allowing for axial ligation but in a metal-free Pc (Hz2Pc), the molecular centre consists



of two hydrogen atoms. The choice and placement of the substituents on the Pc ring as well
as the selected metal ion can influence and modulate the physiochemical properties of Pcs.
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Fig. 1. Phthalocyanine structure with possible substitutions at non-peripheral (o) and peripheral (B) positions.

Unsubstituted Pcs are insoluble in many organic solvents. This is largely due to the
hydrophobic nature and planarity of the Pcs that results in aggregation [6]. Solubility can be
improved by attaching substituents on the Pc ring [8]. Substituents may be classified into
electron-donating or electron withdrawing substituents, the former consists of amino, alkoxy
or alkyl groups and the latter of sulfonyl, carboxyl or fluoro groups [20]. Substituted Pcs are
usually synthesized using phthalonitrile precursors that contain the desired substituent.
Phthalocyanines can be tetra- or octa- substituted as shown Fig. 2.
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Fig. 2. (a) Tetra and (b) octa substituted Pcs. “R” represents any substituent besides hydrogen.

A brief overview of MPc properties and their adaptability towards a wide range of
applications through fine-tuning of their chemical structures are outlined in Section 1.2.

1.2. Phthalocyanine properties

1.2.1. Electronic and conductive properties

The ground state electronic absorption can be understood by energy level diagrams referred
to as Goutermans four-orbital model (Fig. 3) [9]. This model explains the 1 — ©* transitions

that occur from the highest occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO) giving rise to Q and B (Soret) bands in UV—vis spectra.
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Fig. 3. Goutermans four-orbital model showing electron transitions and the origin of Q and B bands for
metallated (MPc) and metal-free (H,Pc) phthalocyanines.
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The Q band corresponds to the electron transition from the aiu orbital to the eg orbital
whereas the B band results from electron transitions from the azu orbital to the e orbital.
Metallophthalocyanines have a degenerate eg orbital and have a single Q band. The
incorporation of a metal to the central Pc cavity forms a thermodynamically stable
delocalized dianion with higher symmetry [13]. Metal-free Pcs (H2Pc) have a non-degenerate
eg orbital (egx and egy) that result in a lower symmetry leading to the splitting of the x- and y-
polarized components of the Q band [4]. Electron-donating and withdrawing substituents
positioned at either the non-peripheral (a) or peripheral () positions have different effects on
the electronic and optical properties of Pcs. Electron-donating substituents causes an increase
in the electron density of the Pcs resulting in the reduction of the HOMO-LUMO gap, and
spectrally leads to a Q band shift towards absorption in the red region [4]. Certain metals
such as Pb and Ti can also cause the Q band to shift towards the red region [21].

The electrons associated within the conjugated system are not localized on a specific atom
but are instead delocalized within the entire Pc molecule. These electrons are responsible for
the semi-conducting behavior of Pcs. The planar nature of Pcs contributes to molecular
stacking and creates a pathway for electron movement between Pc molecules. The
conduction mechanism within Pcs originate from excitons (i.e. electron-hole pair) “hopping”
or band to band transitions between Pc molecules. Pcs are classed as p-type semiconductors
and their notable thermal stability allows for the sublimation of pure Pc thin films without
decomposition [22]. In addition to photovoltaic devices, thin film MPcs displaying
conductive properties are used as gas sensors [13] and for optical recording materials [19].
Sublimed MPcs from the metals Cu(Il), Zn(II) and Ni(II) exhibit conductivities in the range
107 to 10719 S em™! corresponding to (weak) semiconductors [23]. The low conductivity is
due to weak intermolecular interactions due to intermolecular spacings of

0.34 nm between adjacent Pc molecules within the crystal structure. As a result, narrow
energy bands are formed and the movement of generated charge carriers (i.e. electrons and
holes) are driven by the electric field of an applied voltage by jumping through the potential
field of the & electron-rich aromatic network [19]. The integration of Pcs in photovoltaic
technologies is widely acknowledged for their strong absorption properties between the
visible region up to the near infrared region and amenability towards structural modification
allowing for bandgap energy and HOMO-LUMO energy levels to be tuned and designed into
ideal photosensitizers or hole transport materials [14], [18].

As a p-type semiconductor, Pcs are responsive towards chemical dopants. For example, when
exposed to oxygen (in air), Oz diffuses into the lattice of the MPc and removes an electron,
thereby increasing the number of positive charge carriers (i.e. holes) in the MPc [13]. In turn,
this increases the conductivity of the Pc, and is represented in the equation

below:MPc¢ + O2 5 MPc* + 0%

Another important solid-state property of MPcs is photoconductivity, which is increased
electrical conductivity when exposed to visible light [24]. Photoconductivity is measured by
the difference in conductivity when Pc films are exposed to the dark and under irradiation,
i.e. upon photon absorption and electrons are excited from the HOMO (valence band) to the
LUMO (conduction band) and increases the number of charge carriers present in the film and
consequently increases the conductivity [25]. Photoconductivity of MPcs is an important
parameter for applications in electronic and photoelectronic devices such as laser printers,
liquid crystal displays, etc [19].



1.2.2. Photophysical properties

The Jablonski diagram shown in Fig. 4 is used to explain the photophysical processes that
occur when Pcs absorb light of appropriate wavelengths.

I TI'I
5ﬂ ! Ta
—
: =\R
B g —
g | ™ i ISC
W :
E ] Tl
E 8
SU » 1:I' ‘E'

Fig. 4. Jablonski diagram displaying transition of a molecule from its lower ground state to higher excited state
upon irradiation with light; (A) = absorption, (VR) = vibrational relaxation, (F) = fluorescence, (IC) = internal
conversion, (ISC) = intersystem crossing, (P) = phosphorescence, Sp = singlet ground state, S; = singlet excited
state, T| = triplet excited state, T> = second triplet excited state. Non-radiative transitions are indicated by
broken arrows and radiative transitions by straight arrows [26].

The absorption of ultraviolet or visible light (A) by Pc molecules causes excitation from a
lower energy, ground state (So) to vibronic levels of a higher energy excited singlet state (S1).
Once the Pc molecule is excited there are numerous ways in which the energy could be
dissipated. The molecule may lose some of its energy through non-radiative vibrational
relaxation (VR) and relax to the lowest vibronic level of the singlet state (S1). Vibrational
relaxation occurs when energy is transferred to other vibrational modes as kinetic energy. The
Pc molecule can also return to its ground state (So) by a radiative process referred to as
fluorescence (F) or a non-radiative process called internal conversion (IC). Internal
conversion occurs when vibrational energy levels overlap with electronic energy levels
causing the excited electron to transition from a vibrational level in one electronic state to
another vibration level in a lower electronic. Another pathway for the electron is intersystem
crossing (ISC) to the excited triplet state (Tn). In this process, the electron changes spin
multiplicity from the excited singlet state to the excited triplet state. In MPc molecules, ISC
can be encouraged by inserting heavy metals into the Pc cavity which is an integral
mechanism for optical limiting applications. The principles of optical limiting are further
discussed in Section 3.1.

1.2.3. Electrocatalytic properties

The application of MPcs on modified electrodes and sensors are closely linked to its
electrochemical and redox properties. Electrochemical processes that occur in MPcs may take
place at the Pc ring or at the central metal ion. Metallophthalocyanine redox reactions are
influenced by various factors such as 1) the nature of the substituents (electron-donating/



withdrawing) functionalised on the Pc ring, ii) the oxidation states of the metal ion, iii) axial
ligation and iv) the solvent used to carry out the reactions [27].

Redox reactions can occur at the central metal provided that the metal is electroactive. For
this to occur the metal d-orbitals must lie between the HOMO and LUMO energy band gap of

the Pc ring [27]. Metals can be grouped into redox active (metals with vacant or partially
filled orbitals) and inactive metals. Fig. 5 displays energy level diagrams representing the

changes observed during oxidation and reduction of the neutral Pc complexes. In its neutral

form, Pcs exist as dianions (P¢?) and can be oxidised or reduced. During oxidation of the

neutral Pc™2, two electrons are removed from the HOMO (a1u) of the Pc to form the Pc™! and
Pc? species. The reduction process involves the addition of four electrons to the LUMO of the

neutral MPc¢ forming Pc 3, Pc™, Pc™, Pc™® species. The © donor—acceptor ability of MPcs act

as electrocatalysts towards the oxidation and reduction of organic and inorganic substances.
Metallophthalocyanines are used as chemical modifiers to reduce overpotentials of reactions

occurring on electrode surfaces bringing them closer to thermodynamic equilibrium [28].
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Fig. 5. Energy level diagram showing the oxidized Pc (a), the Pc dianion (b) and the reduced Pc (c). The “x”

represents an electron.

2. Phthalocyanines as chemical sensors

We live in an environment with a variety of toxic substances, gases and polluted water
systems. Governments are expected to monitor the nature and risk of potentially dangerous

pollutants such as nitrogen oxides (NOx), sulfur oxides (SOx), volatile organic carbons

(VOCs) and heavy metals (HMs) to ensure that the enforced control measures work
effectively. The World Health Organisation (WHO) places importance and demand for real-
time analysis which can be achieved from chemical sensors that convert chemical quantities
into measurable electronic signals. The [UPAC defines a chemical sensor as “a device that

transforms chemical information, ranging from concentration of a specific sample component

to total composition analysis, into an analytically useful signal” [29]. Environmental
monitoring requires robust, reliable and portable sensors for real-time, in situ detection of

pollution and toxic chemicals.

Several studies document the use of Pcs as integral components of chemical sensors where
different central metals and/ or the peripheral substituents were incorporated to achieve

specific functionality in different media (i.e. gas and liquid) [30], [31]. The intense 18 n-

LUmO

HOMO



electron skeleton of Pcs encourage interactions with liquid and gaseous analytes resulting in
detectable physical changes [32], [33].

2.1. Gas sensors

Interactions between Pc and gas molecules occur via reversible chemical reactions or
adsorptions and irreversible chemical reactions [13], [34]. As a result of these interactions,
detectable changes in mass density, optical properties and conductivity of the Pc molecules
can be recorded. Electronic devices such as capacitive sensors, mass sensitive sensors, field-
effect transistors (FETSs), solid-state ionic sensors, quartz crystal resonators, etc. can be used
to detect such physical changes.

Pcs are chemically sensitive towards reactive gases and can be oxidized or reduced by redox-
active molecules such as hydrogen sulfide (H2S) [35], [36], nitrogen oxides (NOx) [37], [38],
ozone (03) [39] and halogens (Br2, Clz, I2) [40], [41], [42]. These redox-based interactions
can be monitored by measuring the change in the electronic conductivity of MPcs. In 2018,
Sun and co-workers designed a fluoroalkoxy-H2Pc for selective NOz detection [43]. The
fluorinated-H2Pcs were deposited by drop cast (DC) and vacuum deposition (VD) for
comparative purposes. The performance and sensitivity of the Pc towards NO2 was evaluated
by spectroscopic and morphological characterisation. SEM, AFM and XRD indicated that
DC fluoroalkoxy-H2Pcs films formed J-aggregates whilst VD films formed H- aggregates.
Fig. 6a-b show time-dependent current plots of the sensors as a function of NO2
concentration for the DC and VD films. Both plots show a decrease in current during NO2
exposure and an increase during recovery, suggesting an n-type response between the
fluoroalkoxy-H2Pc and the NO2 analyte. Linear responses for both films were observed
between the 0.1-1 ppm concentration range and sensitivities of 7.54% ppm for DC films and
12.05% ppm for VD films were obtained. Films were further exposed to a mixture of NO2,
NH3 (2.5-25 ppm) and H2S (0.25-2.5 ppm) gases but there were no observable changes in
the output current, revealing the highly selective nature of the sensor. The selectiveness of the
fluoroalkoxy-H2Pcs towards NO2 was attributed to the N-O---N—H bonding between the NO2
gas molecules and the central cavity N—H protons of the fluoroalkoxy-H2Pcs. Of the two
deposition methods, the H-aggregated fluoroalkoxy-H2Pcs obtained from VD provided the
best sensitivity for NO2 detection.
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Fig. 6. (a) Time-dependent current plot of the fluro-H,Pc sensor as a function of the NO, concentration for the
DC film, (b) VD film and (c) the linear sensor response with NO, concentration of the DC film and the VD film.

Zhu et al. fabricated a novel heterogeneous active sensing layer to detect NO2 using an
organic filed effect transistor (OFET) device [44]. OFETs comprise of a three terminal
system consisting of an active layer, an organic insulator as a dielectric layer and conductive
metals or carbonaceous materials as electrodes [45]. Procedurally, an oxidizing gas diffuses
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onto the MPc active layer and displaces other adsorbed species. A charge-transfer complex
forms between the MPc and the gaseous molecules, consequently creating charge carriers
(i.e. electrons and holes). The formation of charge carriers changes the conductivity of the
active MPc layer which can then be measured as a response [46]. The components of the
heterogeneous layers (Fig. 7) were ZnPc, p-sexiphenyl (p-6P) and a-sexithiophene (a-6T). p-
sexiphenyl is a rod-shaped organic material that is able to induce growth of the organic
semiconductor layer [47] whilst a-6T forms a stable phase at low deposition rates and larger
layer spacing diffraction at high deposition rates [48].
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Fig. 7. (a) Structure of fabricated sensor with ultrathin heterogeneous interface of the p-6P/0-6T layer and
molecular structure of (b) p-6P and (c¢) a-6T materials.

Four sensor compositions, p-6P/ZnPc, p-6P/a-6T, p-6P/a-6T/ZnPc, and single ZnPc layers
were prepared as ultrathin heterogeneous interface layers using vacuum evaporation. The
performance of the p-6P/a-6T/ZnPc gas sensor was significantly enhanced in comparison to
the other sensor compositions. Apart from displaying a gas response of 157% to 500 ppb NO2
gas, sensitivity of 570% ppm ™! and a LOD of 0.5 ppm, the OFET results also indicated that
the saturation current of the p-6P/a-6T/ZnPc composition was 1.136 A, which was 4 times,
126 times and 95 times larger than that of of p-6P/ZnPc, p-6P/a-6T, and single ZnPc
compositions, respectively. This performance was attributed to combined contributions from
each component in the heterogeneous composition of the sensing layer and the ultrathin
morphology. The granular morphology of the combined 6P/a-6T/ZnPc layers allowed for the
efficient diffusion and infiltration of the NO2 gas molecules. The NO2 molecules interacted
first with the ZnPc and thereafter diffused into ZnPc¢ particle gaps to reach the interface
between the ZnPc and a-6T layers. During this process, two types of electron exchanges are
proposed to occur between the NO2 analytes and the interfacial layers, 1) electron exchange
between the NO2 and ZnPc which involves NO2 molecules extracting electrons from the
ZnPc, producing numerous holes in the ZnPc material, and ii) electron exchange between the
NO:z and a-6T which involves NO2 molecules extracting electrons from a-6T, also producing
holes in the a-6T material.

The holes produced during these electron exchanges accumulate between the insulating SiO2
layer and p-6P layer that eventually creates and expands the conductive channel for larger
current responses. The 6P/a-6T/ZnPc layers created a synergistic relationship that is capable
of sensitive NO2 adsorption.

Kumar et al. fabricated chemiresistors with a heterojunction active adsorption layer made
from randomly assembled networks of ZnO nanowires and CoPcs (ZnO/CoPc) for H2S
detection [49]. Whilst optimising the thickness of the CoPc layer (i.e. 25 nm), it was
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discovered that a thickness >15 nm caused the heterojunction films to exhibit a change from
an n-type to p-type conduction as the thicker CoPc layers appeared to provide uniform
coverage over the ZnO. The modification of the n-type ZnO nanowires with the optimised

25 nm layer of CoPc displayed the best response, sensitivity and recovery towards HzS. It is
important to note that pure ZnO and pure CoPc films displayed kinetically slower responses.
Confirmed by detailed X-ray photoelectron spectrsocopy (XPS), these results were based
upon the direct interaction between the H2S and CoPc. The Hz2S molecules can interct with
the CoPc in two process, namely i) Direct interaction of the H2S with sites free from adsorbed
02 molecules, and ii) the competitive displacement of chemisorbed Oz by Hz2S from the CoPc
surface and is understood by the following chemical equation:

H,S + 302 — H,0 + SO, + Ge-

HoS is referred to as a reducing gas and an electron donor when interacting with the CoPc,
whilst the CoPc is considered a p-type semiconductor that contains hole charge carriers. The
adsorbed H2S molecules would then inject electrons into the CoPc, promoting the
combination of electrons and holes resulting in measurable changes to the charge and carrier
density. Work function measurements also supported the formation of a p-n junction and
charge transfer between the ZnO to the CoPc.

Using a quartz crystal microbalance (QCM), Harbeck et al. have conducted a series of studies
that utilises metal-free and MPcs functionalised with alkoxy, fluoro alkyl and tosylamino
moieties to determine their detection potential towards VOCs. Collectively, their studies
indicated that unlike other MPcs sensor studies that reported interactions between the central
metal ion and analyte, active sorption sites for the VOCs stem from the C—H groups on the Pc
skeleton and are essential for H-bonding with VOC n-systems as summarized below [50],
[51]:

e MPcs functionalised with electronegative fluoro groups were excellent candidates for
detecting polar VOCs as they displayed high n-n interactions with polar compounds.

e Branched alkoxy Pcs displayed an unexpected affinity towards hydrocarbon
compounds due to strong van der Waals interactions taking place between the alkyl
moieties and the non-polar analytes.

e The N-H group that exists in the core of metal-free Pcs as well as in the tosylamino
functionalised Pcs are active sorption sites that can interact with the  system of polar
compounds.

e H-bonding can occur between the Pc & system and the acidic proton of alcohols.

e The central metal is an active centre for the adsorption of alcohols as the metal atom
(M) can form M — OH bonds.

Kumar et al. confirmed this as their studies tested the effects of the metal centre and the role
of peripheral substituents on Pcs towards toluene using QCM [52], [53]. They reported that
Co, Cu, Fe, and Zn metal centres did not significantly improve sensitivity towards toluene.
Toluene was found to display strong interactions between the electron cloud of the Pc ring as
well as C—H bonds between the peripheral substituents containing tert-butyl and fluorinated
groups. There are several other sensor studies that detail the incorporation of MPcs into the
active sensing layer for the detection of common VOCs such as chloroform[54], ethanol [55]
and acetone [56].
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Gas sensing capacities have been improved by forming composites that include
nanomaterials. A synergistic relationship was shown by Wang et al. who sought to enhance
NH3 detection by fabricating nanocomposites of amino-functionalised CoPc and reduced
graphene oxide (GO) nanoparticles [57]. Three a-substituted CoPcs were used in the study:
amino CoPc (amino-CoPc), p-aminobenzyloxy (aminobenz-CoPc) and substituent free CoPc
(unsub-CoPc). The hybrid materials were prepared by mixing reduced GO with CoPcs which
were drop cast onto gold IDEs. A gas sensing test system with high purity NH3 gas mixed
with air as the carrier and the response (%) was defined relative to the change in resistance of
the active layer and can be observed in the equation below:

response(%) % 100 R"'R R 2100

where Ra — resistance values under initial air flow, Rg — resistance values under NH3 gas.

Under optimised concentrations of the respective nanocomposites, the three CoPc/GO
composites displayed improved selectivity, sensitivity and recovery towards NHz when
compared to pure reduced GO. The aminobenz-CoPc/GO hybrid exhibited the best
performance, reporting a response of 50 ppm, a LOD of 78 ppb and recovery time of 225 s.
By comparison to pure reduced GO, the aminobenz-CoPc/GO composite displayed a 23-fold
higher response to 50 ppm NH3. Electrochemical impedance spectroscopy (EIS) and DFT
studies confirmed that the superior NH3 detection was a result of the synergistic relationship
between the aminobenz-CoPc and GO. The strong adsorption of the NH3 gas occurred at the
aminobenz-CoPc whilst the high electrical conductivity was provided by the reduced GO to
encourage faster charge transfers between the CoPc and GO. These results were
outperformed by their more recent study that tested composites of phenoxy substituted CoPcs
(p-CoPcs) and reduced GO towards NH3 detection [58]. The best performing composite was
the carboxylphenoxyl-CoPc/GO composite that showed a high response towards NHs of
42.4% to 100 ppm of NH3, a lower LOD of 3.7 ppb and a reversible recovery time of 120 s.
The subsequent DFT studies were performed to investigate the effects of the different p-
CoPcs on NH3 sensing. The study was modelled around possible interactions between NH3
and the various p-CoPcs and revealed that the carboxylphenoxyl-CoPc/GO composite had the
shortest bond length (rco-N, 2.193) compared to the other three composites. The shorter bond
length led to stronger adsorption between the NH3 and carboxylphenoxyl-CoPc. These results
were further substantiated by performing adsorption energy and natural bond orbital (NBO)
calculations.

Saini et al. and more recently Sharma et al. both detail the detection of Cl2 gas using
octabutoxy and fluorinated functionalised metal Pcs, respectively. Saini’s work highlighted
the benefits of fabricating octabutoxy CuPcs and ZnPcs with nanowire and nanobelt
morphologies whilst Sharma’s work fabricated composites of fluorinated CuPcs, ZnPcs and
CoPcs with non-covalently attached carbon-based materials. The performance of the sensors
from the respective studies are shown in Table 1.

12



Table 1. Linear range, sensitivities and LODs obtained from different sensors for Cl, gas and pesticides:
fenitrothion, diazinon and eserine. ([59], [60], [61], [62], [63], [64], [65], [66], [67], [68], [69], [70].)

Sensor Analyte Linear range Sensitivity LOD Technique
ZnPe(OBu)s) nanobelts Clz 5-1500 ppb - 5.0ppb | static gas
; sensing
CuPcOC4 nanowires Clz 5-1500 ppb - 5.0 ppb | static gas
sensing
FisZnPcMWCNTs-COOH Clz 100-2000 ppb | 21.28% towards | 0.06 ppb | static gas
2.0 ppm Clz sensing
F1sCuPc/SWCNT Clz - 3582% towards | 027 ppb | static gas
2.0 ppm Clz | SENsing
FisCuPe/MWCNT Clz - 23.0% towards | 0.85ppb | static pas
20ppm Clz | sensing
F1sCoPe/SWCNT-COOH Clz - 82% towards 2.0 | 0.04 ppb | static gas
ppm Cla | sensing
Fi6ZnPc/SWCNT-COOH Clz - 82% towards 2.0 | 0.05 ppb | static gas
ppm Cls sensing
MnPc/N3-PANIITO Diazinon 0.20-7.50 9.15 0.062 SWV
pmol dm™? Acm™ M pmol dm™*
MnPe/N:-PANIITO Eserine 0.10-5.00 5.78 | D088 SWv
pmol dm™ Aem?M' | pmol dm™
MnPe/N:-PANIITO Fenitrothion 0.12-15.00 4.67 | 0.049 SWV
pmol dm? A em™ M | pmol dm™
CoPc-M/GCE’ Diazinon 0.38-5.07 1.50 | 0120 SWV
prmol dm? Aem M | pmol dm™?
CoPe/GCE Fenitrothion 1.20-42.0 0.26 0.460 SWV
pmol dm? Aom? M pmol dm?
MWCNT/GCE Fenitrothion 0.01-5.0 72 (pApM) | 6.4nM cv
pmol dm™
poly(2-HBZ)/GE" Fenitrothion | 0.018-3.60 - [ 4.70nM CA”
pmol dm™
poly-zincon/GCE Fenitrothion 5x10°- 8.6 - 15 DPV
prmol dm™ | nmol L™
Nano-MIP-CPE” Diazinon 0.10-2.00 95.08 | 7.9x10-3 SWV
pmol dm™? Acem? M! | pmol dm™

*CA: chronoamperometry.

*CoPc-M: cobalt phthalocyanine functionalised with morpholin groups.

*poly(2-HBZ)/GE: poly(2-hydroxybenzamide)-modified graphite electrode.

*Nano-MIP-CP electrode: nano-molecularly imprinted polymer-carbon paste electrode.

Clz is recognised as a toxic gas with an occupational exposure limit of 500 ppb [71].
Exposure to Cl2 gas for an average of six hours can lead to respiratory complications and
sensory irritation [72]. All of the MPc-based Clz gas sensors reported in Table 1 are capable
of detecting Clz at ambient temperatures below 500 ppb under static conditions. These
sensors also proved to be selective towards Clz even in the presence of other gases such as
NO, NO:2 and NH3. The proposed gas sensing mechanism are explained as follows: MPcs are
often described as electron donors whereas electronegative Cl molecules are electron
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acceptors. It is recognized that when MPcs are exposed to ambient conditions, oxygen will
adsorb and will remove electrons from the conduction of the MPc to form two charged
species:

MPc+ O3 MPc™+ Oy~

Once exposed to the reducing nature of Clz, the adsorbed O™ are displaced by the Cl2
molecules, which also adsorbs to free metal coordination sites on the film, as shown in the
following chemical equations:

2MPc + Cly 2MPc*™ +2C1™
C].g + 202 2CI + 202

The Cl2 analyte essentially removes electrons from the MPc and leaves behind a number of
holes in the MPc film which results in increased film conductance. Saini’s studies showed
nominal differences in their output as neither the central metals nor morphology greatly
influence the calculated LODs. The LODs obtained from Sharma’s research were far superior
and was attributed to combined, synergistic effects between the MPcs and CNTs. The MPcs
molecules were found to be exohedrally attached to the surface of the CNTs through
extensive m-7 interactions, forming a charge transfer conjugate. Raman and XPS
spectroscopic measurements were used to justify the improved charge transfer between the
Cl2 molecules and the MPc-CNT composites. Additionally, the molecular orbitals of the
fluorinated MPcs are thought to be closer to the Fermi level, leading to higher ionisation
potentials and better electron affinity that provided better device performance [73].
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Fig. 8. (a) Molecular structure of BiYPc and (b) Output characteristics (I4s versus Vgs) and transfer
characteristics (|Igs 1/?| versus V) for the ambipolar OFET device.

Organic materials used in electronic devices generally show unipolar behaviour, i.e. they
typically contain either electrons or holes as major charge carriers whereas materials that
have the ability to transport both, electrons and holes are commonly referred to as
“ambipolar” [74]. Ambipolar materials are extremely valuable as they can replace the need
for two transistors with n- or p- type channels in a device. Often, ambipolar devices are
created by blending two materials with n- and p- type characteristics, however, this is not the
case with Pcs. The Pc family has a flexible electronic structure and can be tuned such that the
Pcs can demonstrate n-type, p-type and even ambipolar behaviour. Studies investigating the
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properties of rare earth metal Pcs in double and even triple decker configurations indicated
that extending the conjugation from mononuclear to binuclear can affect changes towards the
semi-conducting nature of the material, e.g. an n-type to ambipolar [75]. Lu et al. investigated
this further by fabricating a binuclear Pc with yttrium (Y) metal centers in a double decker
configuration (BiYPc) for the oxidization and reduction of NO2 and NH3 gas, respectively
(Fig. 8) [76].

The BiYPc was fabricated onto OFET devices using a quasi-Langmuir Shéfer (QLS) method
[77]. Previous studies revealed that device performance depended both on the energy levels
of the materials and the internal structure and morphology of the materials. Therefore, the
BiYPc films were subjected to UV—vis, XRD, AFM and CV analysis. The XRD
diffractograms reported a diffraction peak at 20 = 28.88° which was attributed to the n-n
stacking distance between the substituents of adjacent sandwich molecules, thus confirming
the effective intermolecular n-w interactions in the BiYPc film whilst AFM analyses showed
grain crystallites with an average diameter of

52 nm. These nanosized particles were expected to reduce traps and minor defects located
close to grain boundaries and provide a larger surface area for more active sites for gas
adsorption. The HOMO-LUMO of the BiYPc films were deduced from CV. Due to the free
radical nature of rare earth double decker Pcs, they possess a semi-occupied HOMO orbital
[78] and a similar case was observed in this study. The HOMO and LUMO energy levels of
the BiYPc were located in ranges that are required for n- and p-type organic semiconductors,
suggesting the possible ambipolar semi-conducting behaviour of BiYPc. As seen in Fig. &,
the OFET devices displayed ambipolar behaviour, recording an average carrier mobility for
electrons at 1 £ 0.2 cm? V' s7' and 0.40 = 0.1 cm? V™! s7! for holes. To test the ambipolar
nature of the BiYPc in a sensor, the device was exposed to varying concentrations to an
electron accepting gas, NO2 (0.5-3 ppm) and an electron-donating gas, NH3 (7.5-20 ppm)
under N2 conditions. A noticeable decrease in the current is observed when the device is
exposed to NO2 accompanied by an increase during the recovery, thereby confirming the n-
type behaviour of the BiYPc film towards the oxidizing gas. When exposed to the reducing
NH3 gas, the current decreases as well, confirming the p-type behaviour of the BiYPc. The
decreased currents when exposed to both gases established the ambipolar nature of the
BiYPc. Functionalised double and triple decker rare earth metal europium Pcs have also been
highlighted for their similarly induced ambipolar behaviour towards oxidising NO2 and
reducing NH3 gas [79], [80], [81], [82], [83].

2.2. Sensors for water treatment

Electrochemical methods are a relatively simple and cost-effective approach for the detection
of numerous trace heavy metals, organic pollutants and pesticides in solution as they have
displayed excellent sensitivity and potential for speciation [84], [85]. For electrochemical
detection, electrode surfaces require modification to selectively interact with target analytes.
The molecule or material used for modification should ideally have i) at least one
electroactive group, and ii) binding sites designed for the target analyte.

Functionalised M.C.s carry both an electrochemically active metal center and provide many
binding sites due to their flexible framework. Macrocycles such as MPcs carrying
substituents containing S, O and N moieties act as binding sites, forming stable complexes
with transition metals [86]. Electrode surface modification using MPcs can be achieved by
various techniques including a simple drop-casting, electrodeposition, electropolymerization,

15



Langmuir—Blodgett (LB) deposition, spin coating, molecular beam and vapor deposition [64],
[87].

2.2.1. Heavy metals

An asymmetric alkynyl-hexynoxy derivatised cobalt (CoPc) complex was synthesized by
Fomo et al. for the simultaneous electrochemical detection of, Cd**, Cu?*, Hg?* and Pb** ions
[88]. A GCE was modified with the CoPc via an electro-click reaction that takes places over
two steps, 1) azido-aniline hydrochloride was electrochemically grafted on the bare GCE, and
i1) the alkyne terminated CoPc was chemically “clicked” via a covalent attachment onto the
grafted surface over an 18 h period. XPS measurements were used to confirm the successful
modification of the GCE. Mechanistically, the heavy metal ions selectively coordinate to the
electronegative N and S atoms on the Pc ring as well as the benzothiazole substituent. Using
differential pulse stripping voltammetry (DPSV), the modified CoPc-GCE showed well
separated, individual peaks at —0.75 V, —0.16, 0.06 V and —0.47 for Cd**, Cu?*", Hg*" and
Pb?* ions, thus exhibiting their feasibility towards simultaneous detection. Under optimized
conditions, the anodic peak current was proportional to the heavy metal ion concentration
over a wide linear range of 0—0.1 mM. The LODs for the sensor towards Cd(II), Cu(Il),
Hg(II) and Pb(II) were 347.06 nM, 327.71 nM, 81.94 nM and 55.87 nM respectively. The
sensor showed the most sensitive response of 1979.48 + 11.47 uA mM™! towards Pb(II) and
the least sensitive response was observed for Cd(IT), 204.50 + 1.10 47 pA mM™!. The DPSV
scans revealed that the addition of Cd(II) and Pb(II) shifted the peak potential of Hg(II) and
Cu(II) to more negative potentials and decreased the intensity of the peak current as
compared to detecting the Hg(IT) and Cu(II) alone. This was attributed to the formation of
intermetallic compounds during the deposition step which consequently increases the
sensitivity of the sensor towards Cu(IT) and Hg(II) ions [89].
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Fig. 9. Sensor signals of the p-CoPc QCM sensor during exposure to the five different analytes at indicated
concentrations and (b) experimental sensitivities of p-H,Pc and p-CoPc QCM sensors for all metal ion analytes
as obtained in the liquid sensing experiments at room temperature.

Novel pyridone functionalised metal-free Pcs (p-H2Pc) and CoPc (p-CoPc) were synthesised
and used in the fabrication of a QCM sensor for the detection of Cd?**, Co**, Cu?*, Cr** and
Zn** ions in water samples [90]. An AT-cut quartz crystal resonator was coated with the
respective Pc sensing materials to investigate their response towards the five stated heavy
metal ions. With increasing heavy metal ion concentrations (54-260 mg mL ™), the
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performance of the QCMs were determined by monitoring the frequency shift that occurred
as a result of the ions in solution, see Fig. 9 for response curves of 5 analytes (QCM sensors).

These curves clearly illustrated the excellent response from the p-CoPc coated QCM sensors
towards all the metal ion analytes. The study explains that the driving force behind the high
responses are due to complex formation between the metal ions and the lone pairs on the N-
containing pyridine groups on the Pc rings. As per Fig. 9, the trend observed for the QCM
sensitivities were: Cr? > Zn*? > Cd*? > Co*? > Cu*? for the p-H2Pc QCM sensor and
Cr2>Zn™ > Co*? > Cd*? > Cu™ for p-CoPc QCM sensor. These results were expected as
sensing properties in Pcs are known to be affected by the addition of a central metal that can
enhance or reduce associated ionisation energies. Therefore, the more sensitive responses
attained by the p-CoPc were attributed to a larger film surface area, as the small ionic radius
of Co increased the contacting probability of the N atoms with heavy metal ions in solution
and improved the detection sensitivity.

Gounden et al. demonstrated this by combining magnetic silica-coated iron oxide
nanoparticles (Si-Fe203) with fert-butyl phenol substituted CoPcs and FePcs to
electrochemically detect As, Cd, Hg and Pb ions in aqueous solutions [91]. The combination
of Si-Fe203 nanoparticles with CoPc (CoPc/Si-Fe203) or FePc (FePc/Si-Fe203) resulted in
increased active surface area of the GCE as per the Randles-Sevcik equation. Differential
pulse anodic stripping voltammetry (DPASV) was used to evaluate both composites towards
the four HMs under optimised conditions. The FePc/Si-Fe2O3 composite showed the lowest
detection limits (S/N = 3) of 3.66, 11.56, 2.28, 4.54 ug L™! for As, Cd, Hg and Pb
respectively. A linear working range of 10-100 pug L™! was obtained for As**, Hg>" and Pb**
ions while it was between 20 and 100 pug L™! for Cd*" ions. Reproducible signals were also
obtained by both composites during the simultaneous detection of all four HMs for ten
consecutive scans.

2.2.2. Organic pollutants

Biological entities such as enzymes, antibodies, and peptides are commonly incorporated into
electrochemical sensors to function as molecular recognition elements for detection of
organic pesticides in the environment but apart from their excellent selectivity, biological
components typically display poor stability which limits their potential in sensing devices.
Akyiiz et al. were able to overcome such challenges by synthetically mimicking the function
of biological elements using terminal alkyne substituted manganese phthalocyanine (MnPc)
to detect fenitrothion, diazinon, and eserine pesticides, Fig. 10 [64].
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Fig. 10. Molecular structures of (a) fenitrothion, (b) diazinon and (c) serine.



The LB depositing technique was used to create ultrathin MnPc films (10 layers) on the
electrode surface (i.e. ITO). The MnPc/ITO was immersed in a solution of 4-azidoaniline
(N3-ANI) to initiate a self-click reaction between the azide group of the N3-ANI and terminal
alkyne groups of MnPc. The newly formed MnPc/N3-ANI/ITO electrode was further
modified by converting the aniline groups into polyaniline via electropolymerization to form
MnPc/N3-PANI/ITO. The three target pesticides were added to a pH 7 phosphate buffer and
analysed with SWV. When using the unmodified ITO electrode, fenitrothion displayed a
redox peak at —0.5 V whereas the modified MnPc/N3-PANI/ITO electrode displayed a
decrease in the peak at —0.5 V and an increase in a newly formed peak at —0.8 V. The
observation of the new peak indicated selectivity of the modified electrode towards
fenitrothion. However, no new peaks were observed in the presence of both diazinon and
eserine and indicated non-selectivity towards said pesticides. Table 1 provides a comparison
of LODs and sensitivity obtained from different sensor studies towards fenitrothion. When
compared to other modified Pc electrodes, the MnPc/N3-PANI/ITO electrode displayed the
best LOD of 0.062 pmol dm™.

In another electrochemical detection study for fenitrothion, Canevari et al. modified a GCE
with a hybrid material consisting of silica coated MWCNTs and ruthenium Pc
(Si02/MWCNTs/RuPc) [92]. The synthesis of the RuPc was unique in that an in-situ
approach was used. This process involved dispersing SiO2-MWCNTs into a Ru acetate
solution. This solution was heated to dryness to incorporate the Ru onto the SiO2/MWCNTs
via silanol group interactions. The SiO2/MWCNTs/Ru material was then heated with a
phthalonitrile to form the RuPc on the SiO2/MWCNTs. Shifts in the Q and B bands obtained
from UV—vis spectroscopy confirmed the formation of the hybrid material. The
electrocatalytic response of the Si102/MWCNTs/RuPc/GCE towards fenitrothion was
compared to a bare GCE and SiO2/MWCNTs/GCE (Fig. 11a). The DPV of
Si02/MWCNTs/RuPc/GCE displayed the highest current response in the presence of

1.66 x 107> mol L! fenitrothion confirming that the presence of the RuP¢ improves electron
transfer processes and provides better sensitivity (0.0822 pA pM ™! mm™2) and LOD

(0.45 ppm). The SiO2/MWCNTs/RuPc/GCE also appeared to be robust during interreference
studies with other organophosphorus pesticides (Fig. 11b).
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Fig. 11. (a) DPV of the GCE, SiOo/MWCNT/GCE and SiO,/MWCNTs/RuPc/GCE in 0.1 M acetate buffer (pH

4.5; potential range of 0 V to —1.2 V, scan rate 20 mV s!) and (b) Interference study of fenitrothion
determination in the presence of chlorpyrifos and malathion pesticides in acetate buffer pH 4.5.

18



Phenols and phenol derivatives are classed as organic pollutants released into the
environment as a direct result of industrial applications. The manufacture of drugs, dyes,
detergents, plastics, fungicides and pesticides are all sources of toxic phenolic compounds
that readily contaminate water systems. These environmental pollutants have always been a
cause for concern due to their persistent behaviour and ease of diffusion in aqueous media
[93]. To remediate this, studies toward designing a range of polyalkoxy and fluorinated
substituted MPcs as the active layer of a QCM based sensor to detect a range of phenolic
compounds in liquid [94]. The respective MPcs were airbrushed onto the QCM transducers
and their response towards increasing concentrations of bisphenol A, phenol,
pentachlorophenol and other common organic solvents such as chloroform, chlorobenzene,
and tetrachloroethylene were measured. QCM measurements indicated that the selectivity of
the sensor was influenced by the type of substituent on the MPc whereas sensitivity was
mainly influenced by the central metal. The novelty of the study was that two octa-substituted
CuPcs, namely 2,3,9,10,16,17,23,24-octakis-[2-(2-ethoxyethoxy)ethoxy] phthalocyaninato
copper(Il) (CuPcl) and 2,3,9,10,16,17,23,24-octakis(2,2,3,3-tetrafluoropropoxy)
phthalocyaninato copper(Il) (CuPc2) displayed excellent results towards a first time reported
analyte, pentachlorophenol (Fig. 12). These two CuPcs exhibited strong sorption properties
for pentachlorophenol achieving sensitivities as high as 200 Hz mg™' L™!. The selectivity
obtained was also noteworthy as the sorption of the common organic solvents were at least 30
times lower in comparison.
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Fig. 12. Comparison of pentachlorophenol sensitivities (Hz/mg L) for MPcs coated QCM sensors.

Pentachlorophenol was also an analyte of interest for Banimuslem et al. as they synthesized a
hybrid active layer comprising of acidified SWCNTs and a tetra-hexadecylthio

(R =—S(CH2)15CH3) substituted CuPc complex for optical detection using total internal
reflection ellipsometry (TIRE) [95]. TIRE is based on the working principle ellipsometry, a
recognized analytical technique used for thin film analysis [96]. This technique can be used
to obtain parameters such as layer thickness or refractive indices by modelling the
experimental data around an appropriate optical model [97]. The data was fitted based on a
four-layer model (consisting of an aqueous solution, gold film, organic layer, and BK7 glass),
see Fig. 13.
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Fig. 14. (a) TIRE spectra of (a) CuPc and (b) SWCNT/CuPc hybrid films in water (1); after injection of
pentachlorophenol solution of 0.5 ug L™ (2); 1 ug L™! (3); 2 ug L' (4); 5 ug L' (5) for 5 min; after flushing
with water (6) and after injecting with pentachlorophenol solution 5 pg L™! for 30 min (7); after flushing with
water (8).
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The TIRE spectra shown in Fig. 14a-b gives information regarding two ellipsometric
parameters, y and A. The y parameter describes an amplitude ratio and A represents the
phase shift (in nm) between p- and s- components of polarized light [96]. The TIRE response
to pentachlorophenol in water were carried out in a range of concentrations (0.5-10.0 pg L™
range as seen in Fig. 14a-b).

There were no shifts in the spectrum after treatment with pure distilled H20, but shifts were
clearly recorded after introducing pentachlorophenol to the system. When exposed to the
varying concentrations of pentachlorophenol (1, 2 and 5 ug L™"), adsorption of the analyte on
the hybrid film recorded larger shifts of 6.41, 10.98 and 14.19 nm as compared to the pristine
CuPc film, which recorded shifts of 3.05, 4.67 and 7.82 nm. The phase shift spectra (A (1))
was approximately two time larger for the hybrid film than the pristine CuPc film. The
enhanced response by the hybrid film was accounted for by the high n-electron density of the
SWCNTs which improved adsorption properties, especially towards oxygen containing
molecules such as pentachlorophenol [98]. The aromatic system of pentachlorophenol was
played a significant role in the adsorption on the SWCNTs surface due to n-m interactions.
The LOD for the hybrid film was recorded at 0.50 pg L™ whilst the pristine CuPc¢ recorded a
slightly higher LOD of 0.8 ng L™"

Consecutive studies based on the chromogenic identification of phenolic compounds using
water-soluble MPcs have been reported [99], [100], [101], [102] and describes the synthesis
of two novel water-soluble FePcs, iron(Ill) tetra-(4-carboxyphenoxy)phthalocyanine (FePcl)
and iron(III) tetra-(8-quinolineoxy-5-sulfonicacid)phthalocyanine (FePc2) used in a
chromogenic process, involving the formation of a dye that absorbs light within the visible
region. The two FePcs were used as catalysts towards the oxidation of phenols whilst their
bulky sulfur-based substituents conferred water solubility character to the FePc complexes.
During the catalytic oxidation experiments phenol (P), 2-chlorophenol (2-CP), 4-
chlorophenol (4-CP), 2,4-dichlorophenol (DCP) and 1-naphthol (1-NP) were oxidised by a
combination of tert-butyl hydroperoxide (t-BuOOH), 4-aminoantipyrine (4-AAP) and the
FePcs in solution. During the catalytic oxidation, the reaction mixtures undergo a
chromogenic change from green to dark pink. Fig. 15a shows the time-dependent UV—Vis
absorption spectra for the oxidation of phenol using FePcl. The magnitude of the peak at ~
508 nm increased due to the formation of conjugated dyes whilst a noticeable decrease in the
Q-band intensity at 634 nm was observed until its disappearance when the maximum
absorbance of the newly formed dyes was reached. Based on the rate of dye absorbance,
FePcl was deemed a better catalyst than FePc2 as the chromogenic process was completed in
~10 mins (Fig. 15b-c). The catalytic oxidation mechanism shown in Fig. 16 reveals that the
interaction between t-BuOOH and FePcs were key in forming the oxidised dyes. The
proposed mechanism suggests that the FePc-OO'Bu complex follows either a heterolytic or
homolytic pathway to produce a highly reactive Fe(IV)=0 species that can coordinate to the
O atom from the hydroxyl group of the phenol analytes and N atom from the amino group of
the 4-AAP. This consequently leads to radical formation that participates in oxidative
coupling to form the dyes.
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Fig. 15. (a) Time-dependent UV—Vis absorption spectra for dye formation in the presence of FePcl and t-
BuOOH towards phenol, (b) Comparative dye formation for the five phenolic derivatives with FePc1 catalyst
and (c) with FePc2 catalyst.
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Further progress was made in chromogenic identification of phenols when magnetic
Fe304/Carbon/CuPc composites as catalysts were fabricated [103]. The catalyst was used in
conjunction with aminoantipyrine (4-AAP, chromogenic agent) and BuOOH for the
oxidation of phenolic compounds without additional heating or light irradiation. Although a
similar catalytic oxidation mechanism was proposed as in previously reported work (Fig. 16),
the added surface area and adsorption capacity provided by the Fe3O4 nanoparticles improved
the catalytic oxidation of the phenol analytes. More significantly, the composite was retrieved
magnetically from the reaction mixtures due to the inherent magnetic nature of Fe3O4
nanoparticles and continued to display high catalytic activity after four consecutive cycles.
Other phenolic derivatives have also been detected in aqueous media using MPc/carbon-
based hybrid materials to increase the active surface layer and provide additional adsorption
sites for analyte attachment [104], [105], [106], [107].

The usefulness and applicability of MPcs have transpired into numerous fields, including
water treatment against pharmaceutical drugs such as paracetamol, codeine and ibuprofen
[108], [109]. Amongst the diverse and complex range of pharmaceuticals, sulfonamides are
recognised as the first modern reagents against bacterial infections in humans including
urinary tract infections pneumonia [110], meningococcal meningitis [111]. Their mechanism
of treatment involves inhibiting enzymes essential for bacterial growth. Although used for the
benefit of the human species for many years, the misuse and improper disposal of
sulfonamide-based drugs can severely impact aquatic life, the environment and human health.
Heeding the call for detection and removal of these drugs from the environment, Wang et al.
proposed improving an FePc oxidative system to degrade a sulfur-containing bacteriostatic
called sulfamethoxazole (SMX) using activated carbon fibres (ACFs) [112]. An asymmetric
FePc was synthesised by converting a tetra-substituted nitro-FePc into a mono-amino-trinitro-
FePc. The amino moiety assisted in the direct binding to the ACFs via a deamination reaction
to form an FePc/ACF composite. The catalytic oxidation of the FePc/ACF was tested against
SMX using liquid chromatography. As seen in Fig. 17a, the use of (1) H202 as an oxidizing
agent did not decrease the SMX concentration, but the use of (4) FePc/ACF without H2O2
resulted in the SMX concentration decreasing by 57% during a 90-minute period until an
adsorption equilibrium was reached. The best result was obtained by (6) FePc/ACF in the
presence of H202, as a significant decrease of almost 99% in the SMX concentration was
observed over 90 min. A proposed SMX oxidation mechanism can be viewed in Fig. 17b
which indicates that this oxidation would not be as efficient without the presence of H202,
FePc and ACF. The decomposition of H202 produces the active Fe(IV)=0 species. The
ACF behaves like an electron reservoir, pumping electrons into the mechanism and
establishing quick electron transfer to the n-system of the FePc. The abundance of electrons
promotes the homolysis of H202 leading to the production of -OH and -OH radicals that
ultimately cause the oxidation of SMX.
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Fig. 17. (a) Concentration changes of SMX under different conditions: (1) H,O»; (2) FePc/H0,; (3) ACF; (4)
FePc/ACF; (5) ACF/H20z; (6) FePc/ACF/H,0; and (b) Speculative mechanism proposed for SMX
decomposition.

Sulfadiazine, another sulfur-containing compound belonging to a class of sulfonamides is an
anti-infective prescribed for the treatment of burns against bacterial and yeast infections
[113]. Sulfadiazine was studied by Hong et al. as they developed a novel CoPc composite for
the electrochemical detection of sulfadiazine [114], [115]. The combination of a
tetrasubstituted CoPc¢ with carbon nanotubes (CNTs) and Nafion on a GCE via
electropolymerization was described. Nafion, a polymeric ionomer was employed to prevent
CNT leakage [116]. The electroactivity of a bare GCE, CNT/Nafion/GCE and
CoPc/CNT/Nafion/GCE were studied using CV and the latter displayed better anodic
responses towards sulfadiazine than the other electrodes. A negative shift in the peak
potential was observed and was attributed to the synergistic and catalytic relationship of the
composite material i.e. quicker electron transfer kinetics of the CoPc and the excellent
conductivity and redox properties associated with CNTs [117], [118]. Fig. 18a shows the
current-time responses of CoPc/CNT/Nafion/GCE when injected with varying concentrations
of sulfadiazine. With each injection of sulfadiazine, there is a corresponding increase in the
anodic currents in less than three seconds. The inset in Fig. 18b exhibits the proportional
relationship between the concentration of sulfadiazine and current response.
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Fig. 18. (a) CVs of 0.1 mmol L™! of sulfadiazine at GCE (solid line), CNT/Nafion/GCE (dashed line) and
CoPc/CNT/Nafion/GCE (dotted line) and (b) chronoamperometric response of CoPc/CNT/Nafion/GCE after
successive injections of varying concentration of sulfadiazine solution: (1) 5 pL; (2) 10 pL; (3) 15 uL; (4) 20 uL
and (5) 50 puL of a 1 mmol L! sulfadiazine solution.

3. Phthalocyanines in non-linear optics (NLO)

Since the inception of the high-powered laser beam in the 1950s, there has been extensive
and specialised use of laser beams in commercial, military, medicinal and scientific fields
that require optics with great intensity and coherency. Despite the unrivalled usefulness of the
laser, recent studies are directed towards sourcing optical limiters or non-linear materials to
protect sensitive optical devices and components such as the human eye from laser damage
[119]. An optical limiter is essentially able to attenuate the output energy of an emerging
intense beam which is feature useful in a variety of applications requiring alteration of the
polarization, frequency and phase of the incident light.

3.1. Principles of NLO

Non-linear optics studies non-linearities of intense light (e.g. laser beam) when interacting
with matter. When light of low intensity interacts with the electronic distribution of a
material, a linear response or linear polarization occurs whereby the incident light is the same
as the transmitted light [120]. Non-linear optical behaviour arises when very intense incident
light interacts with the electrons within a material and is powerful enough to pass the
“limiting threshold”, ultimately changing the properties of the transmitted light [121]. The
non-linear behaviour resides in the medium through which the light travels, rather than in the
light itself resulting in the modification of certain properties of the incident light. At the
molecular level, non-linear behaviour resonates from the presence of delocalised © electrons,
therefore the NLO phenomena commonly occur in organic molecules with a network of 7t-
conjugated delocalized electrons [122]. The Jablonski diagram (Fig. 4) is used to explain the
photophysical processes that occur when Pcs absorb light of appropriate wavelengths.
Excited molecules in the Si state are further excited to the higher energy Si singlet state. The
average lifetime of molecules while in the Sn is short and the excited molecules undergo
vibration relaxation (VR) to the lower energy Si state. During this relaxation, some of the
molecules populate the T1 energy state via intersystem crossing (ISC) with a rate of tsr.
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Consecutively, a molecule from the T state is excited to the Tn state [121]. For materials to
be considered efficient optical limiters, they should ideally display [120]: 1) high ratio of

To = T1to So— 51 transitions; i1) fast ISC rate (tst < 10 ns); iii) long triplet lifetimes (relative
to the pulse properties); and iv) high ISC quantum yield.

Both open and closed aperture Z-scan techniques are simple, sensitive and efficient methods
to measure NLO properties of materials. A schematic diagram illustrating the working
principle of Z-scan is shown in Fig. 19. The sample is held by a movable holder and is moved
from one point to another, long the path (Z) of a focused Gaussian beam. During closed
aperture measurements, an aperture is used to prevent some of the light from reaching the
detector whereas for open aperture measurements, the aperture is removed allowing all the
light to reach the detector. The transmitted light is recorded as function of the sample potions
relative to the beam [119], [123].

Beam splitter Lens e
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--------- >
—————————— I
Open
- + detector
Reference
detector

Fig. 19. Schematic diagram of an open aperture Z-scan apparatus.

An optical limiting curve can be constructed from Z-scan measurements as the intensity of
the incident laser versus transmittance, Fig. 20. Optical limiting capacities of materials are
often reported as absorption coefficients from theoretical derivations such as the third-order
susceptibility (Im[%’]) and the two-photon non-linear absorption coefficient (Befr) [124]. The
Im[y’] parameter is an indication of the speed and sensitivity to which the material responds to
the laser whereas the Pefr parameter is proportional to the optical intensity. These parameters
are used to determine the suitability of compounds as optical limiters, i.e. the higher the
values, the better the optical limiter [125]. The reduced transmitted beam by the material
along the Z-positions is an indication of positive non-linear absorption. This peculiar shape of
the Z-scan signal is referred to as reverse saturable absorption (RSA) which is the dominant
mechanism responsible for non-linear absorption (NLA) in MPcs. Other mechanisms that
might contribute to optical limiting are free-carrier absorption, two-photon absorption,
thermal scattering, photo-refraction, non-linear refraction and induced scattering.
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Fig. 20. Examples of open aperture Z-scan plots [123].
3.2. Phthalocyanines as optical limiters

MPcs conform to the structural prerequisites for an optical limiter (OL), have highly
polarizable n-systems and produce large non-linear absorption coefficients with quick
response times [126]. For Pcs, the spectral window between the Q and B bands consequently
give rise to an optical phenomenon known as reverse saturable absorption (RSA) due to
multiphoton absorptions [127]. Materials displaying RSA show high transmittance under
normal/low light intensity whilst displaying decreased transmissions under high light
intensities [121]. Phthalocyanines display RSA because of intersystem crossing from the
lowest excited singlet state (S1) to the lowest triplet state (T1) [123].

Heavy metals such as lead (Pb), indium (In) and gallium (Ga) are often incorporated into Pcs
for optical limiting mechanisms as they display enhanced intersystem crossing through spin—
orbit coupling [128]. This desirable property improves the probability of accumulating a
larger populated triplet state. Indium and gallium are also able to coordinate axially which
assists in decreasing and preventing intermolecular interactions causing Pc aggregation [119],
[121]. Nyokong’s group have done extensive work on the nonlinear properties of In and Ga
Pcs as well their nanocomposite derivatives [129], [130], [131], [132]. Their recent study
reported the synthesis and NLO properties of asymmetric Ga(IIl) and In(III) Pcs bearing two
diethylene glycol chains [132]. Using Z-scan at 532 nm, the In[)’] and B values were found to
be higher for the InPc than the GaPc (Table 2). This result coincided with the calculated
triplet state quantum yield as the InPc had a greater triplet state population than the GaPc.
The GaPc and InPc were also examined as thin films embedded with poly (bisphenol A
carbonate) for their NLO properties. Like the results in solution, the InPc gave a better 3
response value of 6.0 x 107 mW~! compared to the GaPc¢ which had a response of

4.8 x 10 mW™!. It was expected that the Pc thin films with poly (bisphenol A carbonate)
would present with lower B values than those found in solution due to the centrosymmetric
alignment of the dipole moment in bulk material [133]. Table 2 summarises other NLO
characteristics including the /iim values. The /iim values are another parameter that can be used
to classify materials which are ideal for optical limiting applications. The lower the fiim value
the better the optical limiter and affirms that the InPc displays better optical limiting character
than the GaPc in solution and as a film.
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Table 2. Non-linear optical properties of InPc and GaPc in DMSO and thin films at 532 nm wavelength and
10 ns pulses.

In solution (DMSQ) Thin film (poly (bisphenol A carbonate)

Complex
InPc GaPc InPc GaPc
B (x10° mW™) 7.2 6.0 6.0 4.8
Im[] (X107 esu) 2.36 1.97 6.3 4.77
Tiim (nJ cm™2) 2.51 7.43 - -

*The Iim values were obtained by using a solution-based calculation and could not be applied to the thin films.

Although the insertion of heavy metal atoms into the central cavity of the Pc ring encourages
the population of excited states by ISC, extenuating cases where certain metals hinder the
optical limiting abilities of Pc molecules have been reported. This anomaly was observed by
Mwanza et al. who synthesised and characterised the NLO properties of tetra-
propargyloxyphenoxy substituted H2Pc and metallated (Co and Mn) Pcs [134]. The open
aperture Z-scan study was carried out in DCM using a Nd: YAG laser source (532 nm) and
revealed that more than one mechanism contributed to the optical properties of the Pcs
complexes. The H2Pc displayed a single valley Z-scan profile indicating RSA whilst the
MPcs displayed “W” shaped Z-scans. In agreement with other studies, the CoPc showed a
narrow W shaped plot that suggested that the molecule undergoes transitions from RSA to
saturable absorption (SA) [135], [136]. The Z-scan curve of the MnPc at 532 nm displayed a
relatively broad ‘W’ shape suggesting that the complex underwent excited saturable
absorption (ESA) when exposed to the laser. The ESA resulted from the laser wavelength at
532 nm, exciting the region of charge transfer bands (LMCT or MLCT) of the MnPc. To
prevent this, the experiment was carried out for the MnPc at 560 nm and produced the
generic RSA plot. The measured et correlated to theoretical DFT results and displayed the
following trend: metal-free Pc (23.5 x 10° m MW™!) > CoPc¢ (14.3 x 10> m MW ') > MnPc
(9.20 x 10> m MW at 532 nm and 14.4 x 107> m MW ! at 560 nm). The lower Befr values
were attributed to the paramagnetic nature of Co and Mn as their half-filled d-orbitals
quenched the excited state and was unable to reduce the intensity of the incoming light, thus
making these complexes poor optical limiters.

Pcs have also been modified using rare earth metals such as dysprosium [137], neodymiym
[138] and ytterbium [139] for NLO. A 2017 study described the synthesis of polymeric
carboxyl MPcs using rare earth metals, lanthanum (LaPPc-COOH), holmium (HoPPc-
COOH) and ytterbium (YbPPc-COOH) as the central atoms [140]. Polymeric Pcs have a
larger electron distribution and hence have a greater polarization capacity and so it was
expected that the combination of the rare earth heavy metal atoms together with the large
polymeric carboxyl groups would result in stronger OL responses with additional stability
than monomeric counterparts when subjected to laser radiation [141]. However, these macro-
molecules hinder the solubility and dispersibility of MPcs, restricting their use in NLO
research. The acetate salts of lanthanum, holmium and ytterbium were refluxed with tetrakis-
[(2,3-dicyanophenoxy)methyl and DBU in tetrahydronaphthalene to yield the MPcs.
Although UV-vis spectra displayed extensive aggregation for all the MPcs, the NLO plots
under open aperture conditions exhibited well defined valleys, indicating RSA with positive
coefficients. The Z-scan experiment was also conducted under closed aperture conditions
were a valley to peak plot was obtained, suggesting a self-focus effect of non-linear reflection
[142]. The Im[X?] values for the three MPcs are to the order 107! esu and follow a decreasing
sequence of LaPPc-COOH > HoPPc-COOH > YbPPc-COOH for their NLO properties.
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Studies have shown that NLO responses not only originate from extended n-electron
delocalization of the Pc ring but also from the asymmetrical electronic structure induced by
ring substitution [143]. Britton et al. demonstrated this concept by synthesising a novel octa-
substituted 2,3 -bis[2'-(2"-hydroxyethoxy)ethoxy]-9,10,16,17,23,24-hexa-n-butoxy ZnPc
[125]. The formation of the asymmetric ZnPc formed via a cross condensation of two
phthalonitriles, i.e. (a) 1,2-dicyano4,5-bis[2'-(2"-hydroxyethoxy)ethoxy]benzene and (b) 4,5-
di-n-butoxyphthalonitrile (with an excess of (a)). The asymmetric ZnPc displayed an (Im[%’])
value to the order of 107! esu.

Tetra-substituted Pcs can form four positional isomers of the following symmetries: Cs, Cav,
Csn and D2n. Ngubeni et al. (2015) and Gounden et al. (2017) conducted NLO studies on 4-
(4-tert-butylphenoxy) HzPcs isomers substituted either at the a- and - positions, respectively
[135], [144]. Both studies used theoretical (DFT and TD-DFT) and experimental (Z-scan)
approaches to assess the second-order non-polarizability (5) of each isomer. The studies
proved all four isomers display strong RSA profiles but the a substituted isomers displayed
superior f values with magnitudes to the order 10> m MW ! whilst the B substituted isomers
showed magnitudes to the order of 107! m MW™!. In both cases, the Can isomer showed the
strongest non-linear behaviour and was attributed to the fact the Can isomer has higher
symmetry than its three counterparts.

The attractive optical limiting abilities of Pcs were combined with other interesting materials
such as metal nanoparticles [145], [146], polymers [147], graphene oxide [148], carbon
nanotubes [149] and quantum dots [150]. Wang et al. constructed two hybrid composites
consisting of ZnPcs namely (a) 1,8,15,22-tetra-(3-(5-hydroxyl)pentyloxy) ZnPc (ZnPc(TD)4)
and (b) 1,8,15,22-tetra-(3-[2-(2-hydroxyl)ethoxy]ethoxy) ZnPc (ZnPc(DG)4) combined with
graphene oxide (GO) [151]. Similar to Pcs, carbon-based materials have garnered interest for
their interesting NLO properties as they are also structured with conjugated organic
molecules [152]. The conjugation was achieved via an ester covalent bond between the ZnPcs
and GO and this linkage was confirmed by various spectroscopic characterisation techniques
including XPS, UV—vis and FT-IR. Referencing the Jablonski diagram (Fig. 4), the T state
can arise from the electron transition between the Si to Ti state via ISC. In this hybrid
material, fluorescent spectroscopy suggested that the T, state could also arise from the Si
state via charge-separated state (CSS) by photo-induced electron transfer (PET), see Fig. 21.
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Fig. 21. (a) Hybrid composites GO-ZnPc(TD)4 and GO-ZnPc(DG)s and (b) energy level model showing the
PET process of GO-ZnPc hybrid composites.
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Using the Z-scan method, typical RSA profiles were obtained for both composites. The 3
value of the GO-ZnPc(DG)4 was larger than that of GO-ZnPc(TD)4 which was attributed to
the former hybrid possessing a larger electron cloud. Generally, Pcs with peripheral
substituents that are tailored with strong electron-donating capabilities increase the electron
cloud density and enhance ISC as well the polarizability of the m conjugated systems, thereby
improving the overall NLO properties.

Recently, Mgidlana et al. synthesized three novel ZnPcs, (a) Zn(II) mono 3-carboxyphenoxy-
tris(pyridin-2-yloxy) phthalocyanine (ZnCPPc), (b) Zn(II) mono aminophenoxy-
tris(benzothiazole) phthalocyanine (ZnAPPc) and (¢) Zn (IT) mono amino-
carboxyethylphenoxy phthalocyanine (ZnACPc) and combined them with different
semiconductor quantum dots (SQDs) [123]. The ZnPc derivatives were covalently linked via
amide bonds to appropriately functionalised CdTe/ZnS (core/shell) and CdTe/ZnS/ZnO
(core/shell/shell) QDs. These conjugates were expected to display enhanced optical limiting
behaviour than Pc complexes alone due to spin—orbit coupling emanating from the heavy
metal atoms of the SQDs [153]. Table 3 shows the optical limiting properties of the ZnPc
complexes and ZnPc-SQDs conjugates. The conjugates showed better triplet quantum yields
as the “heavy metal atom effect” that encouraged a higher populated triplet state that
influenced faster ISC. With regards to the core/shell orientations of the conjugate materials,
there were no significant variations observed for the triplet quantum yields in the presence of
the extra shell. Z-scan was used to measure the NLO characteristics of the conjugates.

Table 3. Experimental NLO for MPcs and the QD-nanoconjugates in DMSO.

Compound Im[’] (esu) Beir (cm GW™)
ZnCPPc 7.12x 10713 42.2
ZnCPPc — SQDsl1 8.83 x 10713 52.2
ZnCPPc — SQDs2 1.20 x 10712 71.2
ZnAPPc 1.32x 10712 78.1
ZnAPPc — SQDs1 1.35 x 10712 80.0
ZnAPPc — SQDs2 1.52x 10712 80.8
ZnACPc 8.12x 10713 48.0
ZnACPc — SQDsl1 1.18 x 10712 70.0
ZnACPc — SQDs2 1.25x 10712 74.0

4. Phthalocyanines in energy and data storage devices
4.1. Energy storage

Challenges associated with energy production has always been a highly contested global
topic but the majority of scientists agree that one of the most devastating and irreversible
consequence to our fossil fuel dependence for energy production is climate change. In a time
of huge technological advancements, batteries and supercapacitors are being developed to
lower the carbon footprint. The flexible Pc electrocatalytic structure can attain superior
electron transfer capacities and when incorporated into electrochemical storage devices can
improve existing setbacks such as charge and discharge rates [154], intercalation chemistry
between electrodes [155], improvement of life cycles [156] etc. In the following studies, Pcs
are incorporated in electrochemical capacitors (ECs). ECs are energy storage devices whose
storage capacity originates from interactions occurring at the surface of electrode materials
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[157]. ECs can be classed as electrical double layer capacitors (EDLC) that stores charge at
the interface between the electrode and electrolyte or pseudo-capacitors, that have an inherent
charge due to their faradaic/redox properties [158]. MPcs have unfavourable electrical
conductivity, thus limiting its applicability unless combined with a highly conductive
material such as graphite and graphene-based materials [159]. These carbonaceous materials
are popular in ECs for various reasons including ease of preparation, synthesis in large
quantities, and has an sp? hybridized carbon network that provides fast charge transfer
channels necessary for efficient ECs [160]. The combination of MPcs with graphene
materials is advantageous. MPcs readily integrate with conjugated systems such as graphene
via coordinate bonds, hydrogen bonds, van der Waals forces, etc. [161], and form stable
composites. Furthermore, these carbonaceous materials prevent Pc stacking thereby
enhancing the overall rate capacity of the electrochemical system [162].

4.1.1. Energy storage — MPcs, graphene oxide (GO) and reduced graphene oxide (rGO)

A composite material of nickel(Il) tetraaminophthalocyanine (NiTAPc) and modified
graphene oxide sheet for its pseudocapacitive properties has been tested [163]. The fabricated
NiTAPc/GO were prepared in a 1:1 ratio and were subjected to ultrasonication and overnight
drying at 60 °C. Nickel foam was modified with a homogenous paste made of NiTAPc/GO,
carbon black (CB, conductive material), polyvinylidene fluoride (PVDF, binder) and a few
drops of N-methyl-2-pyrrolidone (NMP). Using a two-electrode system CV, electrochemical
impedance spectroscopy (EIS) and galvanostatic charge—discharge (GCD) measurements
were carried out, see Fig. 22a—c.
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Fig. 22. (a) CVs of the GO, NiTAPc and NiTAPc/GO obtained at 5 Mv s, (b) GCD curves for GO, NiTAPc
and NiTAPc/GO at 0.5 A g! and (¢) Nyquist plot for GO, NiTAPc and NiTAPc/GO.

The voltammograms indicated that the NiTAPc/GO displayed a larger capacitive behaviour
than its precursor counterparts. The quasi-rectangular shape of the voltammogram correlates
with the Ni(IT)/Ni(III) redox couple, confirming the pseudocapacitive nature of the
NiTAPc/GO composite. A similar outcome was observed for the galvanostatic charge—
discharge measurements. The EIS results were represented as Nyquist diagrams (Fig. 22c¢).
The curve for the composite shows a slight shift towards the “imaginary axis” at lower
frequencies. This identifies with traits of an ideal capacitor and indicates ion diffusion
between the electrode and electrolyte interface [164], providing further confirmation that the
composite displays the best capacitive behaviour. The composite reported a specific
capacitance of 163 F g, a power density of 140 kW kg ™! and retained it capacitive behaviour
after a 50-hour voltage holding test. Similarly, a 2010 study tested a NiTAPc/MWCNT
composite for its super capacitive properties [159]. The composite displayed a specific
capacitance of 981 F g~! and power density of 700 W kg™!. The superior capacitive behaviour
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of the NITAPc/MWCNT composite is possibly due to a larger surface area that provides both
anchorage for the NiTAPcs and a greater conductive carbon network.

A related system whereby a composite material comprising of NiPc nanofibers (NiPcNF) and
rGO acts an EC has been described [165]. The NiPcNFs and rGO were prepared via simple
synthetic routes and were eventually combined and heated for 24 h at 100 °C in a
hydrothermal vessel to form the composite material. The UV—vis spectrum of the composite
showed the characteristic Q and B bands of the NiPcNFs and an additional peak at 270 nm
corresponding the T — 7* transitions of the sp? hybridized carbon network of rGO whilst
electron micrographs in Fig. 23a-b confirmed the physical interface formed between the
NiPcNFs and rGO. The composite dispersed well in DMF and was used to modify a pencil
graphite rod (PGE). Using CV, the electrochemical behaviour of NiPcNFs, rGO and the
NiPcNF/rGO composite were assessed to provide insight into the faradaic interactions of the
modified electrodes. The CV scans show an enhanced capacitive response for NiPcNF-rGO
over its individual components. The larger capacitance was as a result of the synergistic
relationship created between the NiPcNFs and rGO whereby the rGO acted as the EDLC and
the NiPcNFs acted a pseudo-capacitor due to the central Ni metal having a Ni(Il)/Ni(III)
redox couple and electroactive nitrogen moieties. The NiPcNF-rGO composite also
underwent several charge—discharge cycles and proved to be relatively stable. The specific
capacitance of the NiPcNF-rGO modified electrode was calculated as 223.28 F g™! with a
deliverable efficiency of 88.24% at 1 A g™'.
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Fig. 23. (a) FEGSEM, (b) STEM micrographs of the NiPcNF-rGO composite and (c) CVs of the different
modified electrodes. (Scan rate: 100 mV s in 1 M H,SOy electrolyte).

The synthesis of nanosized Pcs was also reported and described the preparation of non-
peripheral octa methyl-substituted copper(Il) phthalocyanine nanorods (CuPc) with graphene
oxide (GO) as a composite material for supercapacitors [162]. The rectangular-shaped CVs of
the composite indicated pseudo-capacitance originating from the Cu metal, similar to the
faradaic response as the NiPc in the previous study, i.e. Cu(Il) <> Cu (Ill) +e™. A
contributing factor to the pseudo-capacitance could also resonate from redox reactions that
take place at the N atoms on the CuPc skeleton which could improve charge mobility of the
GO and increase electron transfer processes [166]. The weight ratio of the CuPc:GO
composite was optimised at a 2.0 mg: 10 mg and obtained a specific capacitance of

291.6 F g which is approximately three times greater than the pure CuP¢ nanorods

(84.3 F g ") and GO (90.9 F g'"). This optimised ratio possibly offered more sites for redox
reactions ensuring higher charge storage behaviour. The charge storage ability of the
CuPc/GO electrodes was characterised by EIS and processed into Nyquist plots. The
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presence of a semicircle region at higher frequencies confirmed pseudo-capacitance whilst
the straight line closer to the imaginary axis at lower frequencies was an indication of
capacitive behaviour [167]. The optimised electrode delivered a maximum energy and power
density of 3.38 Wh kg ! and 0.138 kW kg !, respectively. These values were higher than that
of previously reported RuSz2 (1.51 Wh kg™!) [167] and FeS (2.56 Wh kg™!) devices [168]. The
CuPc/GO electrode displayed superior stability as almost 100% of its initial capacity was
retained after 5000 cycles.

4.1.2. Energy storage — MPcs and lithiation

Yang et al. prepared an electrode for secondary lithium-ion (Li-ion) batteries by casting a
homogenous slurry of an iron phthalocyanine-graphene nanosheet composite (FePc/GN),
PVDF and NMP onto a copper foil and drying at 100 °C for 6 h [169]. The resulting
electrode was placed in an electrochemical setup with Li foil as the counter electrode, LiPFs
in diethyl carbonate/ethylene carbonate/dimethyl carbonate electrolyte solution and a micro-
porous membrane separator. Cyclic voltammetry was used to interpret the kinetics and
reversibility of the FePc/GN composite towards Li interaction and de-intercalation.

Fig. 24a shows the CVs of composite versus the Li/Li+ reference electrode. Lithiation and
de-interaction occurred at ~0.17 V and~0.20 V for the graphene component in the composite
[170].
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Fig. 24. (a) CVs of the FePc/GN composite (weight ratio 1/2.25) and (b) Cycle performance of FePc/GN at
different weight ratios and pure GN at a current density of 300 mA g,

From previous studies, it was expected that Li* ions intercalate and de-intercalate with the
FePc via electrochemical mechanisms [171], [172]. As shown in Scheme 1, there are six C=
N bonds, whereby the nitrogen atoms carry a lone pair on which reversible redox reactions
can take place (Step 1) [173]. Ideally, an unsubstituted FePc has 19 double bonds that can
undergo a reversible addition reaction with a Li" ion. Step 2 shows that each Cs aromatic ring
accepts six Li" ions to form a Lis/Cs complex [174], [175]. Subsequently, each FePc
molecule can reversibly accept 38Li" ions.
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Scheme 1. Lithiation sites on the FePc complex.

Fig. 24b shows that lithiation of the FePc component of the composite at the Cs of the
aromatic rings was observed at ~0.75 V and signalled the formation of a solid electrolyte
interphase (SEI) [173]. The much broader peak at 1.52 V was associated to the lithiation of
the nitrogen atoms of the FePc complex [173], whilst the oxidation peaks between 1.0 and
1.6 V were attributed to the de-intercalation of the FePcs. There were no major changes to the
CV after the second cycle, suggesting that the FePc/GN composite electrode is stable and
reversible towards the Li* ion intercalation and de-intercalation. The study also optimised the
FePc/GN ratio to obtain the highest capacity. Despite the different ratios, the composites all
show an increased capacity until the 100th cycle and plateaus thereafter. The 1/2.25 Fe/GN
composite displayed the best capacity of 873 mAh g !. This is twice the theoretical capacity
of commercial graphite (372 mAh g!). The contribution of the FePc towards the capacity
was calculated using the following equation:

Cny=C4q xWy+CpxWg
where Cn is the capacity of the FePc/GN composite, Ca is the specific capacity based on the

FePc component, Cs is the specific capacity based on GN component, Wa is the weight ratio
of FePc, and Ws is the weight ratio of GN, see Table 4.
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Table 4. Capacity contribution of FePc and GN at different weight ratios.

Weight ratios of The capacity of FePc/GN The capacity of GN The capacity of FePc
FePc/GN composite (mAh g™") (Cn) (mAh g') (Cs) (mAh g™) (Ca)
1:1.25 539 509 606
1:1.75 706 509 1149
1:2.25 849 509 1614
1:2.50 796 509 1441
1:2.75 766 509 1344

From Table 4, the FePc/GN electrode displays a lower discharge capacity when the graphene
content of the composite was lower or higher than a weight ratio of 1:2.25 and was explained
as follows: the lower graphene content (ratio < 1:1.25) could not compensate for the poor
electronic conductivity of FePcs whilst at higher graphene content (ratio > 1:2.25) the
decreased discharge capacity was attributed to lower storage capacity of graphene in
caparison to the storage capacity of the FePc.

4.1.3. Energy storage — MPcs and dopants

Nitrogen doping has been employed as a beneficial technique in many graphene EDLC
studies as a means to tailor the electronic system of a material to improve device performance
[176], [177], [178], [179]. The additional nitrogen atoms can assist in [180]: i) Improving
interactions with ions in solution, ii) the lone pair electrons on nitrogen atoms can contribute
to pathways for charge transfer in conductive networks (e.g. graphene), iii) pyrrolic nitrogen
atoms can participate in reversible faradaic reactions, and iv) doping can induce disordered
surface morphology that can improve electrode wettability. He et al. developed a one-pot
synthesis to produce three dimensional (3D), honeycomb-shaped nitrogen-doped graphene
composite using solid-state pyrolysis [181]. Briefly, the experimental involved stirring metal-
free Pc (H2Pc), GO and H2SO4 at room temperature for 24 h to form the precursor GO/H2Pc
composite. Subsequent steps included centrifugation, washing (with dH20) and drying at

60 °C. The precursor composite was pyrolyzed in a quartz holder at 800 °C to yield the
nitrogen-doped graphene with a honeycomb morphology. Microstructure analysis indicated
that the planar orientation of H2Pcs self-assemble into the GO sheets via n-m interactions. At
800 °C the interlaminated H2Pc molecules pyrolyze into the nitrogen-graphene and bind to
the reduced GO. This conjugation prevents the restacking of graphene and produces graphite
powder. The 3D honeycomb network forms as a result of hydrogen released from the
pyrolyzed organic molecules. The SEM micrographs in Fig. 25a-b clearly depict the porous
network and the edges of the GO multi-layered sheets.
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Fig. 25. (a-b) SEM micrographs of the 3D-graphene/H>Pc, (c) CVS of 3D-graphene/H,Pc measured at scan
rates of 5, 10, 50, and 100 mV s~! and (d) Nyquist plots of the 3D-graphene/H,Pc.

The capacitive performance of the 3D-graphene/H2Pc was evaluated by CV and EIS. Fig. 25¢
shows rectangular-shaped voltammograms of the 3D-graphene/H2Pc at scan rates up to

100 mV s}, an indication of good electrochemical capacitance and low resistance. The
magnified insert of the Nyquist plot (Fig. 25d) shows a straight line in the low-frequency
region and a semicircle in the high-frequency region. The semicircle represents low
interfacial charge transfers resistant and is characteristic of materials with high electrical
conductivity. The 3D-graphene/H2Pc material displayed a specific capacitance of 175 F g! at
0.5 A ¢! and exhibited a long-life cycle of 5000 cycles whilst retaining~100% of its
capacitance. The promising results obtained by the 3D-graphene/H2Pc¢ were attributed to: 1)
the abundance of macro and mesopores that provided larger surface areas compared to 2D
graphene, ii) the macro and mesopores also behaved as ion portals for better ion transfer, and
iii) the nitrogen doping contributed to the enhanced capacitance due to favourable and
reversible redox reactions in the electrolyte.

Lu et al. reported a study in which a tetrasulfonic acid tetrasodium copper-phthalocyanine salt
(CuPcTs) was used as a dopant to improve electrochemical properties and manipulate the
nanopores of polypyrrole/multi-walled carbon nanotube (PPy/MWCNTs) composites for
energy storage [182]. The measured specific capacitance of the doped-CuPcTs composite
(CuPcTs/PPy/MWCNTs) was compared to another doped composite containing phytic acid
(PA/PPy/MWCNTs) and the undoped PPy/MWCNTs composite. The specific capacitance at
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10 m Vs~ was measured for the doped-CuPcTs composite (CuPcTs/PPy/MWCNTs) that was
compared to another doped composite containing phytic acid (PA/PPy/MWCNTs) and the
undoped PPy/MWCNTs composite. The CuPcTs/PPy/MWCNTSs composite attained the
highest specific capacitance of 451 F g”!, the PA/PPy/MWCNTSs composite obtained a
specific capacitance of 288 F g~! whilst the un-doped PPy/MWCNTs composite displayed the
lowest specific capacitance of 267 F g”!. The BET results for the PPy/MWCNTs,
CuPcTs/PPy/MWCNT and PA/PPY/MWCNTs electrodes were reported as 32.33, 50.17 and
39.33 m? g'!, respectively, and indicated that the CuPcTs/PPy/MWCNTSs composite provided
a far greater surface area. The greater surface area provided better electron transfer channels
and ion diffusion sites and resulted in specific capacitance values that are approximately
double that of the PPy/MWCNTs and PA/PPY/MWCNTs electrodes.

4.2. Data storage

The 21st century is widely recognised as the information or digital age, consumed by an
abundance of information and has created a need for devices with greater data storage
capacity. Researchers look to construct data storage devices that encompass features such as
high speeds, stability, reduced energy usage and portability [183], [184]. Within the MPc
family, CuPcs has been at the forefront in providing active layers for data storage devices and
are highlighted in most of the following reviewed studies [185], [186], [187].

Tripathi et al. performed a comparative study that evaluated the effectiveness of CuPc as an
additive to a cadmium sulfate and polystyrene nanocomposite (CdS/PS) active layer for
memory storage [188]. Device A was fabricated with the CdS/PS nanocomposite whilst
device B included a CuPc layer inserted between the bottom Al electrode and the CdS/PS
layer. The configuration of both devices are shown in Fig. 26a. As per the I-V curves in Fig.
26b, both devices show both electrical hysteresis behaviour which is vital for memory storage
applications as well as metal to semiconductor contact (M-S contact). The M-S contact in this
instance is ohmic as justified by the linear I-V plots. The performance of the semiconductors
was judged by the quality of the M-S contact using thermionic field emission theory and the
Schottky diode, seen in the equation below:

J=J, (r_r l)

where J is the diode current, Js is the reverse saturation current density, V is the voltage
across the diode, Vr is the thermal voltage: kT/q (Boltzmann constant times temperature
divided by electron charge) and n is the ideality factor.
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Fig. 26. (a) Configuration of devices A and B and (b) I-V plots of both fabricated devices.

The addition of the CuPc in device B showed a decrease in the Js value from 3.68 x 10710 A
to 6.32 x 107'! A. The lower Js value indicates that device B shows lower power dissipation
and better thermal stability compared to device A. CuPc is an established p-type
semiconductor and behaves as the hole trapping layer whilst the CdS/NP nanocomposite
behaves as the electron trapping layer [189]. The LUMO of the CuPc has a higher energy
level compared to the CdS, which facilitates electron transfer to the CdS when a positive
voltage is applied to the Ag electrode. Once the electrons are trapped in the CdS layer, the
high energy barrier of the CuPc layer prevents tunnelling of trapped electrons back to the Al
electrode, as represented in the energy diagram in Fig. 27a.
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Fig. 27. (a) Energy diagram for device B and I-V plots of (b) Device A and (c) Device B for negative bias. The

solid lines represent the fitted curves.

The CuPc acts as a serially connected internal resistor that controls filament formation in the

CdS layer, thereby reducing alternative, parasitic current pathways [190]. Fig. 27b-c shows
theoretically fitted I-V characteristics for the reverse bias whereby device B shows an
increase in current by a magnitude of 3 with an Ion/Iorr~1.4 x 10* A.

Lutetium bis-phthalocyanines (LuPc2) are believed to be the first intrinsic molecular
semiconductors at room temperature displaying conductance of 6.0 x 1075 Q! cm™,
approximately six magnitudes greater than standard divalent MPcs [191], [192]. These
studies found that the conductive behaviour is linked to their radical nature [193]. An OTFT
study by Chaure et al. benefitted from the highly conductive nature of LuPcz [194]. Liquid
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crystalline, peripherally substituted hexylthio LuPc2 (SCsH13-LuPc2) were spun into films and
onto n-doped silicon wafers which were annealed under two different temperatures,
T1=125°C and T2 = 242 °C. Au/Ti layers were constructed as source-drain electrodes.
Typical curves were obtained from the current (Ips) - voltage (Vps) plot of the OTFTs (at
both T1 and T2), showing no hysteresis. The electrical properties of the OTFTs were affected
by the molecular orientation of the deposited SC¢Hi3-LuPc: as a result of the annealing
treatment. The films annealed at T1 were of a low crystalline order, producing lower
conductance. However, the films annealed at T2 formed well-ordered crystalline structures
which contributed to its high conductivity. The high and low conductance of the LuPc2 OTFT
was assigned “1”and “0” states for a non-volatile, write-once-read-many (WORM) device.
Using the phase-modulated excimer-laser annealing technique, “on” and “off” information
was written onto the OFTFs [195]. The on state was read by applying voltage cycles of 10 V
with good reproducibility and a read time of 15 s. The OTFT device was able to retain the
information during month-long testing. These results indicated that liquid crystalline SCsH 13-
LuPc: are suitable for storage class memory devices. As observed in numerous studies in this
review, the morphology of the active layer plays a vital role in the overall performance of any
electronic device. Onlaor et al. found that whilst preparing CuPc films via thermal
evaporation for an electrical memory unit, increasing the deposition rate caused the
crystallinity of the CuPc films to decline thereby changing the morphology from a large grain
to a fine grain structure [196]. This change in morphology affected the bi-stability of the
device. The conduction mechanism of the “on” and “off” states was modelled theoretically
and concluded that these structural defects in the CuPc layer altered the trapping and de-
trapping processes within the device. Similarly, Chidambara et al. used an alternative
deposition technique, vacuum evaporation to form CuPc films as the active layer in an OFET
[197]. The study incorporated a fullerene (Ceo) layer on top of the CuPc layer forming a
CuPc-Ceo interface. The resultant device exhibited electrical bistability as no significant
degradation to the device was observed in both the “on” and “off” states.
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Fig. 28. (a) SEM micrograph the CoPc NW film, (inset: higher magnification of the same film), (b) I-V
characteristics of the CoPc NW film device and (c) [-V characteristics of device 1 (CoPc NRs) and device 2
(CoPc NWs) as the active layers.

Xiao et al. successfully incorporated a free-standing CoPc film into a memory storage device
using physical vapor deposition (PVD) [198]. Crystalline films are typically difficult to
transfer between substrates due to strong interactions between the film and the original
substrate thus limiting their applicability in electronic devices [199], [200], [201]. In this
study, the CoPc film was constructed in a quartz tube furnace using an ionic liquid,
[HEMIM][BF4] as the growth substrate. After the PVD, a layer of blue CoPc was visible on
the surface of the ionic liquid. The higher density of the ionic liquid was key in the formation
of a continuous CoPc film and was detached from the ionic liquid by the dissolution of the
ionic liquid in water. The SEM micrographs in Fig. 28a shows that a network of CoPc
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nanowires (NWs) formed on the surface of the ionic liquid. It was found that increasing the
flow rate of the N> carrier gas formed nanorods (NRs) rather than NWs, however, XRD
analyses indicate that both morphologies had the same f crystalline structure.

Two devices were constructed using the respective morphologies as the active layer, device 1
used NRs and device 2 used NWs. Preliminary I-V testing using device 2 indicated reversible
hysteresis where the “on” state shows high conductivity between the =50 V to 50 V sweep
whilst the reverse 50 V to =50 V sweep shows low conductance of the “off” state. This
hysteresis switching behaviour represents the memory switching and electrical bistability of
device 2 (Fig. 28b). Further electrical bi-stability testing was performed on both devices as
seen in Fig. 28c. Noticeably smaller current values were obtained for device 1 than for device
2. Although both devices displayed conductive switching behaviour, the current observed for
the “on” state was three times greater for device 2 (0.032 pA) than device 1 (0.01 pA). CV
measurements explained that the conductive mechanism of the CoPc active layer resonated
from charge trap sites of the Co''/Co' redox couple and is consistent with SCLC principles.
The PVD in combination with the ionic liquid proved to be a valuable technique to obtain
transferable CoPc films suitable for memory storage.

With a similar fabrication approach, Guo et al. used chemical vapor deposition (CVD) to
deposit copper polyphthalocyanines (CuPPc) thin films onto Si-based substrates as the active
layer for non-volatile memory devices [187]. Using AFM, TEM, XPS and UV-vis studies,
the CVD grown CuPPc films displayed a high degree of polymerisation and crystallinity. The
memory device was configured in a sandwich structure of Au/CuPPc/ITO and was tested
under ambient conditions. The CuPPc thin film memory devices exhibited a non-volatile
rewritable characteristic (Fig. 29), with a Ion/lorr ratio of ~103,
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Fig. 29. Typical I-V characteristics of the ITO/CuPPc/Au device.

A positive voltage sweep from 0 V to +8 V (1) caused the current to change from 107 to
107 A, implying that the device was switched from an OFF state to an ON state (i.e. writing
process). The ON state remained unchanged during the sweep from +8 V to 0 V (2) and even
after the electricity supply turned off, which established that the device possessed non-
volatile memory behaviour. An applied negative voltage sweep (3) kept the device in the ON
state until —0.79 V, followed by an abrupt current decrease from 1073 to 107° A to return the
device to an OFF state with low conductivity (i.e. erasing process). The device further
displayed reproducibility of up to 16 consecutive cycles.
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Padma et al. modified top contact electrodes with a hybrid a CuPc and Au nanoparticle
(CuPc/AuNP) film to investigate the combined effects on the switching characteristic of a
low voltage organic memory device [186]. The incorporation of nanoparticles was expected
to improve the lon/lorr ratio and reduce power consumption by enhancing charge transfer
through better trapping mechanisms [202]. The AuNPs were drop cast onto a Si n-type
substrate, forming a rough AuNP film. The CuPc was thermally evaporated onto the AuNP
film, followed by thermal evaporation of either an Au or Al metal top contact electrode (Fig.
30) or a drop cast Hg drop.
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Fig. 30. (a) Configuration of the device with AuNPs, I-V characteristics of devices (b) without AuNP and (c)
with AuNP.

Fig. 30 shows the I-V curves of a device with an Au top electrode that is (a) without AuNP
and (b) with AuNPs. The figure displays rectification (conversion of alternating current (AC)
to direct current (DC)) as a result of the work function difference between the Au (5.1 eV)
and Si (4.1 eV) electrodes. A negative voltage causes the Fermi level of the Au electrode to
shift closer to the HOMO of the CuPc, allowing the injection of charge carriers to the CuPc.
However, when a positive voltage is applied the energy barrier between the Fermi level of Au
and the HOMO of the CuPc increases and prevents the injection of charge carriers to the
CuPc. This leads to a negligible flow of current and results in the observed rectification. Fig.
30b (inclusion of AuNPs) illustrates a low conducting behaviour between 0 V to —0.95 V (1).
At —0.95 V, the current exhibits a sharp increase and switches to a high conducting state (i.e.
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writing process). At voltages above —0.95 V, an increase in the current is observed and
eventually reaches saturation (2). The voltage scan in the reverse direction and multiple scans
thereafter (3, 4 and 5), the device continually exhibits a high conducting behaviour and thus
high current flow and establishes the WORM behaviour with an Ion/logr ratio greater than
10°. This WORM behaviour was also observed for the Al device whilst the Hg device
showed rewritable behaviour. The switching voltage was influenced by the top electrodes, as
the Au and Al devices switched to the ON state at ~1 V and the Hg at ~2 V. Using theoretical
modelling, the ON state conduction mechanism was dominated by the Fowler—Nordheim
(FN) tunneling through AuNP trap states in all the devices. The rough and porous AuNP
layer could have allowed the CuPc molecules to occupy gaps between the AuNPs, thereby
extending the AuNPs further into the CuPc layer. Although ohmic contact is expected
between the Au and CuPc, an interfacial dipole (A) can form between the Au and CuPc and
create an energy barrier for hole transport [203]. Additionally, the AuNPs could form trap
sites between the HOMO and LUMO of the CuPc, thus creating multiple interfaces and
injection barriers between the AuNPs and CuPc, ultimately leading to the trapping of charge
carriers and the initially observed low voltages. Therefore, switching characteristics appear to
be dependent on the top electrode, as the Au and Al devices displayed sharp switching whilst
the Hg electrode displayed a gradual current increase at the onset, before the observed
switching. The difference in the switching behaviour between the three electrodes was
attributed to the differences in the injection barriers between the top electrode and the
CuPc/AgNP active layer interface. The study was able to describe the tuning of the same
device structure to exhibit either WORM or rewritable memory behaviors by utilizing a
suitable combination of electrode with a nanoparticle containing active layer.
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Fig. 31. (a) Schematic cross-sectional diagram of the OFET memory device with the CuPc/N-Cgy double
floating-gate (with TEM images of the N-Cqy —7) and (b) Transfer characteristics of N-Cgy —7 and CuPc single
floating-gate and CuPc/N-Cgo —7 double floating-gate memory under dual sweeping scan.

Developing floating gate memory devices based on a basic FET structure that has an
electrically isolated conducting gate can be used as a discrete charge storage site for charging
or discharging during the writing and erasing processes. This is a valuable feature as the
amount of charge stored in the floating gate can be precisely controlled, unlocking the
potential for miniaturization, faster programming speeds, lower power consumption and
higher density memory devices [204], [205]. In 2015, Chang et al. employed Ceo single
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crystal needles (N-Ceo0) and CuPc nanoparticles (CuPcs) to create a semiconductor (N-
Ce0/CuPcs) layer with ambipolar behaviour (i.e. hole/electron trapping effect) [206]. To
create the N-Ceo/CuPc semiconductor, the CuPc nanoparticles were thermally evaporated
onto preformed N-Ceo trapping sites and then covered by a crosslinked poly(4-vinylphenol)
(c-PVP) layer (Fig. 31a).

The aspect ratio of the N-Ceo crystals were optimised by varying the concentration parameter.
An aspect ratio of 7 showed well dispersed needle shaped crystals that could benefit the
charge storage properties, i.e. N-Ceo-7/CuPc. To test the presence of “ambipolar charge
trapping” based on the hole trapping ability of the CuPc nanoparticles and electron trapping
ability of the N-Ceo-7, a pulse stimulus with parameters: Vg of =5 V to 5 V with a fixed at V4
of =5 V was applied to the devices. The CuPc and N-Ceo-7 only devices displayed unipolar
character, as the Vi only shifted in one direction indicating that the memory behaviour is a
result of trapping and releasing holes and electrons in these single floating gate memory
devices. In contrast, the N-Cs0-7/CuPc device showed shifts of the Vin in both the positive
and negative directions due to the independent trapping of both electrons and holes. This
confirmed the formation of a N-Ceo-7/CuPc floating gate memory device that is capable of
ambipolar trapping. Furthermore, hysteresis loops in the transfer curves of the CuPc/N-Cso
—7 memory device under various gate sweeping voltages reaffirmed the ambipolar charge
trapping nature (Fig. 31b). The OFET characterisation was compared to other work
performed by the group and can be seen in Table 5.

Table 5. The electrical performances of pentacene-based OFET devices.

OFET performances

Floating gate . L . Reference
Mobility [em? V™! s”!'] ON/OFF ratio AV [V]
N-Céeo-7 0.0128 103 +3.20
CuPc 0.0628 103 +1.40 [206]
N-Cgo-7/CuPc 0.0125 103 +4.40
PS4 0.10 107 +3.16
[207]
CuPc-PS, 0.41 108 -21.0
CuPc-SP; 0.02 10° —66.0
CuPc-SP, 0.21 107 -23.7
CuPc-SPs3 0.28 107 -14.3
[208]
ZnPc-SP, 0.10 107 =513
ZnPc-SP, 0.29 108 -25.0
ZnPc-SP; 0.23 108 -11.3

Aimi et al. considered a star-shaped polystyrene with a copper or zinc phthalocyanine core
(CuPc-PS4 or ZnPc-PS4) for the semiconductor layer [207], [208]. These studies highlighted
the applicability of polymer electrets in electrical storage devices. Polymer electrets are
polymer based, dielectric materials capable of quasi-permanently storing electric charges
[209]. The CuPc and ZnPc were designed with four-star-shaped polystyrene arms with
varying chain lengths via successive cyclization and radical polymerization reactions (Fig.
32a).
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Fig. 32. (a) Schematic representation of the OFET memory devices with an MPc-cored star-shaped polystyrene
as a charge storage layer; the polymer design with various arm lengths (n values) and metal ions of the Pc core
(M) for controlling device performance and (b) Transfer characteristics of the OFET device with CuSP and
ZnSP layers monitored at V¢g=—100 V.

Upon the application of a negative bias, the CuPc and ZnPc cores displayed hysteresis as seen
in Fig. 32b. The CuSP: device displayed hysteresis approximately three times larger than the
CuSPs device. The same trend was observed between the ZnSP1 and ZnSP3 whereby the
ZnSPi exhibited the biggest Vi shift whilst the ZnSP3 exhibited the smallest Vi shift. This
implied that the CuPc and ZnPc star-shaped polymers with shorter chain lengths had better
charge trapping abilities during the application of a negative bias than star-shaped polymers
with longer chain lengths, however, the polymer influences that magnitude of the hysteresis
and prevented charge leakage. These reversible shifts to the Vin and the magnitude of the
memory shifts were proportional to the wt% of the MPc cores within the polystyrene matrix.
The OFET characteristics can be viewed in Table 5. The OFETs exhibited different charge
carrier mobilities that appeared to have varied by either the Pc metal centre or the polymer
length. The OFETs memory windows and charge retention times were found to be dependent
on the length chain of the polystyrene. In comparison to the N-Ceo-7/CuPc OFET, these star-
shaped MPc core polymer OFETs showed significantly higher lon/loFr ratios as a result of
the polymer electrets.

5. Conclusions and outlook

The Pc applications described in this review is dependent on specific properties of the
relevant material, the properties in turn are the result of their respective molecular- and
microstructures (structure—property relationships) and the structure is governed by the chosen
synthetic methodology. There is a huge number of both potential and proven topologies and
compositions that can still be explored, including different organic derivatives, inter-molecule
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connections/bridges, and composites based on polymers and nanoparticle matrices. But the
synthetic challenges can only be fully realised once a complete understanding of both the
structural and compositional aspects are controlled. This review outlined many examples of
innovative synthetic strategies that can be further explored and developed, for example, the
highlighted chemical and physical properties need appropriate integration of Pcs into the
latest attempts at designing and improving devices. In the area of chemical sensors, new
exciting areas of research that will be amplified by work explored here could include
development of next generation technologies for wearable chemical sensor systems where Pc
systems is yet to make any inroads. This will open the door for new research avenues such as
choice of composite materials, type of power sources, digital communication processing, and
choice of analytical method etc. against the backdrop of finding appropriate rigidity (and
flexibility), size and data collection of the devices. In NLO research, future goals and
challenges remain the interplay between “fast” and “slow” light created in a room-tempera-
ture solid-state material; such devices have real-world applications in slow/fast light for
interferometry, phased- and synchronized-array laser radar, buffers and regenerators for
telecom, and construction of quantum memories, to name a few. In the area of energy and
data storage focus are directed at systems that can indisputably minimize climate change and
studies are directed toward new battery, supercapacitor and improved memory devices, for
example replacing resource scarce Li described here with abundant Na.

Pcs offer a number of advantages, including modular composition and facile tuning of
electrical and optical properties that place them well within multidisciplinary intersections.
The strong and unique absorption of light within the UV—vis and IR regions coupled with
redox-active sites promote their incorporation in a variety of materials, and the manipulation
of electron acceptor and electron donor moieties influences photophysical features of Pcs,
making them invaluable components to charge transfer and energy systems. The ability of
these conjugated systems to self-assemble with other conjugated materials to form films as
well as 2D and 3D structures for electrical conductivity promotes their applicability towards a
variety of futuristic applications. Pcs have always been an active research field, and many of
their fundamental and applied properties pervade into other disciplines. In this review, we
have introduced and highlighted several exciting yet often underrepresented research avenues
that runs parallel with ongoing new synthetic advances. These select applications offer
challenges and opportunities that span across both the historic and contemporary aspects of
the field that should signal a continued bright future for Pc chemistry.
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