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Abstract

The focus of this thesis has been the design and preparation of flexible graphene-based electrodes
and their printing using different techniques for applications in energy storage, specifically
supercapacitors and electrochemical sensing devices. Different strategies have been employed
keeping in mind the end application and accordingly graphene or its hybrids were prepared using
different synthetic routes along with careful selection of the available printing techniques as well as
the substrates. For energy storage part (Chapter 2), Supercapacitor devices with high capacitances,
energy and power density have been demonstrated over Cloth (Carbon), Paper (Common A4 paper)
and Plastic substrates using different printing techniques, graphene hybrids as well as hybrid
electrolytes. In the case of Sensing applications (Chapter 3), two sensors have been demonstrated
over plastic substrates. A high sensitivity DNA (Bio)sensor for viruses using one step facile printing is
shown, the structure and operation of which in principle can be extended to other bio-analytes with
interest for applications in various areas. In another study, extremely high concentration yet stable
graphene inkjet printable ink has been prepared and its use as a bacterial sensor has been
demonstrated as a proof of concept. The graphene ink prepared could produce highly conducting

patterns that in principle can offer other bio or chemical sensing with high sensitivities.

Studies of different printing techniques were carried out and suitable inks were formulated and
tested for each technique with optimization of the printing parameters in order to obtain
reproducible films and hence reproducible device fabrication has been the focus. The main
printing/coating techniques used in this Thesis are Doctor blade coating, Inkjet printing, screen
printing and wax stamping technique. The project therefore involved a very important part of
synthesis and characterization of graphene and derivatives, formulation of inks and finally device

integration and testing.
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CHAPTER 1
Introduction to Graphene and its Printing

1.1. Printing: From Bibles to High-tech Devices

Putting things down in black and white has never been easier. Since the 15" century, we have come
a long way from using highly sophisticated and expensive tools for printing towards easy to handle,
high performance and low cost printing techniques that are not only useful in printing graphics or
writing texts on a paper, but also highly advantageous at laboratory level i.e. for printing of
nanoscale materials into devices. This art of reproducing texts or images to pass-on or preserve
information is used for completely different purposes in scientific research areas. Here, the same
established techniques are adapted for depositing inks containing functional micro or nanomaterials
over a desired substrate with the aim of coating, precisely studying the behavior and application of
that specific material and for device fabrication. Metallization on hard substrates have garnered
huge interest for fabrication of electronic devices like transistors, chemical/bio sensors, energy
devices etc. Several metals, their oxides or semiconductors are used for coating of the substrate
material in form of thin films or nanoparticle films[1][2][3] so as to impart their electrical, thermal or
optical properties depending on the type of application. For instance Hui Ling et al patterned gold
nanoparticles over Si substrate using Self-assembly and soft Lithography patterns for OFET
applications [4], and a review article by S.N.Arifin et al talks about several metal oxide thin films used
for phototelectrochemical splitting of water [5]. Although these coatings on hard substrates have
shown excellent functioning, the focus has significantly shifted to printed flexible devices for
advancements of next generation devices. This change emanates in order to meet the need of small
size, flexible, easy to use and low cost devices. Many reviews have discussed the emergence of
devices based on flexible substrates highlighting their importance and need in each area and a lot of

work has been done on the deposition of metal films or nanoparticles over flexible substrates



namely polymers, papers, textiles, and metal foils [6][7][8][9][10]. However, the research of all these
devices is incomplete without the incorporation of graphene into the system as an alternative of
expensive energy-critical and scarce elements or as a base to design hybrids able to provide

enhanced properties [11] [12]

1.2. Motivation and Objective

Printing 2-D materials, and particularly Graphene, has gained much interest in electronic and
medical industries in the last 10-15 years [13]. Evidently, graphene has shown its exceptional
potential in numerous applications, and therefore it is reasonable to invest resources for finding
ways to use it for mass applications, especially in terms of production and processability. For this,
printing has shown several advantages over conventional photo-lithography, electroless platings or
vacuum deposition methods. Recent works dealing with these multi-step and complex processes,
require sophisticated and expensive instruments and specific atmospheric conditions. Furthermore,
conventional methods involve the use of harsh chemicals, large material requirements, need of a
specialized person performing the task, and most importantly they cannot be applied on all types of
substrates, thus difficulting their use in mass production [14][15]. On the other hand, printing
techniques are additive manufacturing processes as opposed to the above subtractive processes.
Selective layer by layer material deposition takes place which allows the use of minimum material
quantity, providing different features depending on the end applications. Printing techniques offer
several advantages and are comparatively easy to handle whilst providing high-resolution and
precise patterns [16][17][17], but it wouldn’t be justified to say that these are achievable without
any obstacles. The best results are achieved by combination of the whole manufacturing process,
starting from Graphene production until the sintering process. The first step is the Graphene
preparation method. It is very important to select a bulk production method that leads to the
required properties at the end and it is also particularly important to be able to limit or control the

amount and nature of defects or heteroatoms in graphene, For instance, pristine graphene that is
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needed to make electrodes with the sole purpose of conducting electrons in applications like
semiconductors or transistors etc.[18][19], having defective sites or edges may break the
connections resulting in decreased conductivity whereas in some other applications, graphene with
high oxygen functionalities is needed to make modifications on the electrodes or some might even

require specific functionalization of the graphene sheets [20][21][22].

With these considerations comes the challenge of preparing devices that offer not only high
performance but also are industrially feasible, eco-friendly as well as cost effective. This is the
challenge that has been tackled in the thesis, i.e. to integrate research with the simple printing /

coating techniques in order to bring the devices closer to real applications.

The structure of the Thesis is graphically summarized in the following diagram:

Chapter 1:
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1.3. Graphene

Research on graphene for various different applications has been going on at a relentless pace.
Graphene as per the International Union of Pure and Applied Chemistry (IUPAC) is an atom thick
layer of carbon atoms arranged in hexagonal lattice. It began with the theoretical study made by a
Canadian physicist Philip Russel Wallace where he reported for the first time electronic band
structure of Graphene. In his pursuit of studying properties of 3-D graphite, he conceived a 2
dimensional analog (graphene) for comparison[23]. Later the term ‘Graphene’ was coined by Hanns-
Peter Boehm and colleagues in the IUPAC nomenclature in 1986 which was a combination of
Graphite and suffix —ene for the presence of polycyclic aromatic hydrocarbon [24]. Long before that,
Boehm along with A. Clauss and U. Hoffmann had produced and identified the single layer carbon
foil (thinnest carbon layers of the reduced graphite oxide) based on TEM contrast in 1962 [25]. But it
wasn’t until 2004 that for the first time, Andre Geim and Konstantin Novoselov isolated,
characterized and studied the electronic properties of stable graphene sheets that were pristine and
without any defective planes using a very simple approach famously known as the “scotch tape
method” [26]. This major breakthrough which was duly awarded the Nobel prize in Physics in 2010
[27] started a pool of research on graphene, and studies on its unique properties could be finally
made. It was shown it is 300 times harder than steel with a Young’s modulus of 1 TPa and intrinsic
strength of 130 GPa [28], has high electron mobility (charge carrier mobility of 200000 cm?/V
s)[29][30], is thermally more conducting than diamond with thermal conductivity up to 5000 W/mK
[31], has a very high theoretical surface area of 2630 m?%/g [32], along with being flexible and
transparent (optical transparency of 97% or absorption of 2.3%) [33][34]. All these exceptional

properties just in one atom thin layer of carbon.



1.3.1. Graphene Preparation Methods

There are various ways by which Graphene can be produced, for specific research applications or for
mass production. The synthesis methods can be broadly categorized into top down and bottom up

approaches, as shown in fig. 1.

(a) (b)
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Figure 1: top down and bottom approach for the synthesis of graphene (a) and comparison of quality and price using these
techniques [35](b)

1.3.1.1. Bottom-up approach

In applications like electronic devices, where high quality graphene is needed, the fabrication
methods used are- Epitaxial Growth, in which Silicon carbide is thermally decomposed at elevated
temperatures (usually above 1200 °C) under ultra-High vacuum or atmospheric pressure (under Ar
atmosphere) causing Si to sublime, leaving only carbon for graphitization. These carbon atoms
segregate on the surface forming interfacial, single layer, bi-layer or few-layer graphene. Depending
on the growth of Carbon on either Si or carbon terminated SiC, different growth rates and electronic

properties are obtained [36][37][38]. Chemical Vapor Deposition (CVD) which uses decomposition



of gaseous or liquid precusors (Methane, acetylene, ethylene or hexane) or sometimes polymers to
form graphene patterns in presence of a transition metal catalyst (such as Cu and Ni) that also acts
as a substrate at high temperatures (650 — 1000 °C). The hydrocarbon or other precursors dissociate
into free carbon and Hydrogen atoms where the C atoms diffuse to the catalyst to form the
graphene structure. Large polycrystalline graphene films with low defects can be grown using this
technique, however it is expensive method and requires the transfer of grown film from metallic
substrate to dielectric or other substrate of interest, this can result in addition of impurities
[39][40][41].

But, for mass production purposes, Top down approaches like Chemical route and exfoliation [42]
methods are of interest, are favorable for graphene solution based processing as well as for ink
formulations, however , the quality obtained from these methods are not as high as the quality

obtained from the bottom-up methods described above.

1.3.1.2. Top-Down approach

Scotch Tape method

Here, an adhesive cellophane tape is used to mechanically peel off the graphene layers from
graphite repeatedly, Fig. 5(b). Later, the thin sheets attached to the adhesive are removed in

acetone and transferred to a smooth Si substrate [43][26].

Chemical Oxidation of graphite to form graphite oxide :

It is based on the oxidation of graphite forming graphite oxide using strong acids and oxidizing
agents and later the complete delamination of 3D graphite oxide (frequently with ultrasounds) to
obtain 2D graphene oxide, this is generally followed by a reduction step to remove (at least some of)
the oxygen functionalities. Four different chemical oxidation procedures are generally referred to in
the literature: (i) Brodie method (ii) Staudenmaier method, (iii) Hofmann method and (iv) Hummers

method (Fig. 2).
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Figure 2 : (a) schematic of formation of reduced Graphene Oxide (rgO) from graphite using oxidative exfoliation of Graphite
[44] and (b) Method used for chemical oxidation [45].

Brodie in 1859 studied a series of chemical reactions on graphite in order to calculate its weight and
properties. For this purpose graphite was treated with potassium chlorate and solubilised in fuming
nitric acid. This treatment was repeated after drying the material at 100 °C continuously many times
until the limit of oxidation was achieved (no difference in appearance was observed after the fourth
or fifth time). This created an oxidized product that was dispersible in pure water but not in the
acidic medium or mediums containing salts, with his observations on the formed materials, he
named it graphic acid. The resulting product had a percent composition of C: H: O ratio 61. 04 : 1.85 :

37.11. There were many downsides of using this method some of which included long reaction time

7



(3-4 days), use of harsh chemicals, production of toxic gases etc [46]. Staudenmaier in 1898 made
improvements in Brodies work by using concentrated H,SO, and aliquots of potassium chlorate
during the whole reaction time. He could prepare a highly oxidized Graphite oxide (C: 0~2:1)ina
single procedure, contrary to Brodie’s procedure where several oxidation steps were performed.
Nevertheless, it suffered the same drawbacks like long reaction times and evolution of toxic gases
that was a cause of frequent explosions[47]. While Hoffmann in 1937 made a slight change in
Staudenmaier procedure by using concentrated nitric acid instead of fuming nitric[48], much bigger
difference in the synthesis route was brought in by Hummers and Offeman in 1958. In their
procedure they mixed graphite with concentrated H,SO,, NaNO; and KMnQ,, the obtained brownish
paste was then mixed with H202 to eliminate the residual permanganate species (by converting the
permanganate and manganese dioxide to soluble manganese sulphate). They eliminated the use of
potassium chlorate and nitric acid and improved the preparation procedure drastically in terms of
time and safe operating conditions, however it holds the negative point of long and time consuming
separation and purification process[49]. Dimiev and Tour explained the mechanism of formation of
graphene oxide in their study and concluded that there are three distinct and independent stages of
graphene oxide formation. Stage one is the formation of graphite intercalation compounds, second
is the conversion of these GIC into oxidized product with third stage being the conversion of graphite
oxide into graphene oxide with water exposure [50]. Marcano et al from Tour’s group in 2010
produced GO by modifying some parameters from Hummers’ method. They used a mixture of
sulphuric and phosphoric acid (H,S04:H3;PO, 9:1) instead of sodium nitrate, which eliminated the
evolution of harmful gases along with providing easy control over temperature. Also, higher volumes
of well oxidized GO was obtained in this case compared to Hummers method [51]. Benzyl peroxide
[52] and (H,CrO4/H,S0.) [53] have also been used as oxidizing agents for oxidative exfoliation of

graphite.



Exfoliation
Liquid Phase Exfoliation

In liquid phase, two adjacent layers of graphite are detached from each other by providing shear
force stronger than the inherently weak van der Waals force of attraction between them in presence
of an organic solvent. The mixture is generally sonicated for long hours and was first reported by
Hernandez et al [54]for the exfoliation of Graphite in NMP. The changes in pressure arising from
propagating sonic waves create localized cavitations (micro-bubbles). These, upon collapse (under
the effect of continuous sound waves) produce micro explosions generating shockwaves that
separate the sheets. Since then, a lot of work has been published using this technique. The
mechanism and possible forces acting during liquid phase exfoliation are presented in Fig. 3(a). Here,
the rate of exfoliation depends on the sonication power and the solvent medium used. Graphite
crystals can be dispersed and sonicated in different liquid media, that can be (Fig. 3(b)), (i) organic
solvents having surface tensions in the range of 40-50 mJ/m’ [54], these media have surface
energies closer to that of Graphite which helps in a better exfoliation and dispersion of the graphene
sheets. Commonly used organic solvents for this purpose are NMP, DMAc, DMF etc. and the
resulting graphene concentration is typically <0.01mg/ml. Some work has also been carried out
using solvents of perfluorinated aromatic molecules like hexafluorobenzene (CgFg),
octafluorotoluene (C¢FsCF;), pentafluorobenzonitrile (C¢FsCN), and pentafluoropyridine (CsFsN) that
achieved higher concentration of exfoliated graphene (0.1mg/ml) [55], Other works also reported
the addition of organic or inorganic salts to the organic solvents [56][57]. In addition to the relatively
small concentration reached, the organic solvents used in graphene exfoliation present as main
drawback their high boiling points and various degrees of toxicity, which could limit their use. (ii)
lonic liquids, these are organic salts whose melting point is <100 2C. Reported works have shown the
concentration of up to 5.33 mg/ml using sonication. These provide high concentrations but also have
high boiling points and are expensive and difficult to remove later [58][59]. (iii) Addition of

Surfactants or polymers to water.
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Figure 3: (a)different possibilities that can cause liquid phase exfoliation [60] and (b) LPE in presence of just solvents or
with surfactants/polymer stabilizers[61]

Surfactants are generally added to lower the surface tension of water in order to smooth up the
exfoliation process and at the same time stabilizes graphene sheets using hydrophilic interactions
whereas polymers interact with graphene sheets using non-covalent interactions and avoid the re-
stacking process. In both cases, an additional step is needed for their removal which is difficult when
compared with organic media which can affect the properties of Graphene. Any kind of surfactant
(non-ionic, cationic and anionic) can be used for the exfoliation and dispersion process while the
commonly used ones are CTAB, SDS, SDBS, Pluronic ®127 etc. Concerning polymers, non-ionic and
non-toxic polymers like PVP, PS and cellulose based polymers like ethyl cellulose and cellulose etc.
are mostly used. Strong interactions of polymers with graphene sheets is a cause of concerns as it

make them difficult to be removed [61][62].
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Electrochemical Exfoliation

This process takes advantage of the conductive properties of graphite for its exfoliation. Here,
graphite is used as the working electrode and is immersed into an electrolyte media, after which the
electrode is set to a given potential (either oxidizing or reducing) and a positive or negative electric
current flows resulting in either cathodic reduction or anodic oxidation of graphite as shown in Fig.
4. This causes intercalation and exfoliation of the layers. This method is rather simple and
straightforward when compared to chemical exfoliation that also works on the same mechanism of
exfoliation of graphite using strong oxidizing agents as well as other harsh chemicals. It is also less
time consuming giving benefits of acquiring pristine few-layered graphene or functionalized
graphene depending on the parameters and intercalating ions used [63]. Common anionic
intercalants used are H,SO,, H3PO,, FeCl; and HNO; in aqueous media. In this case, electrolysis of
water firstly forms strong nucleophilic groups like OH- that attack sp”> domains of graphite resulting
in its oxidation and increased interlayer spacing, which further aids in intercalation of the anions (eg.
S0,° 7). Graphite exfoliation can also be aided by possible gases evolution during electrolysis. This
case would normally produce fully/partially oxidized or functionalised graphene and require an
additional step of reduction if needed, this technique rely on formation of oxygenated functional
groups to overcome the van der Waals forces. Su et al, first reported a method of subsequent
electrochemical reduction of the formed graphene oxide sheets by using an electrolyte mixture of
H,SO, and KOH and applying an alternating voltage of + and — 10V. At first the +10V is used for the
graphite exfoliation whereas the subsequent -10V reduced the formed functional groups [64]. In
case of cathodic reduction, common cathodic intercalants like Li, K, Rb etc. are used along with other
intercalating molecules. Positive ions along with organic solvents can be used for this purpose, for
instance Wang et al studied and used the Li+/Polycarbonate (PC) electrolyte and exfoliated few
layered graphene after applying a high voltage of 15 + 5V, this procedure was inspired by the
destructive behaviour of PC used in Lithium ion batteries where the Li+/PC forms a ternary

intercalation compound that causes fragmentation of graphite interlayers or the ability of PC
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decomposition products to form a stable solid electrolyte interface [65]. Other examples are

collected in references [66][67][68].
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Figure 4: Mechanism of anodic exfoliation of graphite, where the oppositely charged (-ve) intercalating ions are attracted

towards the charged electrode (+ve electrode). The same procedure occurs in cathodic exfoliation with +ve ions causing

the exfoliation of —vely charged graphite electrode [69]

Mechanical Exfoliation

Apart from the scotch tape method described earlier, graphene can be mass produced by

mechanical exfoliation using the shear forces and other forces (Fig.5(a)) for example in ball milling,

possible ways of exfoliation using ball milling are shown in Fig.5(c). The beads create impact and

attrition to form nano-thick graphene flakes and can simultaneously mix graphene with other

nanomaterial or simply functionalize it. It was firstly utilized with the intention of breaking down

graphite, and flakes down to10nm could be obtained [70]. Later in 2010, the idea was adopted by

Knieke et al. [84] and Zhao et al. [8] to prepare graphene. The different properties of the formed

graphene are dependent on the matrix used, weight, size and type of beads used, milling time and

speed etc. [70][711[72][73].
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Figure 5: (a) Forces acting during Mechanical exfoliation. Mechanical exfoliation done using (a) typical scotch tape
procedure, (c) ball milling and the direction of forces acting, and (d) high- shear mixer [74]. [70]

Sometimes the balls can impact vertically on the graphite that forms either amorphous or non-
uniform graphene distribution and with more defects which must be avoided by controlling the
rotation of the jars. Ball milling can be done in wet (in organic solvents, aqueous surfactants etc.) or
dry state. Planetary ball mills are commonly used for this purpose as they provide high energy which
is beneficial for exfoliation as well as simultaneous functionalization, but the disadvantage of using
this high energy milling is the lack of complete control over the temperatures, long hours and the
need for post milling treatments, as well as the difficulty of large scaling up. Zhao et al used organic
solvents for (planetary) ball milling of graphite for ~30 h at low rpm (300 rpm), while , Aparna et al.et
alet al Used the same technique but with strong exfoliant, 1-pyrene carboxylic acid and methanol
and they achieved faster exfoliations compared to DMF. In contrast to the planetary milling, Knieke
et al used vertically stirred media mill to form graphene flakes in aqueous surfactant (SDS) media.

50% of the total graphite was exfoliated to give graphene sheets of thickness less than 3 nm in 5 h
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[75]. On the other hand is the dry milling in which Graphite is mixed with usually chemically inert
materials, where a removal step by washing or heating is performed to obtain graphene sheets, for
example Liu et al prepared graphene sheets of <5nm using ammonia borane using planetary ball
milling [76]. Lin et al used the electronegativity of sulfur matching that of graphene to readily
exfoliate and functionalize graphene. They mixed graphite and sulfur powders to mix in a planetary
mill for 3-6 h at 500 rpm and obtained high conductivity (1820 S/cm) graphene sheets and Gr-S
composite which was then used to prepare Lithium sulfur batteries [77]. Although Ball milling seems
like a good option for mass production and functionalization of graphene, there is very limited
control over the side effects caused like temperature rise, defects in graphene, breaking of graphene
sheets etc. Some exfoliation based on shearing using fluid dynamics like Vortex fluid films pressure
driven and Mixer driven fluid dynamics (Fig. 5(d))have been also exploited. As the name suggests,

graphene is exfoliated in different locations by the fluid dynamics using rotational forces [78].

Arc discharge method

In arc discharge method the anode and cathode (Graphite) are submerged in either a gas or liquid
medium in a reaction chamber in H,, NH; and He, air atmosphere. The discharge current is generally
kept constant between 100 - 150 A. The electric current that is applied creates high temperature
plasma due to the dissociation of the medium and sublimates the precursor. The drawbacks that
hinders its application for mass production are the high process control and safety concerns

[79][80](81].

1.3.2. GO Reduction techniques:

After the preparation of graphite oxide, it is necessary to de-laminate the sheets, which is mostly
performed by sonication or by providing thermal shock. The last steps include the reduction of
oxidized species i.e. to reduce the functional groups present and to make attempts for the

restoration of the carbon sp2 structure. Herein, the produced graphite oxide is sonicated in water
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giving uniformly dispersed graphene oxide sheets (due to the oxygen functionalities it contains),
which are then treated with a strong reducing agent. This eliminates most of the functional groups
like hydroxyl, carbonyl and carboxyl on GO and partially restores the m electron configuration of the
aromatic structure. Again, this can be achieved through several routes [82]:

Chemical reduction:

The transformation of GO to rGO can be easily detected by the simple observation of physical
changes, either by the change in color from brown to black or the increase in hydrophobicity, when
the dispersed GO starts to precipitate and/or aggregate and is no longer dispersible in water.
However, more detailed analyses can be carried out to verify the oxygen content (C:O ratio) and the
conductivity of the material. Use of hydrogen sulphide (H,S) as a reductant for reducing graphite
oxide was first reported in 1937 [83]. Later in 1963, Brauer treated graphite with few reducing
agents namely hydrazine hydroxylamine, hydroiodic acid, iron(ll) and tin (ll) ions [84]. Today, we
have a pool of reducing agents for the reduction purposes that include Hydrazine, Hydroxylamine,
Sodium borohydride, Aluminium borohydride metal acids and alkaline based etc. Hydrazine is the
most commonly used reducing agent for this purpose and is the most effective in producing rGO
with electrical properties and restored sp’ domains comparable to pristine graphene. Another
reducing agent commonly used is sodium borohydride. Numerous reports have successfully
employed these reducing agents to chemically reduce graphene oxide, however, their
environmental and human toxicity and expensive handling led to research for alternative green
routes. Researchers have used environmentally friendly reducing agents to reduce the graphene
oxygen functionalities and produce good quality sheets [85]. Ascorbic acid (AA) which is known as
Vitamin C is an important example in green reductants, it has shown reduction capabilities
comparable to that of hydrazine. Chang et al in their work showed the efficiency of lemon juice in
reducing GO and achieved a C/O ratio of 8.2, they carried on with the AA rGO to fabricate solar cells
and compared its efficiency with that of hydrazine reduced GO which was found to be similar[86]. In

addition, GO reduced using AA has shown applications in both bio-medical as well as electronics
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area. Broadly green reductants can be classified into organic acids, plants extracts, micro-organisms,
proteins, amino acids, hormones, saccharides etc. These are environmentally friendly compounds
which provide comparable results, although, limitation for large scale fabrication due to several
washing and centrifuging steps along with the need of a supporting agent cannot be overlooked
[87][86].

Thermal reduction:

This reduction procedure is carried out by subjecting the material (Graphene/graphite oxide) to high
temperatures (<300 °C) in vacuum, inert or reducing atmosphere. The high temperature causes the
removal of intercalated water molecules and oxygen functional groups. Along with this, rapid
heating of graphite oxide causes decomposition of the oxygen groups causing formation and
expansion of CO/CO, gases that finally leads to further exfoliation of the sheets and to the
production of very low density porous powders. This however is accompanied by structural defects
like carbon sp® and vacancies due to high pressure between the sheets. Hamaker constant predicts
and evaluate that a pressure of 2.5 MPa is sufficient for exfoliating graphene sheets. Actually, a
pressure of 1 or 2 orders of magnitude larger than the van der Waals binding forces is applied
generally, 40 and 130 MPa are created at 200 and 1000 °C respectively [88]. Doblin et al investigated
the effect of temperature for thermal reduction and exfoliation of graphite oxide in their work and
demonstrated that at ~300 °C the removal of labile oxygen functionalities and intercalated water is
favoured causing pores and defects (structural and lattice defects), at 500 2C pyrolysis of the carbon
material initiates and at around 700 °C partial restoration of sp> domains takes place and the pores
are diminished but big voids are created instead. Finally, at 900 °C, there is simultaneous mass loss
due to pyrolysis, removal of oxygen functionalities along with partial restoration of the sp2
structure, this creates additional topological defects on the carbon sheet. They proved this by using
the GO reduced at different temperatures and verified their ability for gas sorption [89]. This is less

time consuming than the chemical reduction routes but the use of such high temperatures limits its

16



application and increases the cost for industrial applications. Along with this, the defects inevitably
reduce the electronic performance of graphene by shrinking the transport ballistic path.

Microwave or photo reduction:

Microwave or photo irradiation are alternate ways of thermally annealing and reducing the sample
(GO). It is an efficient and rapid way of producing and/or exfoliating rGO sheets. The immediate
heating of the reactant causes the internal temperature to rise instantaneously which shortens the
reaction time thereby improving efficiency of the procedure. rGO was exfoliated and obtained
within 1 min of heating of GO powders in a microwave oven by Zhu et al[90]. The production of
graphene can be obtained in powder state while the reduction can be obtained in suspension or
heating of GIC. It is a rapid reduction technique but it might result in unwanted re-oxidation if an
inert atmosphere is not provided. Photo-reduction can be performed either photo-thermally or
photo chemically to obtain clean and high quality rGO. These have the advantages of being able to
show good and tuneable degree of reduction in ambient conditions, high efficiency, rapidity and
compatibility with possible flexible substrates; in addition, photothermal processes are
additive/chemical free whereas photochemical processes require a catalyst. UV light has been most
commonly used for the photo reduction of GO[91][92] [93]Park et al first reported the use of
flashing lights in the order of milliseconds for reduction of GO using Xenon laser lamps. They flashed
the GO samples in the range of 20 to 40 J cm™ obtained 96% pure rGO at the energy of 40 J cm™
with a pulse width of 20ms [94] later, Seon-Jin Choi et al used the technique and modified the
parameters to reduce GO directly over a flexible Kl substrate to make a wearable chemicals (gas)
sensor [95], a lot of other work shows the use of Xenon lamps for GO reduction [96][97]. Preferential
absorption of the photons by the active material allows localized heating preventing damage to the
underlying substrate. Further improvements have been done using femto-second laser irradiation
that created higher power density than the xenon lamp[98] or excimer laser radiation
[99][100][101]. Photochemical reduction requires the use of a catalyst for generation of electron

hole pairs in order to remove the OFG and for restoration of graphene sp2 structure. TIO, is a well-
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known photo-catalyst and has been widely employed for water splitting and degradation of organic
contaminants [102]. It was first employed for GO reduction by Kamat et al in 2008 where they
showed that ethoxy radicals are formed and electrons are build up within TiO2 when its colloidal
suspension is irradiated by UV light, which reduces the OFG of GO. Since then several groups used
the technique for reduction of graphene or even for the preparation of composites (rGO/TiO,)
[103][104]. Other catalysts used for this purpose are ZnO, BiVO,, W03, HsPW,,04 etc. A review
published by Zhang et al gives detailed insights on the works and mechanism of photo reduction of
graphene oxide [105]. The inorganic photocatalyst removal can be a predicament when pristine
graphene sheets are needed for an application, for this reason recently Mangadlao et al use ketyl
radicals (generated by 1-2959 or (1-[4-(2-hydroxyethoxy)phenyl]-2-hydroxy-2-methyl-1-propan-1-
one) for photochemically reducing GO and prepared its composite with metal NPs in less than 10
min and demonstrated further its use as a catalyst for degradation of environmental pollutant [106].
Electrochemical reduction:

Herein, the reduction is caused by mere exchange of electrons between the electrode and GO in an
electrochemical cell containing a suitable electrolyte. A thin GO film is deposited over conducting
(Indium Tin oxide, ITO; Glassy carbon electrode, GCE; screen printed carbon electrodes, SPE etc)
[107] or non-conducting substrates (quartz or flexible plastic) [108] and electrodes are then placed
at each end of it to form a circuit and perform the measurement electrochemically by either cyclic
voltammetry [109][110][108], linear sweep voltammetry [111] or constant potential
mode[112][113]. Different media can be used to perform the reduction procedure, that includes HCI,
NaCl, Na3PO4 , Na2S0O4 [114], H2SO4 [115], KOH [116] NaNO; [110], PBS (K,HPO,/KH,PO,) [109],
KNO; [117] and KCI aqueous solutions, eutectic melts [118], organic solvents [119] or ionic liquids
[120][112]. The biggest advantage of the technique is that it avoids the use of hazardous chemicals
or solvents. Guo et al reported the production of high quality graphene sheets at large scale from
exfoliated graphite oxide in PBS (K,HPO./KH,PO,) solution at a constant potential of -1.5 or -1.3 V vs

SCE. They obtained ErGO sheets with a conductivity of ~3.5 x 10® S/m which was slightly higher than
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chemically reduced GO ~3.2 x 10° S/m [121]. Use of these high potentials allows overcoming the
energy barriers of OFGs, removing them electrochemically. Reduction potential and electrolyte are
the main factors influencing the degree of reduction in this process which is why different reduction
potentials are applied depending on the respective experiment. Jussi Kauppila et al in their work
compared the reduction of GO in aqueous media at different pH and organic media (Acetonitrile and
Propylene carbonate) and demonstrated that with the use of higher pH or organic media, the
working potential window can be increased thereby allowing application of higher reduction
potentials that provide much more efficient GO reduction[119]. Apart from pH, conductivity of the
media also determined the quality of produced graphene sheets. Hilder et al showed that the
optimal conductivity ranges for neutral pH media (0.5 mg/ml GO and 0.25 M NaCl) is between 4 and
25 mS cm™ at a reduction potential of -1.2 V w.r.t SCE [113].

Hydrothermal/Solvothermal reduction:

This method has advantages over chemical reduction routes such as mild synthesis conditions,
scalability, straightforwardness and low defects content. Since the nineteenth century when it was
used for producing synthetic minerals till date, it has been continuously studied and used for various
applications including synthesis of carbon nanospheres[122] and CNTs [123]. For graphene, this
procedure has been widely used for preparing graphene oxide[124], graphene based
composites[125][126][127], and GO reduction[128][129][130]. In the case of GO reduction, exposure
to moderate temperatures and internal pressure favours the m conjugation recovery after
dehydration with minimum defects. Zhou et al demonstrated in their work that supercritical water
can act as a reducing agent under hydrothermal conditions offering a green reduction route [131].
Recently Huang et al studied the changes in GO in detail by subjecting GO prepared by modified
Hummers method to hydrothermal process from 0.5 to 10 h at 200 °C and showed how differently
formed rGO can be tuned and used for desired applications by this route [132], whereas previously,
Niu et al studied the structural changes occurring during reduction of GO at different temperatures

between 180 - 200 °C, and concluded that optimal conditions were 180 °C for 24 h [133]. For
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Solvothermal processes, the reduction of GO occurs by induced surface chemistries and the
enhanced reactivity in presence of a solvent inside a sealed container resulting from the
temperature-pressure conditions. Most common solvents used for this purpose are N, N
dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP) [134][135]{136]. Alcohols like

ethanol, butanol, ethylene glycol (EG) etc have also been used successfully [137] [138].

1.4. Graphene processing and its printing

1.4.1. Basic ink composition:

Ink preparation is a major step that defines the quality of printed patterns formation, their adhesion
and drying process as well the resolution. The optimal physical and rheological properties of inks
differ for each printing technique. Thus, an ink formulated for one particular technique might not
work for another. An ink is basically a composition of various materials, namely, the active material
(graphene or its derivatives), binder, additives and a solvent. Active material (AM) is the main
component of the ink that is required in the final prints/depositions. It is of the main interest and is
often tested and studied. These play the role of pigments when compared to conventional inks
where these are used as colorants, provide resistance against the environmental conditions like
moisture, heat abrasion, chemicals etc. Binders play a very significant role in the ink formulations.
They bind together AM particles to each other and are a cause of adherence of the AM to the
substrate. Binders can simply dry off and stay along with the AM over the substrate or can be
removed through curing using annealing, UV radiations etc. after the printing procedure. Examples
of typical binders are polyvinyl alcohol (PVA), Polyvinyl Pyrollidone, Cellulose based polymers, rubber
resins etc. Additives are used in much smaller quantities (<10 wt%) for modifying/tailoring the ink
properties or imparting additional ones. These can be surfactants or defoamers to change the fluid

properties, stabilizers or other materials like acetylene black, activated carbon for filling the tiny

20



voids created by deposition of large graphene sheets for better conductivity etc. Solvents are
responsible for fluidity of the ink. They are used for dispersing all the ink components and provide
specific required rheological properties to the ink. Solvents can be practically any liquid ranging from
water to organic liquids, although their selection is based on the type of printing technique,
evaporation rate, viscosity, compatibility with the ink components as well as with the substrate and
the end application. Water based ink formulations are attracting increasing attention due to
environmental considerations compared to organic solvent based formulations [139][140][141]. Ink
properties like its viscosity, surface tension etc. need to be precisely controlled for specific

techniques as these can affect the printability directly.

1.4.2. Graphene based inks

With all the properties of graphene mentioned, it makes it an excellent material for flexible
electronic devices. In addition, different graphene (pristine graphene and GO), functionalized
graphene and its composites give us a broad range of possibilities to process and print it. The task of
ink formulation and printing in order to get satisfactory results is nevertheless quite challenging. A
conductive ink includes a primary conducting material that is dispersed in an aqueous or organic
solvent. Dispersion is not straightforward for typically non-dispersible hydrophobic carbon materials
like graphene. Thus, polymer or surfactant based additives are added to facilitate easy printing and
avoid graphene agglomeration. Pristine graphene inks are prepared with or without using stabilizers.
Polymer-based stabilizers such as ethyl cellulose, surfactants etc. are normally added during
ultrasonic preparation of graphene to avoid sheets restacking. Work done by Secor et al in 2013
[142], includes sonication of Graphite in presence of EC for producing a stable ink for inkjet printing
application. They showed successful patterning over different flexible substrates with good
conductivities: the ink however needed annealing later at 250 °C for 30 min for effective EC

removal. This made them refine their work in 2015 [143] and modify the ink composition with higher
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graphene loading and good conductivities over different substrates was achieved by changing the
composition of EC and using shear mixing technique instead of sonication as well as changing the
thermal annealing step with photonic curing using intense pulsed laser. Majee et al, also prepared
their graphene flakes using mechanical shear exfoliation in organic solvents and used EC as the
stabilizer to prepare a stable inkjet ink with a concentration of 3.2 mg/ml. According to their
report[144], EC provides steric stabilization to the exfoliated graphene sheets[145]. Other examples
of ink using EC and polymers as the stabilizers are reported in references [146] [147] [148] [149].
Aside from polymeric stabilizers, surfactants are also widely employed for modifying the ink
properties along with stabilizing graphene, for instance Lee et al prepared graphene dispersions that
were stable for more than a month by using Sodium n-dodecyl sulfate surfactant for stabilization
and by adjusting the pH to 10 for changing the charge density of graphene sheets [150]. Pristine
graphene can be also dispersed in some organic solvents without the use of any stabilizers due to
their matching Hansen solubility parameter, work was done by Torrisi et al, where he exfoliated and
prepared inkjet printable ink in NMP without the use of any additives, they successfully printed
conducting (~30kQ/sq) and transparent (~ 80 % transmittance) patterns to fabricate a thin film
transistor that showed charge carrier mobility of ~95 cm? V™" s™ [151]. Miao et al also used organic
solvent DMF for dispersion of their electrochemically exfoliated graphene sheets, but in order to
obtain proper viscosity, they added ethylene glycol and glycerol in the ratio, DMF: ethylene glycol:
glycerol - 50:45:5 vol%, and achieved a concentration of 2.8mg/ml [152]. The disadvantage of this is
that organic solvents are toxic and they frequently have low vapor pressures and high boiling
temperatures that can be sometimes incompatible with the desired flexible substrates [141][153].
Recently Kewen Pan et al prepared screen-printed graphene inks at a very high concentration of 70
mg/ml using a non-toxic, environmentally friendly cellulose derived solvent ‘Cyrene’. Cyrene has
appropriate polarity, surface tension that not only helped them to achieve dispersion with higher
concentration, but also aided in efficient and fast exfoliation compared to the solvent commonly

used for this purpose, NMP. Expanding that, they used the ink to produce wireless connectivity
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antenna that worked from MHz to tens of GHz and the conductivity of the patterns attained was

7.13x10*Sm™ [154].

An interesting alternative to using pristine graphene or rGO dispersions is the use of GO as an active
ink component, the presence of oxygen functionalities makes it hydrophilic which makes its solution
based processing highly convenient. It is readily dispersible in water and other polar solvents like
NMP, DMF, ethylene glycol etc without the need of any dispersing agents. In this case, the reduction
step to obtain conductive patterns is done post printing. Water based GO/acrylic ink was prepared
and inkjet printed by Porro et al, where they used photonic curing UV light to simultaneously reduce
GO and polymerise the resin. The GO dispersion at different concentrations can be directly used for
stamping technique (described in the later sections) as an alternative to toxic approaches. In one of
our approaches, we used this technique for patterning GO and later the reduction was carried out at
80 °C using citrate [155]. Graphene/polymer or Graphene/metal NPs inks are also very common, in
most cases, composites of graphene, GO or rGO are prepared with conducting polymers[156] or
metal nanoparticles for enhancing the conductivity of the final prints or to have synergistic
properties beneficial for the end application. For example, a water-based ink of
Graphene/Polyannilne was prepared by Xu et al using SDBS and was inkjet printed over Quartz and
fabric (carbon) substrates and used it for Supercapacitor application since graphene exhibits
inherent double layer capacitance whereas conducting polymers like Polyaniline (PANI) or
Polypyrrole (PPy) show pseudocapacitance[157]. Another example is the GO/PANI, and rGO ink
using PEDOT:PSS as stabilizer, that not only enhanced the fluid property for extrusion printing but
also enhanced the conductivity of the printed electrode. These enhanced performance were utilised
in fabricating a symmetric and asymmetric Supercapacitor by Liu et al [158]. Also, in chapter 2 we
will discuss the formulation, printing and performance of screen printable Graphene/polypyrrole ink
for the same application. Metal nanoparticles can be simply added to enhance the conductivity of
the overall print [159] or they can have specific function, for instance, we have prepared dispersion

of graphene/Au NPs for stamping of graphene for sensing application where Au NPs played the role
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for attachment of thiolated DNA [155]. Another example of functional NPs are the composites of
Nitrogen-doped reduced Graphene oxide and Cobalt oxide nanocrystals (N-rGO/Co,0,) formulated

for inkjet printing and used as oxygen reduction catalyst in the work by Bassetto et al [160].

The formulation of graphene-based inks presents several specific challenges. For instance, the use of
additives like polymers/surfactants needed for tailoring the fluid rheology sometimes reduces the
conductivity of the printed films which then require high temperature annealing, frequently
incompatible with flexible polymer substrates. Besides, low graphene concentrations are generally
used to avoid aggregation or blocking of the printheads but these low concentrations lead to poor
printed solid networks, directly affecting the conductivity. Dimitrios Konios et al made an
investigation on how the dispersibility of GO in different solvents changes upon reduction. In their
study they considered different critical parameters like surface tension, Hansen and Hilderbrand
solubility parameters [161][162][163] and polarity of the solvents to determine their dispersion
behavior since just one property cannot define it. That study give us some insights on how the two
different material behave in different solvents, which is crucial for ink formulation [164]. The
dispersion behavior of graphene in 40 different solvents based on the above 3 parameters was also
investigated by the group of Colmen in 2010. They suggested that the surface tension and
Hilderband solubility parameter of the solvents must be close to 40 mJ/m? and 23 MPa respectively
with non-zero values, well defined values of polarity and hydrogen bonding Hansen Parameters. This
study can help us find and create new solvents based on these parameters for efficient exfoliation or

dispersion of graphene[165].

1.5. Graphene Printing/Deposition techniques

This is the step where formulated inks are used for patterning onto the desired substrate. Different

printing techniques have different operating parameters hence require different fluid properties. We
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will now discuss a few printing techniques for different graphenes directly related to the thesis as

well as some previous relevant works:

1.5.1 Doctor blade/tape casting method:

It is a widely used technique for forming thin films over large area substrates. A very simple
approach where slurry (ink) is prepared with the AM, binder additive and solvent and placed on the
substrate. A blade is then used to spread the slurry by either a constant movement along the
stationary substrate or by the movement of the substrate where the blade remains stationary. Dual
doctor blades can be used further to have better control over the film thickness. Sometimes, a
reservoir is used along the process for continuous ink deposition as shown in Fig. 6 (a and b).
Furthermore, for coating over uneven surfaces like cloth, flexible plastic surfaces, leather etc., the
doctor blade can be modified with a spiral applicator (also known as Mayer rod), the spiral gap size,
geometry, gap-spiral ratio define the thickness of the coated layer along with the particle size, and
fluid properties of the ink Fig. 6(c and d). Also, the thickness depends on the height of the doctor

blade edge [166].

This technique has so far been frequently used for uniform coating of graphene or graphene-based
composites for several applications like solar cells [167][168], photovoltaics [169], supercapacitors
[170], filtration membranes[171], batteries [172] etc. Wang et al even prepared thin film coating of
GO using Mayer rods followed by reduction at room temperature to produce transparent and
conducting rGO thin films for touch screen applications [173]. Akbari et al in their work prepared
graphene antennas using also the doctor blade technique. The prints were made over cardboard

substrates that showed excellent processability with an efficiency of 40% [174].
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Figure 6: Doctor blade coating technique (a)top view, (b) cross sectional view showing the dependency of the thickness
with distance between blade and the substrate, (c) coating using Mayer rod and (d) dependency of film thickness on the
geometry of rod rings.

1.5.2. Screen Printing

It is considered to be the most conventional and at the same time versatile printing technique. It has
been used since the 19™ century and a huge amount of publications have reported the use of this
technique for various device fabrications. It is a stencil based technique where a patterned stencil
mesh, made up of fine porous mesh of fabric, silk, metal threads or synthetic fibers is used for
squeezing the ink through the open pores of its patterns. Photopolymerized resin is used to block
the unwanted open pores (i.e. to make patterns). It generally requires squeegees or rollers to be
moved in a direction in order to push/force the ink through the mesh onto the underlying substrate.
At the time of ink transfer, due to the force applied, the stencil makes contact with the substrate so
as to effectively receive the ink and leave it as soon as the force is removed, leaving the patterns in
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Chapter 1: Introduction to Graphene and its Printing

just one pass. Fig. 7 shows the mechanism of screen printing. Once optimized, the procedure can be

used for different substrates reproducibly.
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Figure 7: Screen Printing Mechanism [14] and different types of printers available for this purpose: hand-
operated/manual, semi-automated (DEK 248 Semi-Automatic Screen Printer) and Fully automated (JUKI K3-II Extra Large
Fully Automatic Screen Printer)

Screen-printing is the technology with a widest implementation amongst printing techniques and
has been continuously automated for easy handling and mass production. Several groups prefer to
prepare their own screen-printed electrodes in the lab rather than buying commercial ones since
reproducible results can be readily achieved. This can be done using semi-automated machines
where the substrates are put and removed and ink is fed manually, or by using fully automated
versions where automatic feed and delivery system does the work instead (Fig. 7). Nevertheless, less
automated units are much handier and preferable when series of optimization tests or new

formulations are involved, or in cases when the substrate is either too thick or too thin. Screen-

27



printing offers several advantages like simplicity, compatibility with various substrates and a
comparatively wide range of parameters concerning ink formulations. The quality of the printed
patterns depends on several factors like the speed, force and angle applied to the squeegees,
thickness of the stencil, pore size of the mesh, substrate quality, etc. Yet, the most important factor
is the ink rheology, essentially its viscosity. An ideal screen printing ink is a paste that must have a
high viscosity at rest and low viscosity at high shear rate with fast recovery time and values between
50 to 5000 cPs. This is achieved by using high graphene concentrations [154], using cellulose based
or polymeric binders [175] or by gelating graphene dispersions [176]. Woo Jin Hyu et al in 2015
achieved a resolution of ~40um in screen-printed graphene electrodes by carefully designing a Si-
based stencil with proper pore sizes and ink formulation containing ethyl cellulose (EC) as the binder
(also for enhancing the viscosity) [175]. As a matter of fact, ethyl cellulose is a popular binder and
has been utilised in several ink formulations. Other binders commonly used are PVP, PVA, ionic
liquids [177], etc. Also in 2015, Arapov et al prepared graphene ink with a high concentration of 52
mg/ml using polymeric binders that caused gelation, thereby increasing the overall viscosity of the
ink. The resulting patterns not only exhibited low resistivity of 30 Q sq* in just 5 min of annealing at
100 °C (thicknesss 25 um) but also showed patterning of lines of 40 um [176]. The work mentioned
above by Pang et al to prepare high concentration graphene using Cyrene solvent [154] could also be
highlighted here. A few downsides of scree-printing techniques include the resolutions of the
printed patterns which are restricted to 50 -150 um [175], values comparatively lower than the
digital printing techniques, difficulty in preparing concentrated graphene inks without aggregation of
the nanosheets, ink drying during the process, requirement of several masks if the pattern is not
straightforward. Also, since it is a contact printing, additional impurities or defects are occasionally

found.
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1.5.3. Inkjet printing

This printing method is very useful for printing high resolution films by precisely monitoring the drop
volume and firing parameters. By controlling parameters like jetting frequency, drop volume and
applied voltage, very clean and high resolution films can be obtained that can be used in very
different areas of applications like manufacturing of ceramics, molecular electronics, Solar cells
devices, Energy storage and biosciences [178][179]. There is a complete list of materials that can be
inkjet printed on suitable substrates including conducting polymers, nanoparticles, metals or their
oxides, ceramics and also biomaterials like proteins or nucleic acid etc. [180].This printing method
offers a straightforward fabrication of low cost, highly scalable, flexible films as an alternative to the
conventional expensive and complex electrode fabrication methods like etching, lithography etc.
Furthermore, Inkjet printing of graphene inks can be used as an alternative to expensive metal
nanoparticle inks. The challenge is to prepare stable and size-controlled graphene sheets to be
compatible with the inkjet printer. Many reports have shown successful printing of pristine graphene

[181]{148](182]

1.5.3.1. Inkjet mechanism

The drops in the inkjet can be formed by two different mechanism-Continuous Inkjet Printing (ClJ) or
Drop on Demand (DOD) [183]. In ClJ, A liquid is pushed through a column and droplets are formed
from them by Rayleigh instability phenomenon, this way series of droplets are ejected resulting in
continuous stream and printing occurs sometimes even where it is not required. The nozzles are
kept at a constant voltage relative to the ground that causes small charge formation on the droplets
and allows for flowing droplets to be steered by passing them through an electrostatic field, the

unwanted droplets are collected and recycled, Fig. 8(a).
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oscillations and capillary flow spreading. Here Di and Dm are the drop diameter before and after spreading and Vi is the
velocity of the impacting drop. [184]

Drop-on-Demand (DoD) involves a more sophisticated mechanism. It relies on generating individual
droplets and demands less restrictions providing high accuracy. In simple terms, picolitre drops are
generated by applying pressure pulses to the chamber containing the ink and as soon as the pulse
pressure increases beyond a threshold value for the liquid ink, drops are jetted out from the nozzle
openings. Liquid ink stays in the chamber due to the surface tension, therefore a stable nozzle
meniscus must be maintained. Pressure in the fluid can be applied in two ways to allow drop
formation — by heating (Fig. 8(b)) or by applying voltage to a piezoelectric actuator (Fig. 8(c)). In the
thermal mode, a thin film heater/resistor causes the ink to heat up to its boiling point causing rapid
formation of bubbles and consequently bubble vapors that leads to ejection of ink from the nozzle,

whereas, in the other case, a voltage is applied to a piezoelectric actuator that expands and creates a
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pressure momentarily surpassing the surface tension of the ink at the nozzle, resulting in drop
evacuation [185].

For DoD printing, three main conditions must be carefully considered and properly addressed (i)
Formulation of ink with proper rheological requirements, (ii) Drop formation and ejection and (iii)

Drop impact and interaction with the substrate.

1.5.3.2. Ink Formulation and challenges

An ideal ink for inkjet printing is the one that can easily form droplets. The main properties that
influence drop formation and spreading are the viscosity(n), surface tension(y), density (p) as well as
wettability and surface adhesion of the prepared ink with the substrate [186]. These parameters that
determine the way in which fluids behave can be represented by Ohnesorge (Oh) numbers which are
derived using the physical constant parameters that determine Reynolds (Re) and Weber (We)

numbers [187] :

ke Jypa

Z number (i.e 1/0h) is another parameter that is used for determining the printability of an ink.
According to the literature, Z>2 is the best condition for stable drop formation, although drops can
be formed in the range of 14>Z>1. For lower Z values, the ink is too viscous and at high values there
are a lot of satellite drops (Fig. 8(d)) (small drops that accompany the big drop en route to the
substrate)[151][184] [188]. As per the specifications of Dimatix printer, optimum viscosity and
surface tension of inkjet printable ink is recommended between 10-12 cPs and 28 — 33 mN/m
respectively [189]; then again, the values could be different for different printers or devices. These

values determine the shape factor of the drop and they can normally be adjusted with the help of
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surfactants. Also for conductive inks, the particle size should be at least 1/50 than the nozzle
opening to prevent clogging during printing[151]. Other challenges involving ink formulation concern
the stability of the suspension. The particles should form a stable dispersion in the solvent with the
help of stabilizing agents like polymers or surfactants if necessary. However these stabilizing agents
frequently reduce the conductivity when highly conducting prints are needed; therefore their
concentration should be finely adjusted to an optimum in order not to clog the nozzle, while keeping
to a minimum the modification of the active material and preserving the compatibility with the

substrate.
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Figure 9: The four phases in the Inkjet DImatix Waveform drop formation [190].

Drop Formation and ejection in piezoelectric DOD mechanism also relies on the application of
voltage to the piezoelectric membrane and it takes place in four stages that can be explained and
controlled in form of a waveform, shown in Fig. 9. Each of the four segments in the waveform
controls three properties- Duration of applied voltage, It tells us how long the transducer will stay in
a particular position, second is level or magnitude, it is the amplitude of how far the transducer will

be bending and third is the slew rate, which is the slope of applied voltage and determines how fast
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the transducer will bend. The first and the last segment are connected and are just there for the
ease of users understanding about the inception and ending of each drop formation process.
Segment 1 and 2 are indicative of drop formation and jetting. In this, the voltage is reduced for the
piezoelectric membrane to relax and let the chamber fill with the ink and then the voltage is
increased to create pressure inside the chamber by compressing the membrane. This transient
pressure forces the fluid to steer out of the nozzle in the form of a droplet. During Segment 3, the
amount of liquid that leaves the chamber causes the chamber to relax and then in segment 4, it goes
back to its relaxing position thereby initiating next cycle [190].

Contact of the drop and substrate: The mechanism is shown in Fig. 8(e), when the drop interacts
with the substrate, its behaviour is controlled by a number of factors like capillary and inertial forces,
velocity and viscosity of the ink droplet, contact angle as well as the type of substrate. At first, when
the drop impacts the substrate, the Kinetic forces dominate for a short time (<1us) followed by
spreading, recoiling and oscillations. Shortly (about 0.1 to 1ms) capillary forces dominate the
spreading until reaching equilibrium [184] Then, in order to get an optimised coalescence of the
drops, drop spacing plays an important role. In the study of Soltman and Subramanian, [191] they
showed that no overlaps are observed at high drop spacing values whereas gradually decreasing the
spacing results either in bead-shaped (at slightly smaller drop spacing than the diameter of a single
drop) or perfect end lines (with approximately the size of single droplet radius). Decreasing the drop
spacing further results in non-uniform areas with some bulging parts containing excess fluid.
Detailed information of how each factor effects the formation, spreading and drying of the inkjet

droplets can be found in the review by Derby [184]

The final solidification of the inks can be achieved by either annealing, gelation of the polymer
precursors, chemical reactions etc. This is the step done to allow for the display of the useful
inherent properties of the nanomaterial used, for instance conductivity. It is the final step of the
printing process in which phase transformation of droplet from liquid to solid occurs. As the ink is
dropped onto the substrate by the printer, it needs to be solidified in order to make electrical
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contacts between the nanomaterials that are otherwise floating in the solvent. Sometimes, drying of
the droplets results in a ring-like formation which is known as the infamous Coffee Ring or coffee
stain effect [192][193]. This is the phenomenon where solute from the solvent diffuses towards the
initial contact line or the circumference forming a ring like structure during solvent evaporation and
it occurs due to two reasons- First, at the edges, it is easier to transport heat vapors from the bulk to
the neighboring dry substrate area because of difference in evaporation rate on the substrate vs. the
bulk of the drop . And the second reason is that the surface area of the edges of a drop is higher
compared to that in the bulk and hence the rate of evaporation in both areas are different (it is
higher at the edges), this higher evaporation rate causes the solvent to flow towards the edges,
resulting in segregation of solute upon heating around the edges, i.e. the solvent from the bulk
replaces the evaporated solvent from the corners. This segregation is the cause of ring formation
that is seen at the end of drying process. This can be avoided either by changing substrate
temperature and make it comparable to the drops as carried out by Saoltman & Subramanian. (they
used a cold substrate to deposit PEDOT ink resulting in reduced coffee ring effect), or by selecting
compositions that have solvents with different vapor pressures (evaporation rate) [191]. Other ways
of reducing this effect are by freezing the drops as soon as they interact with the substrate. This
helps in freezing the composition of the drop impeding the bias movement. Important factors that
need to be optimized in order to reduce the coffee ring effect are boiling points and heat of
vaporization (that should be more than that of water) and by viscosity, surface tension, contact
angle, flow of the fluid and impact speed [194][195]. Major challenges with this printing techniques
are that it has a very narrow range of conditions for optimizing parameters. Also, Graphene
dispersions are generally in very low concentration and as consequence several layers need to be
printed in order to obtain good conductivity, and finally, the need for small graphene flakes, which

come frequently associated to graphene with a relatively high concentration of defects-
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1.5.4. Wax stamping method

Quite recently developed by Luis Pires and colleagues at Merkogi’s group, wax stamping is an
environmentally friendly technique, free of solvents additives and stabilizers, which can be used to
prepare Graphene oxide (GO) patterns on practically any type of substrate. They used nitrocellulose
membranes with a pore size of 25 nm for the process and printed negative patterns on it using a wax
ink printer. Later, different concentrations of GO dispersions in water were vacuum-filtered through
the membrane. The membrane pores were blocked selectively by the inverse hydrophobic wax
patterns and so that the GO dispersion is driven to the non-hydrophobic regions on the membrane
under the influence of pressure from vacuum filtration, leaving a thin GO film on them. This thin
layer was then transferred to a desired substrate by the pressure induced by the built-in roll-to-roll

mechanism of the printer.
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Figure 10: Top (a-d) steps for patterning graphene that includes wax negative patterning over nitrocellulose membranes,
filtering GO dispersions through it and then its transfer over desired substrates. Below (a-d) are the transferred patterns
over PET, Cloth, Paper and an adhesive film respectively [196].

Stepwise GO patterning using the technique is shown in fig. 10. With this methodology, they were

able to achieve a pattern resolution of 50 um, albeit, this resolution was attributed to the printer as
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they showed that only the wax prints that were printed perpendicularly to the printer feed could
show this resolution. Thus, in the future, higher resolutions could be possibly achieved with
advances in the hardware. They were able to prepare stable patterns over paper, textile, adhesive
and normal plastic substrates. This technique provides a rapid and green solution compared to other
techniques along with pattern stability, high resolution, control over thickness, and ability to print
diverse patterns over different kind of substrates, however, the use of additional step to reduce GO
after patterning remains an issue. In their work, they immersed the patterned substrate directly into
the solution containing ascorbic acid (Vitamin C) at room temperature for 48 h, which is very time
consuming. They went on to prepare interdigitated patterns for fabrication of a touch sensitive
device [196]. Progressing on their work, very recently they prepared rGO foam by autoclaving GO
with ascorbic acid. The formed agglomerates were sonicated and showed stable dispersions in
water. This dispersion was used to print on a plastic substrate using the wax printing technique and
was used for electrocatalytic applications [197]. This makes the method much more interesting and
useful, as it makes it possible for rGO to be printed over flexible substrates without considering any

further thermal or chemical treatments.

1.5.5. Other printing techniques

Overall, there are several ways for depositing or printing graphene. Just to mention a few more, we
could consider roll-to-roll techniques like gravure or flexographic techniques, Fig. 11 (a and b). In
Gravure printing, the substrate is in direct contact with an engraved cylinder. It basically consists of
two cylinders, one which collects the ink and is responsible for the pattern and the other that
presses the substrate along. Substrate is passed between the cylinders while a doctor blade is fixed
to the engraved cylinder intended for getting rid of the excess ink. A schematic diagram is shown in
fig. 11(a). The technique is highly useful for commercial purposes since large volumes at very high

speeds (up to 15 m/s) and low costs can be achieved [198]. The cost effectiveness is however only
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applicable if printing in high volumes. Also, since it is a contact based printing process, scratching,
creasing or damages on the substrates or prints can be expected. Secor et al used this method to
successfully print graphene patterns at a resolution of ~¥30 um [199]. The flexographic technique
[198], can be described as a modified version of gravure method. It works on the same fundaments
but utilizes 4 cylinders (Fig. 11(b)) that are made up of polymers, rubbers or metal cylinder covered
with a photopolymer. The first cylinder carries the ink from a reservoir and transfers it to the second
cylinder, Anilox, which has the engraved patterns; these patterns are then transferred to a third
polymeric or rubber cylinder which is finally transferred to the substrates using the pressure applied
from the 4™ cylinder. The change of cylinder material is advantageous in reducing the impact and
scratching of the substrate. Baker et al prepared flexographic graphene nanoplatelet inks and
printed over flexible ITO sheet at a speed of 0.4 m/s and used it as a catalyst for solar cells [200].
Aerosol jet printing is a non-contact printing process and it differs from inkjet printing process in the
way of jetting the ink. The ink is aerosolized and jetted onto the substrate using a carrier gas. A
schematic of the process is shown in fig.11 (c), where at first the ink is atomized to form ink droplets
followed by its transfer to the deposition head using a carrier gas. The aerosol beam is collimated
using a sheath gas and finally the aerodynamic focusing of aerosol is achieved using inertial effects
for diverting the droplets. A final resolution of as low as 10 um can be achieved. More details on the
mechanism can be found on the recent review by Ethan B. Secor [201]. The method is claimed to
work with a wide range of viscosities (1- 1000 cP) [202] which enables the formulation of different
graphene based inks, and since the ink is atomized, it can prevent graphene from agglomeration
[203][204][205]. A comparison of speeds and print resolution obtained for different printing

techniques is displayed in fig. 11(d)
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Figure 11: Schematic of roll-to-roll Processes (a)Gravure Printing and (b) flexographic printing [206]. (c) Aerosol-jet Printing
[203], (d) is the comparison of speed and resolution obtained for different printing techniques [14]

1.6. Applications of Printed Graphene

All the printing technologies above promise efficient printing of graphene for various electronic
applications, and a few ink compositions are already commercially available. Sigma-Aldrich is selling
Graphene-based inks for inkjet (900695), screen (798983), gravure (796115) or flexographic printing.
There is also a Graphene and EC (2.4 wt%) ink in terpineol/cyclohexanone for inkjet printouts which
can be cured at 250-350°C for 20-30min, giving a conductivity of 0.003-0.008 Q-cm at appropriate
conditions and thickness (ink ID - 793663). They also have available water based graphene inks for
inkjet (808288) and screen (808261) printing with ~0.1and 10 wt. % solid content in water
respectively. The inks can be used for various applications ranging from transparent conducting
touch screen films transistors, OLEDs [207][208], Photodetectors [209], to energy conversion and
storage devices [210][211] and Sensors [212][213]. In printed electronics, the main requirements of

a device are to show high conductivity, mobilities, on/off ratios at ambient conditions and flexibility
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Chapter 2
Printed Supercapacitor

2.1. Introduction

Energy storage devices conform a peculiar part of our modern day lives. We are all highly dependent on
them, especially since the advent of cell phones. Yet, we are going to witness even more intense growth
of storage technologies in the near future, from large, high-power applications like renewable energy
storage or electric vehicles to ever smaller, flexible, wearable devices [1]. In order to keep up the pace
with the growing needs and harder demands from these new niches, new materials, devices and
methods are being developed constantly. Main technologies for electrochemically storing energy focus
mostly on rechargeable batteries and supercapacitor. Batteries fundamentally rely on bulk storage
mechanisms, ions from the electrolyte are intercalated into the material (for example between the
graphite sheets in lithium-ion anodes) during charging and are de-intercalated during discharging (fig. 2
(e and f)). This mechanism has limitations due to slow ion diffusion compared to transfer of electrons.
This leads to relatively high energy densities but it also means low power densities and slow charge and
discharge [2]. Nevertheless, research for overcoming theses kinetic and other limitations of the batteries
for industrial purposes is continuously pursued, investigated and upgraded by using novel materials and
techniques. For example, researchers at Samsung Advanced Institute of technology (SAIT) have recently
published a paper in which they have used ‘graphene balls’ claiming to boost the capacity by 45%
compared to the currently used Li-ion technology along with five times faster charging (in 12 minutes)
and was found stable at 60 °C [3]. Other examples include Aluminium-air batteries [4], Zinc, Air [5],

Sodium ion batteries [6] etc.
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On the other hand we have supercapacitors that work on storing charges electrophysically.
Electrochemical capacitors (ECs) also known as ultra- or supercapacitors (SCs) evolved from
conventional dielectric capacitors when porous carbon electrodes in contact with an electrolyte were
empirically tested in symmetrical capacitor cells. The formation of the Helmholtz double layer at the
electrode-electrolyte interface upon polarization is at the heart of these devices providing larger
capacitances thanks to their increased active area and reduced dimension of the charge separation. To
these so-called Electric Double Layer Capacitors (EDLC) followed a new generation of electrode
materials, with transition metal oxides or conducting polymers as representative examples of the so-
called pseudocapaciotrs. Contrary to carbons (purely capacitive), these new materials featured
electroactivities of intrinsical faradaic nature. Yet, could be used in both electrodes of symmetrical
capacitors featuring behaviour characteristic of capacitors (i.e. nearly linear charge-discharge). These
pesudocapacitive materials (like RuO2 or Mn0O2) work through redox reactions taking place at the

surface leading to voltage-independent processes and led to higher capacitances and energy densities.

Finally, it should be noted that the final performance of supercapacitor devices will depend on many
factors in addition to the nature of the electrode material, its storage mechanism and intrinsic
properties. Thus, one of the most relevant will be the porosity (key to maximizing electrode-electrolyte
interface, but also the electrical conductivity of the (composite) electrodes, the electrolytes (with
emphasis on the size of the ions in relation with pore size distribution), separators, ink composition and

rheology (in the case of printed devices) etc.

Bridging the gap between batteries and supercapacitors, a whole new breed of devices are being
researched and developed: i) Hybrid devices with one capacitive (i.e. supercapacitor-like) and one
faradaic (l.e. battery-like) electrode which are known as Metal-Hybrid Capacitors and ii) hybrid electrode

materials combining both types of mechanisms in the same electrode (Figure 1).[1]
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Figure 1 : (a) strategies employed for hybridisations in SCs and (b) main categories of materials used for SC applications [2]

2.2. Mechanism

2.2.1. Electric Double Layer Capacitors (EDLC)

In EDLC, two identical electrodes are polarized by applying a given voltage wich drives ions of opposite
charges to be stored at the surface or the pores of the material through the formation of the Helmholtz
double layer. Helmholtz provided a very simple phenomenon that the charges of an electrically
conducting electrode are balanced and neutralised by adsorption of ions with the opposite charge,
forming a double layer at the electrode-electrolyte interface (fig. 2(a)) [7][8]. Later, Guoy [9] and
Chapman [10] proposed that the ionic charges are not adsorbed rigidly to the surface and rather move
towards the surface by diffusion and electrostatic forces (fig. 2(b)). They used Boltzman distribution to
develop theory between the ionic concentration and the local electric potential in the diffusion layer.
Stern [11] went on to modify the above theories and proposed that there is a combination of two layers
within the diffused layer, that can be divided into inner Helmholtz layer (IHP) or stern layer in which the

ions strongly adsorbed to the surface and the outer Helmholtz layer (OHP) or the Gouy-Chapman layer
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that consists of non-specifically bound counter ions (fig. 2(C)). The three models together are shown in

fig. 2
Diffuse layer Stern layer
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Figure 2: Formation of Electric double layer at Positive electrode (a) Helmholtz model, (b) Guoy-Chapman Model and (c) is the
Stern model depicting IHP and OHP. d is the thickness of double layer formed according to Helmholtz, Wyand W are the
electrode and electrode/electrolyte interface potential respectively.

During charging of a Supercapacitor, the electrons move from the positive to negative electrode through
an external circuit making the cations and anions in the electrolyte to concentrate at the negative and
positive electrode respectively. At the time of discharging, the reverse process occurs reducing the
polarisation. Charges are stored on the surface reversibly and no chemical reactions are taking place.
Normally, an electrode with high surface area with pore size double the diameter of the corresponding
electrolyte ion is considered to be the best to obtain maximum capacitance, since a too small pore
diameter could effectively prevent the adsorption of ions, especially solvated ions. On the other hand, a
review article by Wang et al described some examples leading to the conclusion that the capacitance
determining factors are in fact the pore size and type of carbon nanomaterial used rather than the
specific surface area [12]. Work done by Chmiola and colleagues [13] showed that the capacitance
increased anomalously by decreasing the carbon nanomaterial pore size. They elucidated it using the

finding of Dzubiella and Hansen [14] which suggested that the ions disintegrate or de-solvate to squeeze
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through the pores under the influence of a potential when the size of the pore is smaller than the
solvation shell, as under these conditions, ions have movement with almost negligible dielectric
permittivity. Other works have also been reported to show the same results as above [15][16][17].
Monte Carlos simulations were performed [18] to understand the behaviour of ions theoretically and
was proved that the superionic state ions are responsible for anomalous increase in capacitance at
smaller pores. The superionic state develops due to exponential screening of electrostatic interaction
between the ions inside the pore, which, itself is caused by the image forces, this facilitates the
incorporation of more ions of the same charges [18].

Carbon materials like activated carbon (AC), carbon nanotubes (CNTs), Graphene etc. are of high
interests for their application in double layer supercapacitors due to their chemical and thermal
stabilities, high conductivity and large surface-to volume ratios (specific surface area). Graphene
possesses very high theoretical surface area of 2630 m?/g which hints of its great potential in this field,
however, in actual materials, the great difficulty in utilising the whole graphene active area precludes
the devices to perform as expected [19]. For this reason graphene in different forms, structures and
hybrids are thoroughly researched, like 3-D graphene [20][21], vertically oriented graphenes [22],
porous [23] and hybrid graphene[24][25]etc. These devices exhibit fast charging as well as long cycle life
(~ 10° cycles) and this can be attributed to the electrophysical charge storage mechanism that doesn’t

require any chemical transformation of the material or transfer of charges [26].

2.2.2. Pseudocapacitance and Hybrids

In Pseudocapacitance, the charges are stored from the fast and reversible redox reactions occurring at
the electrode-electrolyte interface in presence of an electrochemically active material. Apart from
oxidation-reduction reactions, doping and de-doping of conducting polymers and electrosorption and

intercalation can also cause pseudocapacitance (i.e. voltage-independent discharge). When compared to
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EDLC, this shows better performance in terms of obtained capacitance and energy densities but poorer
stability (exhibit shorter cycling lives) than EDLCs. Materials that exhibit pseudocapacitance can be
conducting polymers (Polyaniline, Polypyrrole, polythiophene etc.), transition metal oxides (RuO,, MnO,,
V,0;s etc.) or sulphides (MoS,); but also carbon materials possessing oxygen or Nitrogen functionalities
[27][12]. The mechanisms of EDLC and psedocpacitance are shown in fig. 3. Making a hybrid between
EDLC and Pseudocapacitive material is the most common strategy employed these days to enhance the
overall performance of a supercapacitor. Three strategies can be employed for this purpose, (i)
anchoring or preparing a hybrid pseudocapacitive materials onto a high surface area carbon material as
an electrode material, (ii) using an asymmetric system where one electrode exhibits purely EDLC and the
other shows purely psedocapacitive behaviour, (iii) by using asymmetric system where one electrode is
pseudocapacitive whereas the other is a rechargeable battery type material (fig.1) or iv) introducing an
electroactive species in the electrolyte. These strategies can enhance the overall capacitance (due to the
two charge storing mechanism involved), energy density (by increasing the effective voltage window of

the device), long and fast cyclability.

2.3. Device Electrochemical Assessment

SC device performance is judged on the values obtained for capacitance, energy and power densities
(gravimetric, areal or volumetric) that are measured with the help of electrochemical techniques like
cyclic voltammetry, Galvanostatic charge/discharge (GCD) at particular current density and
electrochemical impedance spectroscopy. Using these values, electrochemical performance of either the
electrode material (in three-electrode cell measurements) or the device (in two-electrode cell

measurements) is assessed [28][29].
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With Cyclic voltammetry (CV), the nature of the energy-storage mechanism taking place at the electrode
can be deduced. In this case a three-electrode cell is used and a stepwise changing potential is applied
between the working and the reference electrode while the current is measured between the working
and counter electrode and hence a current vs potential trace is plotted In the cyclic voltamogram for
which a three electrode system is needed. CV is also used for primary investigation of the working
potential ranges of the material. This can be assessed by eyeing the changes in shapes and sizes of the
CV with different cycles. Typical rectangular shaped CVs are obtained in case of EDLCs due to the
reversible and voltage-independent adsorption and de-sorption of ions, having symmetrical shapes
around the zero current along with vertical current values at their two extreme potential values,
whereas, pseudocapacitance displays distorted rectangular shape with appearance of voltage
dependent current peaks arising from the redox reactions at the interface, shown in fig. 2(a and c)
[2][28]. A CV can be used for calculating the specific capacitance (C, F/g) of the electrode material in a

three- electrode system by the following equation [30]:

_ $1av

mvu AV

Where | is the instantaneous current (mA), AV is the applied potential window, m is weight of the

material (g) and v is the scan rate (mV/s).

Using GCD in a two-electrode cell, capacitance behavior in response to the current density of the device

can be calculated using the following equation [30]:

o I At
 mAV

Where C is the capacitance (F/g), | is the current density (A/g), AV is the operating potential window

(V), m is the mass of active material (g) and t is the charging/discharging time (s). The charge discharge
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profiles of a double layer capacitive material shows linear slopes with symmetrical charging and
discharging curves whereas, the profile for Pseudocapacitaive device exhibits unsymmetrical and
distorted profiles as can be seen from fig 2. (b and d). Using GCD, equivalent series resistance (ESR;
V=2IR, where V, | and R are Voltage, current and resistance respectively) and changes in the electrode

(maybe due to over-oxidation of the electrode) can be seen from the CD profiles.

Ragone plot, which is a plot of power density vs. energy density provides a definitive view of the overall
device performance instead of behaviour of a single electrode or the device. Energy and power densities

are calculated using the following formulas:

Where E is energy density (Wh/Kg), P is power density (W/Kg), V is the voltage, C is the capacitance (F/g)

and R is the equivalent series resistance (ESR) [26].

Finally, transportation of charges to the capacitive electrode is usually characterized by Electrochemical
Impedance Spectroscopy (EIS) and Impedance of the SC at a particular potential can be obtained using
this. Impedance of the device is obtained by applying amplitude voltage, the range of which is generally
low (5-10 mV) to the corresponding wide frequency ranges used (0.01 Hz to 100 kHz). Nyquist plot shows
the impedance (Z) value of the device in terms of real (Z’) and imaginary (Z”’) impedances that can be
related by Z = Z' + jZ" [29]. It consists of mainly two regions: high and low frequency regions. At higher
frequency regions, the formed semi-circle is indicative of the interfacial resistance (and the ESR) while the
vertical line extending in the imaginary impedance (y-axis) (Z) making an angle of about 90° with the X
plane indicates the capacitive behavior of the system. Capacitance (C) from this plot using the frequency

(f) can be calculated using the following formula [28]:
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Chapter 2: Printed Supercapacitors

1
¢= 2nf 1Z1

An inverse relation of capacitance and frequency can be obtained by using Bode plot that is the Log (2Z)

vs Log (f).
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Figure 3: Top is the schematic of EDLC, Pseudocapacitive and Li-ion batteries [31]. Below are the corresponding typical Cyclic
voltammetry and Charge/discharge profiles exhibited by (a and b) EDLC, (c and d) pseudocpacitance and (e and f) for Li ion
battery([2].

2.4. Graphene Electrode Materials

As previewed in the previous chapter, graphene is very well suited for the manufacturing of printed

devices due to its ease of production and processability. It has high specific surface area and possesses
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inherent capacitive properties due to which it is widely applied in this field. Another advantage of having
graphene is its stability in comparative wide potential windows (although the potential window is
determined also by the electrolyte). For Supercapacitor applications, it has been used in various forms,
like in 2 D sheets, 0 D graphene dots or particles, 1D fibers or yarns, 3 D foams or structures, vertically
aligned graphene or its composites [20-25][32][33]. The theoretical capacitance calculated for single
layer graphene and its specific capacitance was ~21 uF/cm?® and ~550 F/g respectively, however, in
practice, these values cannot be attained due to the limitation of accessible graphene area to
accommodate electrolyte ions. The main reason for this is its agglomeration, both during preparation
and application due to the Van der Waals interaction between sheets. This also lowers the initial
columbic efficiency of the device. The best results when using graphene are achieved usually by playing
with graphene surface to make most of the area accessible to the electrolyte by aligning or preparing
different graphene structures as described above or by doping graphene chemically with electron
accepting or donating groups [34][35][36][37].

Other works focus on making graphene-based hybrids to enhance the overall device performances as
described in hybrid electrodes. These hybrids can be formed with either organic or inorganic
nanomaterials. For organic materials, conducting polymers are the most common choice as they present
high conductivity, and in addition provide pseudocapacitance by reversibly doping and de-doping of
charges throughout their entire volume [25][24]. The it conjugated conducting polymers like polyaniline,
polypyrrole, polythiophene are commonly used SC electrode materials that not only exhibit enhanced
capacitance but their easy processability or ability to form uniform thin films electrochemically is an
added benefit. Examples of other carbon materials used for making hybrid with graphene are CNTs,
Carbon black etc [38][39]. Among the inorganic nanomaterials, most commonly used are metal oxide
nanomaterials to make a composite with graphene. These together exhibit a synergistic effect of both

EDLC and pseudocapacitance. Besides inhibiting the restacking of graphene sheets, they help to expose
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more surface area of graphene, while graphene too help prevents its agglomeration and volume change
during preparation along with uniform and controlled morphology [40]. Polyoxometalates (POMs),
another class of electroactive soluble (early transition) metal oxide has garnered much interest in the
supercapacitor applications since last decade. The research initially commenced with the great work
done by Gomez-Romero et al by anchoring POMs over conducting polymers substrates as the electrodes
for electrochemical energy storage [41]. POMs are needed to be anchored or wired to some conducting
substrates as these are typically salts with negligible conductivities, extremely small size and solubility
which restricts its use as the sole electrode material [42][43]. This approach of utilising the
electroactivity of these molecular materials was then extended by using other carbon matrices like
activated carbon (AC) [44], CNTs [45] and graphene [46]. In one of the studies made by Suarez-Guevara
et al using activated carbon (AC) decorated with phosphotungstic acid (H;PW;,04), the performance of
the hybrid material displayed expected response in enhancing the capacitance but it also enhanced the
working potential window of the device (up to 1.6V in 1M H,SO, thanks to large over-potentials for
hydrogen evolution) and led to remarkably improved cyclability (more than 30000 cycles as compared to
less than 10000 for pure AC under the same conditions) [47]. Work carried out using graphene

substrates showed similar response [48][49][50].

2.5. Electrolytes

Electrolytic media used for supercapacitors can be broadly classified into aqueous, organic,and ionic
liquids. The nature of the electrolytic media (including ion sizes, concentration, solvent, working
potential range, interaction with the electrode material etc.) plays an important role in defining

performance of the device, namely capacitance, energy density and cycle life [51].
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2.5.1. Aqueous electrolytes

These can be acidic, neutral or basic. These electrolytes provide an advantage of high conductivity, eg.
1M H,SO, has a conductivity of 0.8 s/cm at 25 °C [52], leading to higher capacitance values but are
limited with the voltage window due to their narrow decomposition potentials leading to less energy
and power densities. Potential window of acidic and basic electrolytes is normally not extended more
than 1.3 V of purely EDLCs as the water decomposition starts by oxygen evolution on the positive
electrode at about 1.23V and hydrogen evolution at negative electrode at around 0V vs the SHE [53],

whereas these values can reach upt o 2.2V by using neutral electrolytes [54].
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Figure 4: Electrolyte effect (a) and categories (b) for SC application [51]

Due to lower concentrations of H+ and OH- ions, these need higher overpotentials for the gas
evolutions, but have lower conductivities. In addition, neutral electrolytes are less corrosive compared

to the acidic and basic ones that overcome one of the major issue of metal conductors getting corroded
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during long-term cycling [55]. Aqueous media are impractical for commercial purposes mainly because
of the narrow potential window, leading to low energy densities but despite this and other limitations,
aqueous electrolytes have been extensively studied and reported for research and development

purposes [51].

2.5.2. Organic Electrolytes

Organic electrolytes are conductive salts like tetraethylammonium tetrafluoroborate (TEABF,) that are
dissolved in organic solvents like Acetonitrile or Polycarbonate solvents. These have a working potential
ranging from 2.5 to 2.8V [51], that provides the benefit of higher energy and power densities of the
device than that of aqueous based electrolytes because of which these are highly favoured for
commercial purposes. The downside of using organic electrolytes is their higher costs and safety
concerns for its processing, flammability, toxic nature and volatility [56]. As the system works under high
potentials, it can lead to rise in the device temperature causing damages and also sometimes the
electrode material can undergo oxidation causing unwanted gas evolution. From the point of view of
their performance, these electrolytes show smaller capacitances and this can be either due to the
electrolyte conductivity itself, which is at least one order of magnitude smaller than for aqueous
electrolytes (1 M TEABF, /ACN exhibits a conductivity of 0.06 S/cm)[52] or because the solvated ion size
is generally bigger with low dielectric constants that restricts its accessibility to the pores of the carbon
nanomaterial [57][58]. Also, it was shown that the Pseudocapacitive activity of carbon materials was
almost negligible in TEABF, /ACN, which can be due to the absence of protons in these aprotic media.
Different solvents, or their mixtures with conducting salts have been employed, eg. SBPBF,/ACN,
LiPFs/(EC-DEC 1:1), TEAODFB/PC, M LiPFe/(EC-DEC 1:1), LiClO,/PC, Bu4NBF,/ACN, LiPFs/EC-DMC (1:1),

LiTFSI/CAN etc. [51].
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2.5.3. lonic liquid electrolytes

These are environmentally friendly liquids that are composed purely of salts and are liquid at room
temperature, or at least with a melting point under 100 °C. These are also called room temperature
molten salts and are liquid at room temperature owing to the asymmetry and special combination of the
composing cation and anion. ILs have a very high thermal, chemical and electrochemical stability and
very low vapor pressures, due to which they make excellent candidates as supercapacitor electrolytes
[52]. The working potential window of ILs can be as high as ~6V, but this was studied using inert Pt
electrodes. For carbon based electrodes, the ranges observed were much narrower (3-4V), possibly due
to the carbon surface irregularities [59]. In one of the study, atomically thin graphene layer was tested
using an IL that showed the working potential in the range of 4-10 V. There was a deposition of
passivation layer which further helped in increasing the conductivity of the films [60]. Apart from these
they are volatile, non-flammable and environmentally friendly when compared to the safety concerns of
organic liquids. This solvent free approach seems to be ideal, however their high costs, very high
viscosity and low ionic conductivities (lower than aqueous or organic electrolytes) limits their use
[61][62] . A commonly used IL electrolyte [EMIM][BF4]showed ionic conductivity of 0.014 s/cm at 25 °C
which is significantly lower than that of aqueous (0.8 S/cm) and organic (0.06 S/cm) electrolytes. This
causes the increase in ESR affecting the rate and power performance of the system as well as lowering
the capacitance values. ILs can be protic, aprotic and zwitterionic and the most commonly used cations
are are 1l-ethyl3-methylimidazolium (EMI), 1-butyl-3-methylimidazolium (BMI), NPropyl-N-
methylpyrrolidinium (PYR13), 1-Butyl-1-methylpyrrolidinium (PYR14), Tetraethylammonium (Et4N), etc.
Studies have shown that imidazolium based ILs possess higher ionic conductivities whereas
pyrrolidinium provide larger working potential ranges [52][63]. Common anions used are chloride (Cl),
bromide (Br), tetrafluoroborate (BF4), hexafluorophosphate (PF6), bis(fluorosulfonyl)imide (FSl),

bis(trifluoromethylsulfonyl)imide (TFSI), etc.
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2.5.4. Redox active electrolytes

It is a comparatively new strategy of mixing a redox active component into an ionic electrolyte in order
to have a hybrid electrolyte system. In this case the electrolyte (apart from the electrode) is capable of
providing pseudocapacitance to the device. These have shown to increase not only the capacitance but
also potential windows in some cases [47]. They have also shown to accelerate the faradaic reaction of a
pseudocapacitor by acting as an additional electron source [64][65]. Hydroquinone and Potassium
lodide (KI) have been used in this thesis and will be described in the following sections. As shown by Lota
and Frackowiak [66], the first example was the use of Potassium lodide as the component of an
electrolyte system to enhance the supercapacitor performance. Capacitance of the positive carbon
electrode was able to achieve a very high value of 1840 F/g using 1 M Kl in the electrolyte solution with
a narrow potential range whereas, capacitance of the device using 2 electrodes calculated was 125 F/g.
They showed that KI didn’t just showed pseudocapacitance but also enhanced the ionic conductivity of
the electrolyte. The following reactions might occur on the electrode surface causing the
pseudocapacitance from Kl

E1 o ol R Ty

21> |, 4+ 2¢

21571 > 31, + 2

l, + 6H,0 €210, + 12H" + 10e”

Frackowiak and co-workers also studied the effect of Hydroquinine (HQ) redox activity. In their report
they showed the dependency of HQ over different pH, with maximum capacitance of 283 F/g using 1M
H,SO, compared to 275 F/g obtained in 6M KOH. In acidic media, the reaction of quinone
(Q)/hydroquinone (QH2)occurring are as follows [67].

Q+e > Q-
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Q.—+ H+ HQH
QH + e «»QH
QH + H" «»QH,

Finally, Q+2H" +2e <«» QH,

Other commonly used redox species are Heteropolyacids like phosphotungstic acid (HsPW1,040), VOSO,,
CuCl,, KsFe(CN)s etc. Addition of redox active materials can degrade the device performance in terms of
cyclability and stability (self-discharge), this is due to the fact that these redox active materials might
shuttle between the two electrodes [51]. It can be resolved by either using ion exchange separator
membranes [68], by using species that can be reversibly become insoluble[51] or by strong adsorption
of the ionic species to the electrode surface [69]. In addition to these, the following points must be
considered before using the redox active species for SC applications that has direct effect on their
performance: (i) carbon electrode material must be porous enough to retain the oxidized or reduced
product formed by the charging, (ii) redox reactions of the species must be carefully studied before
applying the potentials using Pourbaix diagram as the applied potentials will determine if the
pseudocapacitance is caused by the electrosorbed metallic ions or whether the ions have reacted
(chemisorbed) with the functional groups (eg. carbonyl) of carbon electrode and facilitated the electron
transfer process, entrapment of these species into the carbon pores can be an alternative to this, (iii)
concentration of the redox species in the supporting electrolyte, it directly determines fast reversibility
as well as stability of the device over repeated cycles, for instance, concentrations of K;Fe(CN)6 and
K4;Fe(CN)g in Aq.KOH has shown a direct effect on the performance of the device [70] and (iv) pH,

temperature and electrolyte composition [71].
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2.5.5. Solid electrolyte

Solid state or quasi-solid state electrolytes are non-flowing, non-liquid electrolytes that not just serve
the purpose of ion conductivities but also act as separator. These give the advantage of leakage-free,
simplified processing of the supercapacitor device. Broadly, the solid state electrolytes are either organic
(Polymer) or inorganic (eg. Ceramic). Polymer based electrolytes are mostly employed for SC
applications and are further classified into solid, gel and polyelectrolytes. Solid polymer electrolytes are
formed by a polymer and a salt in the absence of a solvent, and the salt ions are transported through
the polymer providing the ionic conductivity. In Gel Polymer electrolytes (GPE; most common type) the,
polymer is mixed with the electrolyte (ag.) or a conducting salt and the ion conductivity takes place
through the solvent instead of the polymer whereas in Polyelectrolytes, being highly charged, the
polymer itself provides the ionic conductivities. GPEs are most commonly studied as their ionic
conductivities are relatively high due to the presence of a solvent but depending upon the composition
they may suffer from poor mechanical and thermal stabilities for which solid electrolytes are better
suited[51][72]. The solid electrolytes face the disadvantage of limited contact with the electrode surface
limiting the transfer most possibly causing high ESR values. Therefore, it is always considered that the
solid electrolyte system provide high ionic conductivities, mechanical, thermal, electrochemical and
chemical stabilities. Examples of GPE includes a polymer matrix that can be Polyvinyl alcohol (PVA) [49],
Polymethylmethacrylate (PMMA) [73], poly(ethylene) oxide (PEQ) [74] etc. and a solvent that can be any
aqueous (H,S0,, KOH etc), organic (PC, EC, DMF etc.) or IL ([BMIM][CI], [BMIM][TFSI], [EMIM][SCN] etc.)
liquid [75] [76][77]. Examples of inorganic solid electrolytes used are ceramics [78], Al,O; [79] based etc.,

however, due to non-flexibility, these are not favored for printed and flexible SC applications.

63



2.6. Device Fabrication

A supercapacitor device is assembled by placing two electrodes in parallel separated by a separator
membrane, immersed in or impregnated by an electrolytic medium. Separators membranes are the
ones that electrically insulates the two electrodes meanwhile allowing ions to pass between them (they
are ion-permeable). Features of a perfect separator are high electrical resistance, high ionic conductivity
and low thickness, while thermal and mechanical stabilities are desired. Separator can be polymeric,
paper, fiber or glass based and its selection is usually based on the electrolyte used. Shulga et al even

used GO films as the separator for their Polyaniline based supercapacitor [80].

Current collectors are another component in a SC. They act as electron conducting materials that
transport the electrons from an external source to the active electrode material and vice-versa while
dispersing the heat generated within the cell. The active material is usually coated over stainless steel,
copper, Aluminium, Iron, Gold etc. electrodes that provide a highly conducting surface in order to
reduce the ESR values. One of the most important features of a collector electrode must be its chemical
resistivity as its oxidation in presence of electrolytes is extremely common, especially when porous
carbon is used as the active coated material. This can be avoided also if the active material is strongly
coated to the collector which is usually done with the help of a binder during ink formulation. Polymeric
binders such as Nafion, PVDF, PTFE etc. are commonly used for this purpose, they effectively help the
adhesion of the materials together with the collector and inhibits their disintegration during long
cycling, retaining the capacitance and performance for longer time [53]. Addition of binders in principle
could reduce the conductivity of active material since they are intrinsically insulating, which is why they
are used in very low percentage in the ink (<10%), however, it actually helps in binding the AM to the

collector electrode indirectly helping with continuous flow of electrons the conductivity. In some cases,

64



Carbon materials are directly grown over the collectors (Al or Cu) that are attached strongly with the

collectors improving the mechanical stability of the active material as well as its conductivity [81][82].
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Figure 5 : Different setups of testing SCs (a and b) three and two electrode setup, (c) flexible sandwich type, (d) fibre type and
(e) printed interdigitated micro-supercapacitor setup [51].
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ABSTRACT

Herein, we are presenting all-solid-state symmetric supercapacitors (ASSSCs) with an innovative double
hybrid strategy, where a hybrid material based on reduced graphene oxide (rGO) anchored with phos-
hotungstic acid, rGO-H3PW304¢) is combined with hybrid electrolyte (hydroquinone-doped gel elec-
trolyte). Initially, a hybrid electrode is fabricated by decorating H3PW;;04p nanodots onto the surface rGO
(rGO-PW13). Next, a symmetric cell based on rGO-PW;; electrodes was assembled with PVA-H;S04
polymer gel-electrolyte. Interestingly, rGO-PWi2 symmetric cell revealed a substantial enhancement in
the cell performance as compared to parent rGO systems. It featured a widened potential range of 1.6 V,
thereby providing 1.05 mWh/cm® energy density. The electrochemical performance of rGO-PW;; cell
was further advanced by introducing redox-active (hydroquinone) species in to the PVA-H,50,4 gel-
electrolyte. Indeed, the performance of rGO-PWiz cell was surprisingly improved with an ultra-high
energy density of 2.38 mWh/cm?> (more than two-fold).

Ultrahigh energy density

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Energy storage technologies are quickly maturing in order to
effectively grow as key players in the forthcoming sustainable en-
ergy model. Electrical energy storage in particular will have to
widen its target performance evolving from consumer electronics
to a much broader set of applications, including grid, load-leveling,
electric vehicles and other high-power applications. New materials,
new devices and new systems will significantly contribute to satisfy
this widened growth by making possible faster, more durable and
cheaper high energy-density storage [1].

Combining high energy and power in a single device is a holy
grail in energy storage but not an easy one to get through circuitry
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at a low price. Thus, materials and very especially electrode mate-
rials are explored to improve their intrinsic energy as well as power
densities by means of various approaches from nanostructured
design to hybridization. Nanostructure is a good way to increase
and optimize electrode-electrolyte interfaces, whereas the devel-
opment of hybrid materials allows for harnessing complementary
properties of the components and even emerging synergic perfor-
mances. Of course, these two approaches are not incompatible and
can be used altogether reinforcing each other [1,2]. Indeed, there is
a strong and growing research area dealing with energy storage
systems based on hybrid nanocomposite electrodes [1].
Polyoxometalates (POMs) are clusters of anionic molecular
metal oxide which includes variety of transition metals such as Mo,
W, V etc. They have been well known in the realm of inorganic
chemistry for a long time [3] but only recently have been recog-
nized as useful nanosized blocks for the design of functional ma-
terials with outstanding applications in catalysis, energy
conversion and molecular electronics [4—6]. Within the field of
energy storage, they have found a particularly well-suited niche
application in supercapacitors, initially integrated in conducting
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polymers |[7—9] and more recently forming hybrid electrodes with
carbon materials [10—14]. POMs can exhibits high energy density
for supercapacitors due to the rapid and reversible multi-electron
redox reactions. However, the electrical connection of POMs
trough conducting substrates is crucial to maximize their electron-
transfer activity while preventing the dissolution of these clusters
in the electrolytes. Therefore, researchers are currently exploring
the anchoring of POMs on nanocarbons (carbon nanotubes CNTs,
graphene etc.) to immobilize and integrate POMs in electrically
conducting substrates. Keggin's structure (such as PMoy;, PWy;
etc.) is the smallest and simplest version of POMs which electro-
chemically active and stable in aqueous acidic-media [15].

We first prepared a new hybrid electrode material based on
Phosphotungstic acid (H3PW12049, in short, PWi3) and reduced
Graphene Oxide (rGO). As it will be shown, these materials present
a synergic combination with a dual charge storage mechanism:
electrical double layer (EDL, nanocarbons) and redox (faradaic,
PW13). Related hybrid electrodes formed by Activated Carbons (AC)
and polyoxometalates have shown how the anchoring of the inor-
ganic clusters onto the carbon microporous surface effectively leads
to increased (capacitive -+ faradaic) electrochemical behavior of the
hybrid electrodes and to enhanced performance of symmetrical
supercapacitor devices [11,12].

In addition to the preparation of these hybrid electrode mate-
rials we went one step further and tested the use of a hybrid
electrolyte, that is, a gel electrolyte containing redox-active hy-
droquinone in addition to protons (1 M aqueous H3S04) in order to
achieve more advancement in rGO-PW;, based device perfor-
mance. The use of electroactive redox species in EDLC super-
capacitor electrolytes has been studied earlier, for instance using
the /I3 redox couple [16]. In the present paper though we have
tried and report a specific combination of electrode and electrolyte,
both incorporating different but compatible redox-active species.

2. Methods
2.1. Fabrication of rGO-PW;> hybrid materials based

Starting with the preparation of graphene oxide (GO) using a
modified Hummers method: 2.5 g sodium nitrate (NaNO3) was
mixed with 125 ml of sulfuric acid (H,S04) with continuous stir-
ring. To which, 2.5 g graphite powder was added and the suspen-
sion was kept in an ice bath for next for 30 min. Later, 12.5 g of
potassium permanganate (KMnO4) was mixed in the above sus-
pension and then the suspension was maintained at 50 °C for 2 h
with constant stirring. In the next step, deionized water (500 ml)
was gradually added in the above solution. To which, 15 ml of
hydrogen peroxide (35% H30;) was introduced to the resulting
solution. The product was cleaned with 10% HCl solution and later
with concentrated HCI (250 ml, 37%). The GO product was dried in
vacuum oven at 80 °C for 24 h. To prepare reduced graphene oxide
(rGO), 0.5 gm of GO was heat-treated at 800 °C for 1 h in nitrogen
atmosphere.

Later, a hybrid material based on rGO and phosphotungstate
(rGO-PW12) was prepared as follows: The rGO suspension was
prepared by sonicating rGO (0.25 g) in deionized water (100 ml) for
1 h using probe sonicator. We varied the concentration of phos-
photungstic acid (HsPW2040.3H20, (PWy32)) from 2 mM, 4 mM,
6 mM, 10 mM and 15 mM. Interestingly, the loading of PW1; was
increased with concentration until 10 mM which saturates with
further increase in concentration (15 mM). This might be attributed
to the sufficient anchoring of PWi3 on the rGO surface until the
concentration of 10 mM phosphotungstic acid (H3PW12040.3H20,
(PW12)) due to limited functional groups at the surface of rGO. Thus,
the maximum and uniform loading of 0.38 mmol PWy3 per gram of

rGO was observed for 10 mM phosphotungstic acid. Hence, 10 mM
of phosphotungstic acid (H3PW2040.3H20, (PW{32)) was added to
the above pre-sonicated 100 ml rGO dispersion. This resulting so-
lution was sonicated for 5 h in bath sonicator and aged overnight.
Finally, the rGO-PW{, samples was collected with centrifugation
and dried at 80 °C for 24 h in vacuum oven.

2.2. Electrochemical properties

The pastes were prepared with the formulation of 85% of active
material: 10% PVDF as binder: 5% Super P conducting additive. A
small amount of N-Methyl-2-pyrrolidone was added to the above
mixture and kept stirring overnight in order to prepare homoge-
neous paste. The electrodes were prepared by coating this paste on
carbon cloth with doctor-blade method. A conventional Swagelok®
cells were used to assemble solid state symmetric cells using rGO-
PWj3 electrodes and H2S04/Polyvinyl alcohol (PVA) gel electrolyte.
The electrochemical properties all the devices were tested with
Biologic VMP3 potentiostat.

3. Results and discussion
3.1. Synthesis and characterizations

We have used three-dimensional (3D) interconnected open
porous rGO nanosheets prepared by a modified Hummers' method
as our base capacitive material. Subsequently, phosphotungstic acid
(H3PW12040) was uniformly and effectively decorated on the rGO
nanosheets as it is shown in Fig. 1, which further shows tiny but
enormous PWiy clusters anchored on very thin graphene
nanosheets.

Further, the electrochemical performance of rGO-PWi; was
studied by fabricating symmetrical supercapacitors with HzSO,/
Polyvinyl alcohol (PVA) gel electrolyte.

XRD patterns shown in Fig. 2 (a) suggests two well-resolved
peaks at 25.6° and 42.5° for both materials which can assigned to
(002) and (001) planes, respectively [17]. Interestingly, no addi-
tional peak corresponding to PWy; is observed, suggesting uniform
distribution of the molecular PW; clusters on the surface of rGO.

Hybridization

Reduced Graphene Oxide t% Phosphotungstate

Fig. 1. Schematic illustration of steps involved in the synthesis of reduced graphene
oxide (rGO) and phosphotungstate (PW;3) hybrid material (rGO-PW;;) with corre-
sponding EDS mapping.
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Fig. 2. (a) XRD patterns of rGO and rGO-PW; hybrid materials, (b) core-level XPS spectra of C1s and (c) WA4f of rGO-PW,; sample, respectively, (d, e) SEM images and (f, g) STEM
images of rGO and rGO-PW;; hybrid samples, respectively (h) HR-TEM image of rGO-PW;; sample (i) EDS spectrum of rGO-PW;; sample measured from TEM.

Moreover, the broad and low intensity peaks for the rGO-PW1»
hybrid further confirms less graphitization as compared to the rGO
due to the anchoring of the PW, molecular clusters. The rGO and
rGO-PW; samples were further analyzed with Raman spectros-
copy (Supporting information S1). The intensity ratio of the Raman
D band (at 1348 cm™!) to G band (at 1591 cm™!) is almost same
(0.96—0.95) for both materials, thereby confirming the formation of
reduced graphene oxide. Moreover, the intensity of bands is
decreased for rGO-PWi; samples without any additional peaks
associating to PWq2 which supports to XRD results.

Two major and common peaks at 284.5 eV and 533.5 eV are
observed in the overview of XPS spectra for rGO and rGO-PW1»
which corresponds to Cls and O1s, respectively (Supporting
information S2a). On the other hand, rGO-PWy; sample exhibits
an additional peak at 35.71 eV (4f) which is assigned to tungsten. It
is further interesting to note that, the peak intensity of core-level
Cls spectra is considerably decreased with a minor shift towards

low binding energy for rGO-PW1; (see Fig. 2(b)). Furthermore, core-
level W4f spectrum shows two peaks at 37.54 eV (W4fsp;) and
35.4 eV (W4f;;) with spin-orbit splitting of 2.14 eV (with a peak
ratio 4:3). Thus, it is revealed that W atoms are in W(VI) oxidation
state, confirming the presence of fully oxidized PWVY45 in rGO-PW12
hybrid (Fig. 2(c)) [18,19].

The morphological analyses were performed in order to confirm
and further characterize the anchoring of PWj, onto rGO nano-
sheets. It is evidenced that, rGO possesses interconnected ultrathin
nanosheets which forms three dimensional open porous architec-
tures (as seen in Fig. 2 d). This unique nanoarchitecture can provide
highly conducting framework which is extremely favorable to
enhance the electron transport. It is further interesting to note that,
the open-porous structure of rGO is still maintained even after
heavy decoration of PWiy clusters (see Fig. 2(e)). The detailed
analysis of PWy, anchoring on to the rGO surface was further
investigated with STEM and displayed in Fig. 2(f and g). The surface
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of rGO looks more smooth and dustless as seen from Fig. 2(f) while
on the complete contrary, huge number of white tiny dots of
around nanometers size are clearly seen for rGO-PW;i; hybrid
(Fig. 2 g). Notably, the PW13 nanodots are uniformly anchored on to
the surface of rGO nanosheets. Furthermore, black tiny nano-
particles of PWy; are clearly observed (few of them are marked
with white circles) in HR-TEM image for rGO-PW;p; hybrid
(Fig. 2(h)). EDS mapping of rGO-PWy; hybrid (see Fig. 2(i)) further
confirms the presence of 1 nm sized PW;2 nanodots uniformly
decorated on to the surface of rGO nanosheets (see supporting
Figure, S2b).

We should keep in mind that all the twelve WOg species are on
the surface in 1 nm sized PW;; clusters, underscoring the ultimate
dispersion of the electroactive clusters in rGO-PW1; hybrids. Also, it
is well known that the charges stored in the pseudo-capacitive
materials rely on the surface redox reactions which means the
energy is stored through the charge transfer near the electrode
surface. In this context, the rGO-PW15 hybrid presented here is an
ideal material which is a rational combination of open porous
interconnected rGO nanosheets with redox active PW1; molecular
clusters, thereby providing an exclusive foundation from a struc-
tural point of view.

The hybrid materials with excellent surface area and open-
porosity are crucial parameters in order to achieve excellent elec-
trochemical performances. The BET surface area for rGO and rGO-
PW;, samples were found to be 242 m?/g and 237 m?/g, respec-
tively (supporting information S3a). The negligibly small decrease
in the BET surface area for rGO-PW1, samples might be ascribed to
the anchoring of PWi; clusters, which considerable improves the
final mass of the hybrid material. However, rGO-PW1, hybrid ma-
terial still exhibits excellent BET surface area which is remarkably
higher than the reported carbon based hybrid materials [3,20,21]. It
is further seen that, both rGO and rGO-PW7, samples exhibit
mesoporous nature (supporting information S3b), showing a pores
in the range of 2—8 nm. Moreover, it is worth noting that there is
substantial increase in the pore volume of the parent rGO material
from 0.10 cm3[g to 0.16 cm?3/g after anchoring the PW;, molecular
cluster which can offer easy ionic transportation into the hybrid
material.

Further, both the electrodes were tested by assembling all-solid
state symmetric cells with H2S04/PVA gel electrolyte. Fig. 3(a, b)
summarizes the electrochemical properties of rGO and rGO-PW1;
symmetric cells. The CV curves were measured for both symmetric
cell based on rGO and rGO-PW;; electrodes and presented in
Fig. 3(a). The anchoring of PW;, on the surface of rGO nanosheets
dramatically improves the current density with an additional
working voltage of 0.3 V than that for rGO based cell. Likewise, the
rGO-PWj; cell exhibits noticeably longer discharging time as seen
in Fig. 3(b), indicating a significantly greater specific capacitance.
The larger working voltage (up to 1.6 V) of rGO-PW, will lead to
improved energy density of the cell. These excellent electro-
chemical properties can be assigned to the combined contribution
from rGO (EDLC) and PWy; (faradic) in hybrid material. The CV
curves for rGO-PWyy cell at various scan rate are displayed in
Fig. 3(c). The shapes of CV curves are quasi-rectangular with strong
redox peaks due to the faradic PW;, clusters overlapped with
capacitive contribution from rGO which are extremely unlike than
that for rGO based cell (supporting information S4). These CV
shapes correspond to the combined charge storing behavior, fara-
daic (PW;2) and capacitive (EDLC). In addition, the rGO-PW13 cell
retains their shapes of CV curves at high scan rate of 100 mV/s,
suggesting excellent reversibility of rGO-PWi; cells for rapid
charge/discharge rates. Galvanostatic charge/discharge measure-
ments were carried out at different current densities for rGO-PWy»
based cell and shown in Fig. 3(d). The non-triangular shapes of GCD

curves for rGO-PWy; cell further suggests the inclusion of both
capacitive from rGO and faradic from PW;; charge storing. The
possible redox reactions of PW13 in hybrid rGO-PW1; as reported in
our previous report [12] are as follows:

PW;,03; + e <PW;,0%, (1)
PW1,03, +e oPWi,05, (2)
PW1,03, +2e + H' <HPW;,05, (3)

Thus, the anchoring of redox-active PW12 nanoparticle on the
surface of rGO nanosheets provides extra faradaic contribution in
addition to EDLC (from rGO) as well as extended working voltage
window (up to 1.6 V) beyond thermodynamic limit of water
reduction.

Moreover, in case of both cells, very small iR drop, suggests low
internal resistance of both electrodes materials. In addition, the
charging parts are almost symmetrical to their counter discharging
parts, suggesting rapid and excellent electrochemical reversibility.
For detailed calculations of electrochemical properties see
supporting information S5. The plots of volumetric capacitances
with respect to current density for both rGO and rGO-PW1 cells are
shown in Fig. 3(e). The volumetric capacitance for rGO-PW, cell
was calculated to be 2.95 F/cm? (260 mF/cm?) and 1.1 F/em® (96 mF/
cm?) at 1.27 and 25.47 mA/cm? applied current densities, respec-
tively. These values are significantly higher than that for rGO cell
(0.7 Ffem® (60 mF/cm?) and 0.33 Fjcm® (28 mF/cm?) at current
density of 1.27 and 10.2 mAfcmz. respectively). The whole credit for
this great increase in specific capacitance goes to the redox
contribution of PW3 clusters in the hybrid material. Furthermore,
the cells retained around 32% (rGO) and 35% (rGO-PW13) of initial
capacitance after increase in scan rate from 5 to 100 mV/s, sug-
gesting good rate capability of both the systems. There is obvious
decrease in the specific capacitance values with scan rate which
might be assigned to the slower electrochemical kinetics at higher
scan rates. The capacitance values achieved in present investigation
are extensively higher than the literature values for symmetric as
well as asymmetric cells [7,8,21—23] and solid state gels based on
metal oxides [24—29]| (supporting information S6). The energy and
power densities were calculated for both rGO and rGO-PW1; cells
and shown in Fig. 3(f). As seen in the Ragone plots, the rGO-
PW3 cell provides maximum energy density of 1.05 mWh/cm?® at
power of 11.5 mW/cm® which is significantly higher than that for
rGO based cells (0.2 mWh/cm? at power of 9 mW/cm?). Impres-
sively, at a high power density of 231.6 mW/cm?, the rGO-PW; cell
still delivers energy density of 0.4 mWh/cm?® which is higher than
rGO based cell. Thus, the results obtained here suggests that an
innovative rGO-PW;3 hybrid material is robust candidates to design
high power and high energy supercapacitors. In addition, the
symmetric cell design provides better results as compared to the
complex asymmetric designs.

3.2. Effect of hydroquinone doping in gel-electrolyte

Recently, some interesting investigation showed the advance-
ment in supercapacitive performance of electrodes using redox/
active electrolytes [30,31] in particular conducting polymers [30].
In our recent investigation, we proved that, the inclusion of redox
active species (hydroquinone) in gel-electrolyte significantly im-
proves the performance of rGO-PMo; symmetric device [32].
Herein, we are exploring the similar concept to further advance the
supercapacitive performance of rGO-PWy; cell with redox-active
species (hydroquinone) added PVA/H,;SO4 gel-electrolyte. The p-
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benzoquinone exhibits a redox couple of Quinone/Hydroquinone
(Q/HQ) which is highly reversible. The hybrid electrolytes were
prepared with three different concentrations of hydroquinone. The
CV curves for rGO-PW3 cell with 0.2 M hydroquinone added gel-
electrolyte are shown in Fig. 4(a). Strikingly, the shapes of CV
curves are completely different than that observed for only PVA-
H3S04 electrolyte and shows very strong redox peaks, suggesting
extra-ordinary improvement in the device performance. Obviously,
this excellent advancement can be attributed to the Q/HQ redox
reactions of p-benzoquinone which not only added redox species
but also provides additional protons, thereby offers additional re-
action sites for rapid as well as highly reversible redox processes
[32].

The maximum area under the CV curves ie. the maximum
current density is obtained for 0.2 M concentration of HQ added
gel-electrolyte which starts to decrease for higher concentration of
HQ (supporting information S7). Likewise, the charge/discharge
times for rGO-PWj; cell gradually improves till 0.2 M concentration
of HQ which reduces for further increase in HQ concentration as
shown in Fig. 4(b—d). The volumetric capacitance of rGO-PW1; cells
at various current densities for all HQ concentrations were calcu-
lated and plotted in Fig. 4(e). The volumetric capacitances calcu-
lated for rGO-PWq2 with 0.2 M HQ gel-electrolyte is 6.72 Fjcm®
(592 mF/cm?) and 1.33 Fjan® (117 mF/cm?) at current densities of
1.27 mA/cm? and 25.47 mA/cm?, respectively, significantly higher
than that with conventional gel-electrolyte. There is apparent
decrease in the capacitance with current density which might be
assigned to the slower kinetics at higher current densities
(supporting information S8 and S9).

Thus, a double hybridization approach where rGO-PW1; hybrid
electrode with redox-active species added hybrid gel electrolyte

effectively enhances the performance of the device. The energy and
power densities are shown in the Ragone plots (see Fig. 4(f)). The
maximum energy density for rGO-PWi; cell was found to be
2.39 mWh/cm? (23.11 Wh/kg) at a power density of 11.58 mW/cm>
(112 W/kg) with 0.2 M HQ added gel electrolyte. Surprisingly, at
maximum power of 232 mW/cm® (2.23 kW/kg), rGO-PW, cell
delivers decent energy density values in the range of 0.4—0.8 mWh/
cm’ due to hybrid electrolyte, confirming the great potential for
high energy and high power applications. Compared to the litera-
ture values reported for gel-electrolytes, present investigation of-
fers excellent performances [24—26,28,29,32—35]. Thus, this
innovative investigation open new opportunities for the further
development of high performance supercapacitors.

In order to get deeper insights about the resistive and capacitive
behavior of rGO-PW;; based symmetric cell in 0.2 M HQ doped
H,S04 gel-electrolyte, electrochemical impedance measurements
were performed and presented in Fig. 5. The resulting Nyquist plot
(see Fig. 5(a)) is composed of a semicircle in the high-frequency
region and a straight line with the real axis in the low-frequency
region. This line is called the Warburg line which is a result of the
frequency dependence of ion diffusion in the electrolyte on the
electrode interface. A simple equivalent circuit model to evaluate
this kind of EIS result is shown in inset of Fig. 5(a). The real axis
intercept at high frequency corresponds to the electrolyte resis-
tance (Rs) and it is also known as equivalent series resistance (ESR).
Rt (also known as charge transfer resistance) characterizes the rate
of redox reactions at the electrode-electrolyte interface [36]. Low
charge transfer resistance suggests fast ion transport within the
supercapacitor [37]. CPEq is the constant phase element (CPE)
representing double layer capacitance, which occurs at interfaces
between solids and ionic solutions due to separation of ionic and/or
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electronic charges [38]. W is the Warburg element, which repre-
sents the diffusion of ions into the porous electrode in the inter-
mediate frequency region, and is a result of the frequency
dependence of this diffusion. A possible reason for insensitivity to
varying voltage scan rates is a short and equal diffusion path length
of the ions in the electrolyte, as evidenced by a short Warburg re-
gion on the Nyquist plots. Ry is the leakage resistance which is
placed in parallel with CPE.. This is usually very high and can be
ignored in the circuit. CPE_ denotes pseudocapacitance, which
arises with voltage dependent Faradaic charge transfer processes.
ESR and R values for rGO-PWi2 symmetric cell 0.56 and 1.58 Q,
respectively. These lower values indicate consistent interfacial
contact between the rGO-PW;; electrode and electrolyte. In addi-
tion, anchoring of PW1; on to the surface of rGO nanosheets helps
to facilitate electronic conduction from the PW12 anchored rGO to
current collector; this results in a reduced ESR. Additionally, the
resultant relatively small charge transfer resistance should be
associated with increased contact area at the electrode-electrolyte
interface. Thus, ion transfer and charge transfer is easily facilitated
and reversibility is improved. Plots of normalized real capacitance
vs. frequency and imaginary capacitance vs. frequency are shown in
Fig. 5(b). The plot shows common relaxation-type dispersions
where the real capacitance ‘C’ reduces with frequency while ‘C"”
shows maxima. The relaxation time constant was evaluated using
the following relation (79 = 1/fp), which was found to be 6.2 s for
rGO-PW1; symmetric cell.

The capacitance retention of the rGO-PWi; symmetric cell
measured in the cycling charge-discharge test at a current density
of 12.7 mA/cm2 in redox-active electrolyte and shown in Fig. 5(c).
Although the degradation of capacitance is a common problem in
pseudo-capacitive materials, our rGO-PW1, hybrid cell exhibits
capacity retention in the range of 88—93% with redox-active (HQ)
electrolyte. This high cycling stability is mainly contributed by
synergetic effect of rGO (EDLC) and PMo1; (redox-active molecular
clusters). The practical application of rGO-PWy; cell with redox-
active electrolyte is demonstrated by illuminating LEDs. The word
“NEO” (NEO is short form of our group's name, Novel Energy
Oriented-Materials) of 31 LEDs is lit by single rGO-PW1; cell with
0.2 M HQ added gel-electrolyte for almost 120 s after a charging the
cell for about 30 s, suggesting excellent energy output on fast
charging (see Fig. 5(d)). The reasons for this excellent electro-
chemical performances are listed as follows: 1) hybrid electrode,
which is a combination of two best materials of two different
charge storing behavior such as faradaic (PWi3)and EDLC (rGO), 2)
open-porous interconnected rGO nanosheets offers conducting
channels for fast ionic transport, 3) excellent redox contribution
from homogeneously anchored quantum sized PWi; molecular
clusters 3) Large operational working voltage window (1.6 V) pro-
vided by unique cell design rGO-PW;2/PVA-H2S04/rGO-PW13,
resulting in enhanced energy density, 4) Hybrid electrolyte:
incorporation of H/HQ redox active species in polymer gel-
electrolyte certainly provides extra protons and surplus redox
active sites to store energy. Certainly, the addition of hydroquinone
redox couple offers molecular moieties which can introduce
battery-like properties in the cell and consequently improves the
energy density of the device.

4. Conclusions

An innovative concept of double hybridization (hybrid
electrode + hybrid electrolyte) in solid state supercapacitors is
successfully explored including: i) design and synthesis of hybrid
electrode by decorating redox-active PWj; nanodots onto the
nanosheets of rGO and ii) applying a hybrid electrolyte, incorpo-
rating hydroquinone redox couple to PVA-H,S0, gel-electrolyte.

With the conventional gel-electrolyte, the symmetric cell based
on rGO-PW1, hybrid shows considerable enhancement in the de-
vice performance, providing wider voltage window up to 1.6 V,
which delivers an energy density of 1.05 mWh/cm®. Furthermore,
an incorporation of redox-active HQ into a gel electrolyte extra-
ordinarily improves the performance of rGO-PWy, based device.
Remarkably, a 2-fold increase in the energy density (2.38 mWh/
cm?) is achieved after introduction of redox-active species. Thus,
overall results ensure that the double hybrid approach (rGO-PW,
hybrid electrode) and hybrid electrolyte (redox-active) is promising
for the development of high performance supercapacitors.
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Fig. S1 Raman Spectra for rGO and rGO-PW 1, hybrid materials
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Fig. S2 (a) Full XPS spectra of rGO and rGO-PW,, samples, (b) HR-TEM image of rGO-PW,
sample.
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Calculations:
The cell (device) capacitance (C) and volumetric capacitance of the symmetric devices

were calculated from their CVs according to the following equation:

Q
CceII =
AV (1)
A AxAV and YV xAV 2)

where, C, and Cy are areal and volumetric capacitances, respectively. Q (C) is the
average charge during the charging and discharging process, V is the volume (cm®) of the
whole device (The area and thickness of our symmetric cells is about 0.785 cm? (Area, A=nr?,
3.14 x (0.5)%) and 0.088 cm. Hence, the whole volume of device is about 0.069 cm?, AV (V) is
the voltage window. It is worth mentioning that the volumetric capacitances were calculated
taking into account the volume of the device stack. This includes the active material, the flexible
substrate and the separator with electrolyte.

Alternatively, the specific capacitance was estimated from the following equation:

1AV -dt

C
m-V?

(3)

where, | is the discharge current, m is the mass of the active material (both electrodes)
and Vs the potential window excluding the iR drop.

The volumetric (Cy) capacitance was further calculated by replacing ‘m’ by v- volume
(cm®) of the whole device (the whole volume of our device is about 0.069 cm?), At is the
discharging time, AV (V) is the voltage window.

Volumetric energy (E, Wh/cm®) and power density (P, W/cm) of the devices were

obtained from the following equations:



1

E=—F——C,AV’
2x3600 (4)
p_ 3600x E
At (5)

where E (Wh/cm®) is the energy density, CV is the volumetric capacitance obtained from
Equation (5) and AV (V) is the voltage window, P (W/cm?®) is the power density.

Furthermore, the capacitive behavior of RuCo,O, can also be evaluated from EIS
technique by calculating the real and imaginary capacitance at a corresponding frequency using

following equations:
C(w)=C (0)- C (») (6)

Z ()

Where, C (@) =————
®| Z(o) [

(7)

Z ()

C = Z)r

(8)

where ‘Z’ the complex impedance represented as Z (o) = Z (o) + Z” (0) and o = 2=f where fis
the frequency. C' (o) is the real accessible capacitance of the electrode while C” (o) is the
energy loss due to the irreversible processes of the electrodes, Z° and Z" are the real and

imaginary parts of the Nyquist plot, respectively.
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Table 1 Comparison on supercapacitive values of POM as well as metal oxide based electrodes

Electrode Device Electrolyte Capacitance Ref.
SWCNT-TBA-PV>Mo1q Symmetric | H,SO, 317 mF/cm? at 0.1 [1]
mA/cm?
H3:PMo12,04/ MWCNT Symmetric | H,SO, 38 F/gat5V/s [2]
H3PMo01,040/PPy//H3PW 1,040/PEDOT | Asymmetric | H,SO4 31 F/gat1 mA [3]
H3PMo1,040/PAnNiI Symmetric | H,SO, 195 mF/cm? at 0.125 [4]
mA/cm?
PANI/SiW 4, Symmetric | H,SO, 1.8 mF/cm? 0.5 [5]
mA/cm?
PAnNi/PW 4, Symmetric | H,SO, 15 mF/cm? 0.5 [5]
mA/cm?
MnO,//Fe;O4 Asymmetric | Gel- 1.21 Flcm® at 10 mV/s [6]
electrolyte
ZnO@MnO, Symmetric | Gel- 0.325 F/cm® at 0.5 [7]
electrolyte mA/cm?
TiN Symmetric | Gel- 0.33 Flcm® at 2.5 [8]
electrolyte mA/cm?®
Graphene Symmetric | Gel- 0.42 Ficm® at 0.2 [9]
electrolyte mA/cm?
ZnO@MnO,//graphene Asymmetric | Gel- 0.52 F/cm® at 10 mV/s [10]
electrolyte




H-TiO,@MnO.//TiO,@C Asymmetric | Gel- 0.70 F/cm® at 10 mV/s [11]
electrolyte

rGO-PW;; Symmetric | Gel- 2.95 F/cm® (260 Present
electrolyte mF/cm?) at 1.27 work

mA/cm®

rGO-PW;, with HQ doping Symmetric | HQ doped 6.72 F/cm® (592 Present
gel- mF/cm®) at 1.27 work
electrolyte mA/cm?
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Design and Fabrication of Printed Paper-Based Hybrid
Micro-Supercapacitor by using Graphene and

Redox-Active Electrolyte

Bhawna Nagar,”*® Deepak P. Dubal,® ' Luis Pires,” Arben Merkoci,” ¥ and

Pedro Gomez-Romero*™

Inspired by future needs of flexible, simple, and low-cost
energy storage devices, smart graphene-based micro-superca-
pacitors on conventional Xerox paper substrates were devel-
oped. The use of redox-active species (iodine redox couple)
was explored to further improve the paper device's per-
formance. The device based on printed graphene paper itself
already had a remarkable maximum volumetric capacitance of
29.6 mFcm ® (volume of whole device) at 6.5 mAcm>. The
performance of the hybrid electrode with redox-active potassi-

Introduction

The demand for highly efficient and cost-effective energy stor-
age systems is on a steep rise. Consequently, research into
energy storage technologies is trying to keep pace through
the development of new materials and devices. Electrochemi-
cal energy storage devices—primarily batteries and supercapa-
citors—are some of the most promising technologies in this
relentless race. The batteries work on a bulk storage mecha-
nism, exhibiting a high energy density but a low power density
and less cycling stability, whereas supercapacitors work on
storing charges through non-faradaic surface adsorption and/
or faradaic redox reactions (pseudocapacitive) and feature high
power density with excellent cycling stabilities."? Graphene is
a well-known two-dimensional (2D) nanocarbon material with
outstanding thermal and electrical conductivity and high me-
chanical and chemical stability. Owing to its high surface area,
graphene has a very high inherent electric-double-layer capaci-
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um iodide at the graphene surface was tested. Remarkably, the
hybrid device showed improved volumetric capacitance of
130 mFcm . The maximum energy density for a graphene +KI
device in H,SO, electrolyte was estimated to be
0.026 mWhcm™. Thus, this work offers a new simple, and
lightweight micro-supercapacitor based on low-cost printed
graphene paper, which will have great applications in portable
electronics.

tance.”’ The calculated theoretical specific capacitance of

single-layered graphene is approximately 21 uFcm™ or
550 Fg~'.™ In practice, however, these values are lower for sev-
eral reasons, among which, the re-stacking of graphene layers,
which hides and limits its active area, is one of the most detri-
mental. Thus, effective microstructuring of graphene electrodes
is one of the primary approaches towards high-performance
graphene supercapacitors. The other main approach is the re-
inforcement of its energy storage capability by hybridization,
that is, through the incorporation of faradaic charge-storage
components. Redox-active species can be incorporated into
the device by means of three different approaches, namely,
i) covalent attachment to graphene electrodes, i) adsorption
onto the capacitive carbon-based electrodes or iii) they can be
added to the electrolyte, turning it into a hybrid redox-active
electrolyte.

In this study, we designed a high-performance graphene
micro-supercapacitor by tackling both the shaping of gra-
phene electrodes by direct printing on a paper substrate and
the improvement of energy storage by incorporation of a
redox-active species, potassium iodide (KI). Kl is a remarkably
non-toxic and environmentally friendly redox-active species
compared to other redox species used in energy storage re-
search, like hydroquinone, catechol, ferro/ferricyanide etc. Ki
enhances the capacitance of the device by forming different
redox pairs of iodide on the surface of the electrode 317/,
217/1, 21, /31, and 1,/210,~.F

Flexibility and portability are two widely expected character-
istics for modern industrial electronic technologies, which
enable the fabrication a variety of sophisticated applications,
such as flexible touchscreens, implantable sensors, flexible
mobile phones, and flexible OLEDs.®”' Paper is among the

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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best-known substrate materials for such applications, as it is
flexible, highly cost-effective, environmentally compatible, and
easy to handle. It is composed of cellulose, with a size of
210 mmx297 mm (DinA4 paper) and diameter of 20 um.
Papers has found a wide range of applications in electronics,
solar cells, and energy devices and is also highly suitable for
printing.®

Various printing techniques have been used for the fabrica-
tion of flexible electrodes for energy storage application, in-
cluding roll-to-roll, screen printing, inkjet printing, and transfer
techniques.”"" However, all of these printing methods have
pros and cons and it is therefore very important to use the
most appropriate printing technique for each specific applica-
tion. In this study, a modified transfer technique using a wax
printer and stamping mechanism was used in which a pattern
was drawn over a nitrocellulose filter membrane and graphene
was filtered through it and the pattern stamped over paper.
This technique does not allow graphene sheets to move
through the paper and they remain at the surface while the in-
terior of the paper can be used as an electrolyte absorbent, as
well as a separator. Thus, this strategy provides a unique
means of fabrication for paper-based supercapacitors, which
can be used in several portable and wearable applications.

We have designed and engineered a smart paper-based gra-
phene supercapacitor device from the point of view of feasibil-
ity in industries that require easy and cheap fabrication along
with enhanced supercapacitive properties in an aqueous elec-
trolyte. The motivation is to enhance the capacitance and volt-
age of supercapacitors using aqueous electrolytes by shifting
the oxygen evolution potential. In this context, we have used
potassium iodide as a redox-active species (iodide/iodine
redox pair), which stimulates the capacitance and widen the

CHEM® ' “CHEM
Full Papers

voltage window."*" Most of the previous work has focused
on the introduction of Kl species in the electrolyte."*'? How-
ever, in the present study, we have investigated the effect of Kl
addition on the surface of printed graphene electrodes.

Results and Discussion
Morphological analysis

The transmission electron microscopy (TEM) image of the gra-
phene nanosheet (Figure 1a) shows that the nanosheets are
thin and transparent with extra-large size and its selected-area
electron-diffraction (SAED) pattern (Figure 1b) confirms the for-
mation of graphene. Figure 1c shows the scanning electron
microscopy (SEM) image of a usual copy paper printed with
graphene from the top view and a cross sectional view. The
morphology of the paper is very rough and we took the ad-
vantage of this surface roughness to build an energy storage
device that can absorb more electrolyte than the semipermea-
ble filter membranes and can hence provide increased access
to the exposed stamp-printed graphene. The SEM image in
Figure 1d shows the uniform printing of graphene sheets over
the paper surface. With this printing technique, the graphene
stays only at the surface of the paper and does not penetrate
through to the other side, allowing us to stamp the prints on
both sides of the paper, which serves as both a substrate and
a separator (see cross-sectional view, Figure 1¢). Owing to
strong binding forces in the paper, the adhesion of graphene
layers to the paper is very strong and can be retained through-
out a rubbing test.

Raman spectroscopy was used for verifying graphene layers.
The distinctive G and 2D peaks appeared at 1580 and

D- peak

Intensity (a.u.)

Intensity (a.u.)

1000 1500

2000

Wavenumber (cm'")

2500
20 (Degree)

Figure 1. Investigation of the morphology of graphene used: a) TEM image of the graphene sheets. b) SAED pattern. ¢,d) SEM images of cross-section and
top view of graphene print. €) Raman spectra of the graphene sheets. f) Corresponding XRD pattern.
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2702 cm™', respectively, and correspond to few-layered gra-
phene with a D-band at 1350 cm™', indicating few defects (Fig-
ure 1e). The Ig/l,, ratio suggested the formation of few-layered
graphene.” The narrow 2D peak appears at 2700 cm~', which
is different from 2D peak of graphite as it is a mixture of 2D,
and 2D,.”"?? Moreover, the X-ray diffraction (XRD) pattern (Fig-
ure 1f) showed a broad peak at 24.5°, which is associated with
the characteristic (002) plane of graphene and represents an
interlayer distance of 0.35 nm.”?

Figure 2 shows some of the steps involved in the printing
and fabrication of a device. Figure 2a-c shows photographs of
graphene printed on both sides of the paper, suggesting a
highly flexible electrode design to be used in supercapacitors.
Figure 2d shows a schematic diagram of the supercapacitor
cell assembly for testing.

CC Mesh (d)

s : ; Printed
LA
paper

CC Mesh

Figure 2. a—c) Graphene printed on both sides of the flexible paper. d) Sche-
matic diagram of the device assembly. Inset shows an assembled device
used for electrochemical measurements.

Electrochemical testing

All electrochemical testing of the device was performed in a
two-electrode system by using 1m H,SO, electrolyte (see the
Supporting Information, Figure S1). Figure 3a shows the cyclic
voltammetry (CV) curves of the paper based micro-supercapa-
citor device in a conventional 1m H,SO, electrolyte at various
scan rates ranging from 5 to 100 mVs™' in the voltage range
of 0-0.8V. The CV curve shapes are ideally rectangular with
perfect symmetry, which corresponds to the inherent electric-
double-layer capacitance (EDLC) of graphene sheets. The
paper substrate did not interfere in the performance of the
device and the capacitance increased with increasing scan
rate. To assess the overall device performance in terms of
energy storage, galvanostatic charge-discharge measurements
were carried out at current densities from 6.5 to 10.5 mAcm~3
(Figure 3b). The volumetric capacitance calculated from
charge—discharge curves [see Experimental Section, Egs. (5)
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Figure 3. a) Cyclic voltammogram of the graphene device in conventional
H,SO, electrolyte. b) Charge-discharge curves.

and (6)] were 15.48, 19.6, 24, and 29.6 mFcm ™ at current den-
sities of 6.5, 7.8, 9.2, and 10.5 mAcm™, respectively (areal ca-
pacitances were 1.2, 1.4, 1.8, and 2.2 mFcm™2 at 0.79, 0.69,
0.59, and 0.49 mAcm™?, respectively). There is a decrease in
the capacitance with applied current density with a maximum
volumetric capacitance of 29.6 mFcm™ (areal capacitance was
22 mFcm™) at 6.5 mAcm™ in H,S0, electrolyte. The calculat-
ed capacitance is significantly higher than that for some other
reported supercapacitor devices. For example, Wu et al. report-
ed a capacitance of 0.95 mFcm™2 for an interdigitated reduced
graphene oxide hydrogel-patterned micro-supercapacitor over
a metallic substrate.?” Pech and co-workers reported a capaci-
tance of 2.1 mFcm™ for an inkjet-printed graphene micro-su-
percapacitor with an Et,NBF, electrolyte,” whereas Bae et al.
attained around 0.4 mFcm™? areal capacitance by using gra-
phene and ZnO nanowires.” Similarly, Gao et al. developed a
flexible solid-state graphene supercapacitor with a capacitance
of 12.4 uFcm 2?1

The general goal of hybrid materials design is to combine
the properties and identify synergies between two different
materials. In energy storage devices, hybrid materials enhance
the electrochemical performance of the device by comple-
menting capacitive with pseudocapacitive materials.”? In the
present work, we adsorbed a redox-active species—particular
potassium iodide—on the surface of graphene to improve the
performance of the final device. We tested three different con-
centrations of Kl adsorbed onto graphene and compared the
results to those for the graphene+H,SO, system. To confirm
the presence and adsorption retention of iodide species on
the surface of the graphene electrode, we carried out X-ray
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photoelectron spectroscopy (XPS) of our positive (working)
electrode at different stages, that is, before cycling, after the
first charge, and after the first discharge (Figure 4a,b). The XPS
spectra suggest the presence of C, O, and | peaks in all three
graphene samples (Figure 4a). The two apparent 13d peaks at
619.4 and 631.0 eV can be assigned to 13d,, and 13d;,, states,
respectively (Figure 4b). The signal for 13d;,, at 619.6 eV corre-
spond to bonding between carbon and iodine species, such as
C—l and C—I"—C as the oxidation products of I~ during the re-
action process.”®*! The amounts of iodide species adsorbed
onto the graphene surface were found to be 86 at%, which
slightly decreased after the first charge (to around 78 at%) and
thereafter remained constant (at around 77 at%). These results
suggest that only a very small percentage of the iodide species
dissolved in the acidic electrolyte in the beginning, and the
amount remained constant thereafter, indicating a very effi-
cient attachment of iodide on the graphene surface. The elec-
trochemical performances of the as-assembled device with
iodide species adsorbed on graphene are presented in
Figure 5 (for further details, see Figures S2-S4). Figure 5a
shows the cyclic voltammetry (CV) curves for printed graphene
device in conventional H,50, and KI-doped graphene electrode
at a scan rate of 10 mVs™'. The area under the CV curves in-
creases significantly with the concentration of KI, suggesting a
remarkable increase in the capacitance of the device. The
device can be easily cycled up to 1.2V, whereas for conven-
tional electrochemical capacitors with aqueous electrolytes the
working voltage range varies from 0.6 to 0.8 V.°” Moreover,
the shapes of the CV curves are distorted from the ideal rec-
tangular shapes typical of electric-double-layer capacitors
(carbon materials), which confirms the involvement of redox-
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Figure 4. a) XPS spectra of graphene with Kl adsorbed before and after elec-
trochemical measurements. b) High-resolution magnification of the 13d sig-
nals.

active species (iodine/iodide) at the electrode/electrolyte inter-
face.
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Figure 5.a) CV at 10 mVs™' and b) charge-discharge curves at 6.5 mAcm~* of the graphene device with different concentrations of KI. ¢) Comparative volu-
metric capacitance with unmodified graphene and graphene with different KI concentrations at different current values. d) Ragone plot of the device.
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The charge storage mechanism of paper-based hybrid
micro-supercapacitors is explained as follows: After initiation
of the reaction (providing the required potential to the iodide
species), both reactants and products (I” and I;~ ions) are neg-
atively charged in the aqueous electrochemical oxidation of io-
dides. These species balance the charges in the electrochemi-
cal double layer (EDL) while electrostatically remaining in the
positively charged electrode, hence increasing the charge stor-
age capacity. The CV curves show the iodide redox reaction
peaks, which are the source of the extra (redox) capacity and
can be assigned to the reactions given by Equations (1)-(4)
(with Eq. (2) predominating in aqueous media):""?

210 =L, +2e (1)
3N = 137 +2e” (2)
217 — 3,4+ 2e” (3)
l,+6H,0 — 210;~ +12H" + 10e” (4)

Considering that the ions can turn into polyions, the possi-
bility of formation of polyiodides (I;7/I;") cannot be ruled out,
but, according to the Pourbaix diagram for iodine,®"3? the
possibility of their formation is low (it is more favorable in alka-
line medium and at slightly higher potentials) and also the io-
dides have limited tendency for solvation. Moreover, the in-
crease in the operating voltage can be further ascribed to the
presence of K, as reported by Fic et al.*¥ The addition of Kl ex-
tends the hydrogen evolution potential of the working elec-
trode in the negative region and shows redox activity in the
positive range. In the present investigation, we took advantage
of this characteristic of Kl and obtained an extended voltage
window for our printed graphene device, although, with the
extension of potential at the positive end, the hydrogen stor-
age process becomes aggravated and the total potential
window is compromised. However, these ranges can be further
enhanced by using asymmetric electrodes, different electrode
materials or electrolytes.®*=>¢

The galvanostatic charge-discharge curves recorded at
6.5 mAcm™ (Figure 5b) are in good agreement with the CV re-
sults (Figure 5a). The device with 2m Kl showed a prolonged
discharge time over those with other concentrations, indicat-
ing high energy and capacitance. The maximum volumetric ca-
pacitance obtained for graphene device with 2m Kl is
130 mFcm ™ (9.8 mFcm ™), which is almost 5 times higher than
that for the conventional graphene electrode (Figure 5¢). In
addition, the device achieved maximum energy and power
density values of 0.026 mWhcm™ and 13.38 mWcm ™, respec-
tively, in the presence of 2m Kl+4graphene in H,SO, (Fig-
ure 5d). Among the three concentrations, the device showed
maximum efficiency with 2m Kl added to H,SO,. To our knowl-
edge, the maximum capacitance and the working potential
range observed here are the highest reported to date for a
paper-based graphene micro-supercapacitor device with aque-
ous electrolyte.

Electrochemical impedance spectroscopy (EIS) was carried
out on the devices in the frequency range of 100 kHz-
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100 mHz at electrical open-circuit potential. The Nyquist plot
obtained for the micro-supercapacitor device (Figure 6a) indi-
cates that the devices acts like a pure capacitor without any
sign of resistor-like behavior that blocks the transfer of charges
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Figure 6. Electrochemical Impedance measurements: a) Nyquist Plot of the
device with and enlarged view (inset). b) Bode plot of the micro-supercapa-
citor. ¢) Real and imaginary capacitances (C' and C") vs. frequency (logf) of

graphene- and graphene +Kl-based micro-supercapacitors in 1 m H,SO,.

at the electrode/electrolyte interface. In theory, a vertical line
at 90° must be observed as a sign of pure capacitor, but some-
how due to few properties of the electrode like roughness, po-
rosity etc., there can be some deviation from the vertical line.
Roughness arising from the paper, addition of redox-active
species and the pore size of graphene could be other possible
reasons for non-vertical low frequency signal in this case. The
Bode plot (Figure 6b) provides information of the phase-angle
dependence on frequency. The phase angle approaches 73° in
the case of graphene, for which EDLC is the sole mechanism of
charge storage, whereas after addition of redox species the
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phase angles shift to 61°, 67°, and 65° for 0.5m Kl, 1m KI, and
2™ Kl, respectively, indicating the dominance of faradaic pro-
cesses as the charge storage mechanism. The phase angle ap-
proaching 90° represents ideal capacitive behavior and the fre-
quency at which the phase angle crosses 45° is associated to
the capacitive behavior of the graphene electrodes. The gra-
phene electrode crosses 45° at a frequency of 1.1 Hz, which al-
ready shows a very fast frequency response, whereas the gra-
phene with iodide species crosses 45° at even lower frequen-
cies of 1.05, 1.05, and 0.85 for 0.5m, 1M, and 2™ KI, respective-
ly, suggesting a swift frequency response owing to adsorbed
iodide and excellent capacitive behavior.®” Additionally, EIS
can be used to study the electrochemical behavior of the fabri-
cated device by using Equations (5)-(7) to calculate the real
and imaginary capacitances at the corresponding frequencies:

C(w) = C(w)—jC" (o) (5)
: Z"(w)
" _ Z/((U)

where Z is the complex impedance given by Z(w)=Z(w)+
Z"(w) and w =2m7f, fis the frequency, Z' and Z" are the real and
imaginary parts of the Nyquist plot and C' and C” are the real
and imaginary capacitances. In the plot of capacitance vs. fre-
quency (Figure 6¢), the capacitance decreases with increasing
frequency. We determined the relaxation time constant (z,) by
using Equation (8):

—¢ ®

where 7. is the minimum time needed by the device to dis-
charge all of its energy with more than 50% efficiency of the
maximum value and f, is the frequency. It is taken from the fre-
quency at maximum C".B%3¥ The lowest relaxation time con-
stant was calculated for graphene electrodes to be 200 ms.
This value is significantly lower than those for supercapacitors
based on activated carbon (700 ms, 4.3 5),"” reduced graphene
oxide (1.034s, 430 ms),*"*! and hybrid graphene (392 ms).*¥
The long-term cycling stability was investigated at a current
density of 2 mA for 3000 galvanostatic charge-discharge cycles
(Figure 7). Around 97 % capacitance retention over 3000 cycles
for the device with graphene in H,SO, electrolyte was ob-
served. In contrast, the capacitance declines quickly for gra-
phene electrodes with Kl added graphene SCs (90.4%, 84 %,
and 65% capacitance retention with 0.5m, 1M, and 2m Ki, re-
spectively). This decrease in the capacitance might be attribut-
ed to the redox transitions of iodide species during the
charge-discharge process.

These results demonstrate the feasibility of using a simple
technique with cost-effective materials to fabricate highly effi-
cient supercapacitors. In addition to the excellent electrochem-
ical performances, this work opens a pool of possibilities to
aiding advancements in the field of flexible paper-based devi-
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Figure 7. Capacitance retention of printed graphene device with and with-
out Kl species over 3000 charge-discharge cycles.

ces. For example, the performances can be further improved
by using different redox-active electrolytes, graphene based
hybrids composites electrodes, different quality of papers and
fabrication of handy pouch devices.

Conclusions

We have designed and engineered a paper-based graphene
micro-supercapacitor device by introducing the redox-active
species Kl onto the surface of graphene electrodes. This strat-
egy not only enhanced the capacitance but also extended the
working voltage range, eventually leading to improved energy
and power densities. The paper simultaneously served three
functions: as substrate, separator, and electrolyte absorbent
without any pre-treatment. This device is fabricated by using a
facile stamping technique and provided a maximum volumet-
ric capacitance of 130 mFcm™® (areal capacitance of
10 mFecm™) at 6.5 mAcm™. Moreover, the maximum energy
and power densities were calculated to be 0.026 mWhcm™?
and 134 mWcm™, respectively. The device exhibited very
good cycling stability of around 97% capacitance retention
over 3000 cycles. Since research on paper-based supercapaci-
tor devices is in its early stages compared to that on devices
based on other flexible substrates, these results show a very
good combination of EDLC and redox mechanism by using
this hybrid electrode concept, which opens a door for further
research in this area.

Methods

Materials and reagents

Pristine graphene powder (<20 um), potassium iodide
(>99.0%), and sulfuric acid (99.999%) were purchased from
Sigma Aldrich. Nitrocellulose filter membranes (pore size=
0.025 um) were purchased from MF-Milipore, Merck.
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Fabrication of graphene-KI hybrid

Graphene was synthesized by using similar procedure to that
described in Ref. [45]. A 0.25 mgmL ' graphene dispersion was
prepared by sonication.0.5m, 1m, or 2m Kl was then added to
the graphene suspension and the mixture sonicated for 1h
and left to settle overnight. The sediment was filtered off and
re-dispersed in deionized water.

Stamp printing was used for printing of graphene on both
sides of the paper by the method described in Ref. [46]. Briefly,
graphene was dispersed in water at a concentration of
0.25 mgmL~" and filtered through a hydrophilic 0.025 um pore
size nitrocellulose filter membrane with a diameter of 47 mm
having had a pattern printed on it by using a Xerox ColorQube
8570 printer. This pattern was then transferred onto the paper
by a roll-to-roll mechanism (built into the printer)

Fabrication and performance evaluation of graphene device

The printed electrodes were soaked in either conventional
H,SO, or Kl-added H,SO, for 5 min before each measurement.
Carbon cloth was used as the current collector and was placed
on both sides of the paper. The device was covered with a
nonconducting parafilm tape and a clip was used to hold the
device together before making connections for electrochemical
measurements.

A Biologic potentiostat/galvanostat was used for all electro-
chemical measurements within the voltage range of 0-1.2 V.
Electrochemical impedance spectroscopy (EIS) was carried in
the frequency range of 100 kHz-100 mHz. The areal capaci-
tance (C,) and volumetric capacitance (C,) of a two-electrode
cell was calculated by using Equations (9) and (10):

I X Ay

C\/_W (9)
I X Ay

aiAdXVZ (10)

where [ is the current, t is the time, Ay is the area of the
charge-discharge curve, V4 and A, are the volume and area of
device, respectively, V represents the working voltage window.
The areal and volumetric energy densities (E, and E,) and areal
and volumetric power densities (P, and P,) were calculated by
using Equations (11) and (12):

1 1

£ =G x V2, Ey=5Cx V? (11)
E E

Po=2 Py=— (12)

Acknowledgements

Partial funding from MINECO (grants no. MAT2015-68394-R, and
MAT2017-87202-P MINECO/FEDER) and recognition from AGAUR

ChemSusChem 2018, 11, 1849 - 1856 www.chemsuschem.org

1855

CHEM® " =CHEM

(2017 SGR 870) are acknowledged. The ICN2 is supported by the
Severo Ochoa program of the Spanish Ministry of Economy, In-
dustry, and Competitiveness (MINECO, grant no. SEV-2013-0295)
and funded by the CERCA program/ Generdlitat de Catalunya.
This work has been carried out within the framework of
doctoral program (PhD) of Material Science (Department of
Chemistry) of Universitédt Autonoma de Barcelona (UAB).

Keywords: electrochemistry electrolytes -
portable electronics - supercapacitors

graphene

[11 a) P.H. Yang, W.J. Mai, Nano Energy 2014, 8, 274-290; b) D. P. Dubal,
N. R. Chodankar, D. H. Kim, P. Gomez-Romero, Chem. Soc. Rev. 2018, 47,
2065-2129.
[2] D.P. Dubal, O. Ayyad, V. Ruiz, P. Gomez-Romero, Chem. Soc. Rev. 2015,
44,1777 -1790.
3] Q. Ke, J. Wang, J. Materiomics 2016, 2, 37 -54.
4] J. Xia, F. Chen, J. Li, N. Tao, Nat. Nanotechnol. 2009, 4, 505 -509.
5] D. Madhabi, A. Kumar, J. Phys. D 2018, 51, 085501.
6] Y. Xu, Z. Lin, X. Huang, Y. Wang, Y. Huang, X. Duan, Adv. Mater. 2013, 25,
5779-5784.
[71 W.K. Chee, H.N. Lim, Z. Zainal, N. M. Huang, |. Harrison, Y. Andou, J.
Phys. Chem. C 2016, 120, 4153-4172.
[8] Y.Z. Zhang, Y. Wang, T. Cheng, W. Y. Lai, H. Pang, W. Huang, Chem. Soc.
Rev. 2015, 44, 5181-5199.
[9] S. Lawes, A. Riese, Q. Sun, N. Cheng, X. Sun, Carbon 2015, 92, 150-176.
[10] B. Roth, R.R. Sendergaard, F. C. Krebs in Handbook of Flexible Organic
Electronics (Ed.: S. Logothetidis), Woodhead, Oxford, 2015, pp.171-
197.

[11] E.B. Secor, P.L. Prabhumirashi, K. Puntambekar, M.L. Geier, M.C.
Hersam, J. Phys. Chem. Lett. 2013, 4, 1347 -1351.

[12] F. Béguin, V. Presser, A. Balducci, E. Frackowiak, Adv. Mater. 2014, 26,
2219-2251.

[13] E. Frackowiak, M. Meller, J. Menzel, D. Gastol, K. Fic, Faraday Discuss.
2014, 172, 179-198.

[14] S. Roldén, Z. Gonzalez, C. Blanco, M. Granda, R. Menendez, R. Santama-
ria, Electrochim. Acta 2011, 56, 3401 -3405.

[15] A. Singh, A. Chandra, Sci. Rep. 2016, 6, 25793.

[16] X. Cai, X. Cui, L. Zu, Y. Zhang, X. Gao, H. Lian, Y. Liu, X. Wang, Polymers

2017, 9, 288.

[17] D. Reber, R.-S. Kihnel, C. Battaglia, Sustainable Energy Fuels 2017, 1,
2155-2161.

[18] D. Xu, W. Hu, X.N. Sun, P. Cui, X.Y. Chen, J. Power Sources 2017, 341,
448 -456.

[19] Y. Zhang, L. Zu, H. Lian, Z. Hu, Y. Jiang, Y. Liu, X. Wang, X. Cui, J. Alloys
Compd 2017, 694, 136-144.

[20] W. Wang, S. Guo, M. Penchey, I. Ruiz, K. N. Bozhiloy, D. Yan, M. Ozkan,
C. S. Ozkan, Nano Energy 2013, 2, 294-303.

[21] A.C. Ferrari, Solid State Commun. 2007, 143, 47 -57.

[22] L. M. Malard, M. A. Pimenta, G. Dresselhaus, M. S. Dresselhaus, Phys. Rep.
2009, 473, 51-87.

[23] T. Lan, H. Qiu, F. Xie, J. Yang, M. Wei, Sci. Rep. 2015, 5, 8498.

[24] Z.-K. Wu, Z. Lin, L. Li, B. Song, K.-S. Moon, S.-L. Bai, C.-P. Wong, Nano
Energy 2014, 10, 222-228.

[25] D. Pech, M. Brunet, P-L. Taberna, P. Simon, N. Fabre, F. Mesnilgrente, V.
Conedera, H. Durou, J. Power Sources 2010, 195, 1266 - 12609.

[26] J. Bae, Y.J. Park, M. Lee, S.N. Cha, Y.J. Choi, C.S. Lee, J. M. Kim, Z. L.
Wang, Adv. Mater. 2011, 23, 3446 -3449.

[27] Y. Gao, Y.S. Zhou, W. Xiong, L. J. Jiang, M. Mahjouri-samani, P. Thirugna-
nam, X. Huang, M. M. Wang, L. Jiang, Y.F. Lu, APL Mater. 2013, 1,
012101.

[28] L. Demarconnay, E. Raymundo-Pifiero, F. Béguin, Electrochem. Commun.
2010, 712, 1275-1278.

[29] K. Jayaramulu, D.P. Dubal, B. Nagar, V. Ranc, O. Tomanec, M. Petr,
K. K.R. Datta, R. Zboril, P. Gomez-Romero, R.A. Fischer, Adv. Mater.
2018, 30, 1705789.

[30] C. Zhong, Y. Deng, W. Hu, J. Qiao, L. Zhang, J. Zhang, Chem. Soc. Rev.
2015, 44, 7484-7539.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1016/j.nanoen.2014.05.022
https://doi.org/10.1016/j.nanoen.2014.05.022
https://doi.org/10.1016/j.nanoen.2014.05.022
https://doi.org/10.1039/C7CS00505A
https://doi.org/10.1039/C7CS00505A
https://doi.org/10.1039/C7CS00505A
https://doi.org/10.1039/C7CS00505A
https://doi.org/10.1039/C4CS00266K
https://doi.org/10.1039/C4CS00266K
https://doi.org/10.1039/C4CS00266K
https://doi.org/10.1039/C4CS00266K
https://doi.org/10.1016/j.jmat.2016.01.001
https://doi.org/10.1016/j.jmat.2016.01.001
https://doi.org/10.1016/j.jmat.2016.01.001
https://doi.org/10.1038/nnano.2009.177
https://doi.org/10.1038/nnano.2009.177
https://doi.org/10.1038/nnano.2009.177
https://doi.org/10.1002/adma.201301928
https://doi.org/10.1002/adma.201301928
https://doi.org/10.1002/adma.201301928
https://doi.org/10.1002/adma.201301928
https://doi.org/10.1021/acs.jpcc.5b10187
https://doi.org/10.1021/acs.jpcc.5b10187
https://doi.org/10.1021/acs.jpcc.5b10187
https://doi.org/10.1021/acs.jpcc.5b10187
https://doi.org/10.1039/C5CS00174A
https://doi.org/10.1039/C5CS00174A
https://doi.org/10.1039/C5CS00174A
https://doi.org/10.1039/C5CS00174A
https://doi.org/10.1016/j.carbon.2015.04.008
https://doi.org/10.1016/j.carbon.2015.04.008
https://doi.org/10.1016/j.carbon.2015.04.008
https://doi.org/10.1021/jz400644c
https://doi.org/10.1021/jz400644c
https://doi.org/10.1021/jz400644c
https://doi.org/10.1002/adma.201304137
https://doi.org/10.1002/adma.201304137
https://doi.org/10.1002/adma.201304137
https://doi.org/10.1002/adma.201304137
https://doi.org/10.1039/C4FD00052H
https://doi.org/10.1039/C4FD00052H
https://doi.org/10.1039/C4FD00052H
https://doi.org/10.1039/C4FD00052H
https://doi.org/10.1016/j.electacta.2010.10.017
https://doi.org/10.1016/j.electacta.2010.10.017
https://doi.org/10.1016/j.electacta.2010.10.017
https://doi.org/10.3390/polym9070288
https://doi.org/10.3390/polym9070288
https://doi.org/10.1039/C7SE00423K
https://doi.org/10.1039/C7SE00423K
https://doi.org/10.1039/C7SE00423K
https://doi.org/10.1039/C7SE00423K
https://doi.org/10.1016/j.jpowsour.2016.12.031
https://doi.org/10.1016/j.jpowsour.2016.12.031
https://doi.org/10.1016/j.jpowsour.2016.12.031
https://doi.org/10.1016/j.jpowsour.2016.12.031
https://doi.org/10.1016/j.jallcom.2016.09.302
https://doi.org/10.1016/j.jallcom.2016.09.302
https://doi.org/10.1016/j.jallcom.2016.09.302
https://doi.org/10.1016/j.jallcom.2016.09.302
https://doi.org/10.1016/j.nanoen.2012.10.001
https://doi.org/10.1016/j.nanoen.2012.10.001
https://doi.org/10.1016/j.nanoen.2012.10.001
https://doi.org/10.1016/j.ssc.2007.03.052
https://doi.org/10.1016/j.ssc.2007.03.052
https://doi.org/10.1016/j.ssc.2007.03.052
https://doi.org/10.1016/j.physrep.2009.02.003
https://doi.org/10.1016/j.physrep.2009.02.003
https://doi.org/10.1016/j.physrep.2009.02.003
https://doi.org/10.1016/j.physrep.2009.02.003
https://doi.org/10.1016/j.nanoen.2014.09.019
https://doi.org/10.1016/j.nanoen.2014.09.019
https://doi.org/10.1016/j.nanoen.2014.09.019
https://doi.org/10.1016/j.nanoen.2014.09.019
https://doi.org/10.1016/j.jpowsour.2009.08.085
https://doi.org/10.1016/j.jpowsour.2009.08.085
https://doi.org/10.1016/j.jpowsour.2009.08.085
https://doi.org/10.1002/adma.201101345
https://doi.org/10.1002/adma.201101345
https://doi.org/10.1002/adma.201101345
https://doi.org/10.1063/1.4808242
https://doi.org/10.1063/1.4808242
https://doi.org/10.1016/j.elecom.2010.06.036
https://doi.org/10.1016/j.elecom.2010.06.036
https://doi.org/10.1016/j.elecom.2010.06.036
https://doi.org/10.1016/j.elecom.2010.06.036
https://doi.org/10.1002/adma.201705789
https://doi.org/10.1002/adma.201705789
https://doi.org/10.1039/C5CS00303B
https://doi.org/10.1039/C5CS00303B
https://doi.org/10.1039/C5CS00303B
https://doi.org/10.1039/C5CS00303B
http://www.chemsuschem.org

o CHEM® ' =CHEM

\9 *ChemPubSoc
oo Europe

311

[32]

[33]

[34]

[35]
[36]

371

[38]
[39]

ChemSusChem 2018, 11, 1849 - 1856

Y. Liu, H. R. von Gunten, Migration Chemistry and Behaviour of lodine Rel-
evant to Geological Disposal of Radioactive Wastes: A Literature Review
with a Compilation of Sorption Data, PSI Bericht No. 16, 1988, https://
www.nagra.ch/data/documents/database/dokumente/$default/De-
fault%20Folder/Publikationen/NTBs%201987-1988/e_ntb88-29.pdf.

F. P. Glasser in Chemistry and Microstructure of Solidified Waste Forms
(Ed.: R. D. Spence), CRC Press, Boca Raton, FL, 1993, Chapter 1, pp. 1-
40.

K. Fic, M. Meller, E. Frackowiak, J. Electrochem. Soc. 2015, 162, A5140-
A5147.

N. R. Chodankar, D. P. Dubal, A. C. Lokhande, A. M. Patil, J. H. Kim, C.D.
Lokhande, Sci. Rep. 2016, 6, 39205.

J. Menzel, K. Fic, E. Frackowiak, Prog. Nat. Sci. 2015, 25, 642 -649.

E. Frackowiak, K. Fic, M. Meller, G. Lota, ChemSusChem 2012, 5, 1181-
1185.

D.P. Dubal, N.R. Chodankar, R. Holze, D.-H. Kim, P. Gomez-Romero,
ChemSusChem 2017, 10, 1771-1782.

K. Byungwoo, C. Haegeun, K. Woong, Nanotechnology 2012, 23, 155401.
K. Sheng, Y. Sun, C. Li, W. Yuan, G. Shi, Sci. Rep. 2012, 2, 247.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Full Papers

T. M. Masikhwa, M. J. Madito, D. Y. Momodu, J. K. Dangbegnon, O. Guel-
lati, A. Harat, M. Guerioune, F. Barzegar, N. Manyala, RSC Adv. 2016, 6,
46723 -46732.

K. Lee, D. Kim, Y. Yoon, J. Yang, H.-G. Yun, 1-K. You, H. Lee, RSC Adv.
2015, 5, 60914-60919.

A. Muthurasu, P. Dhandapani, V. Ganesh, New J. Chem. 2016, 40, 9111 -
9124.

K. P. Singh, D. Bhattacharjya, F. Razmjooei, Y.-S. Yu, Sci. Rep. 2016, 6,
31555.

J. Yan, W. Sun, T. Wei, Q. Zhang, Z. Fan, F. Wei, J. Mater. Chem. 2012, 22,
11494-11502.

H. Zhu, Y. Cao, J. Zhang, W. Zhang, Y. Xu, J. Guo, W. Yang, J. Liu, J.
Mater. Sci. 2016, 51, 3675-3683.

L. Baptista-Pires, C. Mayorga-Martinez, M. Medina-Sanchez, H. Monton,
A. Merkoci, ACS Nano 2016, 10, 853 -860.

Manuscript received: March 3, 2018
Revised manuscript received: April 5, 2018
Version of record online: May 22, 2018

www.chemsuschem.org

1856

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://www.nagra.ch/data/documents/database/dokumente/$default/Default%20Folder/Publikationen/NTBs%201987-1988/e_ntb88-29.pdf
https://www.nagra.ch/data/documents/database/dokumente/$default/Default%20Folder/Publikationen/NTBs%201987-1988/e_ntb88-29.pdf
https://www.nagra.ch/data/documents/database/dokumente/$default/Default%20Folder/Publikationen/NTBs%201987-1988/e_ntb88-29.pdf
https://www.nagra.ch/data/documents/database/dokumente/$default/Default%20Folder/Publikationen/NTBs%201987-1988/e_ntb88-29.pdf
https://doi.org/10.1149/2.0251505jes
https://doi.org/10.1149/2.0251505jes
https://doi.org/10.1149/2.0251505jes
https://doi.org/10.1016/j.pnsc.2015.12.001
https://doi.org/10.1016/j.pnsc.2015.12.001
https://doi.org/10.1016/j.pnsc.2015.12.001
https://doi.org/10.1002/cssc.201200227
https://doi.org/10.1002/cssc.201200227
https://doi.org/10.1002/cssc.201200227
https://doi.org/10.1002/cssc.201700001
https://doi.org/10.1002/cssc.201700001
https://doi.org/10.1002/cssc.201700001
https://doi.org/10.1039/C6RA07419G
https://doi.org/10.1039/C6RA07419G
https://doi.org/10.1039/C6RA07419G
https://doi.org/10.1039/C6RA07419G
https://doi.org/10.1039/C5RA10246D
https://doi.org/10.1039/C5RA10246D
https://doi.org/10.1039/C5RA10246D
https://doi.org/10.1039/C5RA10246D
https://doi.org/10.1039/C6NJ00586A
https://doi.org/10.1039/C6NJ00586A
https://doi.org/10.1039/C6NJ00586A
https://doi.org/10.1039/c2jm30221g
https://doi.org/10.1039/c2jm30221g
https://doi.org/10.1039/c2jm30221g
https://doi.org/10.1039/c2jm30221g
https://doi.org/10.1007/s10853-015-9655-z
https://doi.org/10.1007/s10853-015-9655-z
https://doi.org/10.1007/s10853-015-9655-z
https://doi.org/10.1007/s10853-015-9655-z
https://doi.org/10.1021/acsnano.5b05963
https://doi.org/10.1021/acsnano.5b05963
https://doi.org/10.1021/acsnano.5b05963
http://www.chemsuschem.org

Article 3: Screen-printed solid-state hybrid microsupercapcitor based

on rGO/Nitrogen-doped carbon nanopipes electrodes and a redox
electrolyte

Bhawna Nagar, Deepak P. Dubal, Marc Ballsells, Arben Merkogi, Pedro Gémez-Romero

71



Screen-printed solid-state hybrid microsupercapcitor based on rGO/Nitrogen-

doped carbon nanopipes electrodes and a redox electrolyte

Bhawna Nagar"'b, Deepak P. Dubald, Marc Bal/sel/sb, Arben Merkog:ibc Pedro Gémez Romero*®

®Novel Energy Oriented Materials group at the Catalan Institute of Nanoscience and Nanotechnology
(ICN2), CSIC and The Barcelona Institute of Science and Technology,
Campus UAB, Bellaterra, 08193 Barcelona, Spain
®Nanobioelectronics and Biosensors Group at the Catalan Institute of Nanoscience and Nanotechnology
(ICN2), CSIC and The Barcelona Institute of Science and Technology, Campus UAB, Bellaterra, Barcelona

08193, Spain

ICREA, Pg. Lluis Companys, 23, Barcelona 08010, Spain

9School of Chemistry, Physics and Mechanical Engineering, Queensland University of Technology (QUT),

2 George Street, Brisbane, QLD 4001, Australia

CORRESPONDING AUTHOR FOOTNOTE
Prof. Pedro Gomez-Romero
Tel.: 434937373608 Fax: + 34936917640

E-mail: pedro.gomez@cin2.es (P. Gomez-Romero)



mailto:pedro.gomez@cin2.es

Abstract

This work demonstrates a functional flexible solid-state microsupercapacitor fabricated by screen-
printing a negative reduced graphene oxide (rGO) and a positive nitrogen-doped carbon nanopipes (N-
CNPipes) composite electrode . Inks of rGO, N-CNPipes and their composite rGO/N-CNPipes were
formulated and printed using an ionic liquid as a binder. The composite exhibited an enhanced
capacitance in comparison with rGO and N-CNPipes, along with 0.2 V extension in the working voltage
window. As and additional upgrade, different concentrations of redox-active potassium iodide (KI) were
introduced into the ag. KOH electrolyte to improve the device performance. As expected, remarkable
enhancement in the capacitance from 6 to 95.34 mF/cm” was obtained for the composite electrode
without and with KI additive, respectively, together with high energy and power densities (19 pWh/cm?
and 11.2 mW/cm? respectively). This easily scalable and simple technique to fabricate such a high-
performing device can offer great advantages in the field of flexible, portable and miniaturized

electronics.

Introduction

There is an intensive research going on finding sustainable solutions to provide high-performing
energy storage devices. As a result, new materials and composites are being extensively and
continuously developed. Supercapacitors are electrochemical energy storage devices that store energy
in form of an electric double layer (EDL) or through surface faradaic redox reactions i.e.
pseudocapacitance. In principle, supercapacitors are high power-density devices with excellent
cyclability when compared to rechargeable batteries. The capacitance, energy and power performance
of a supercapacitor can be enhanced by designing a hybrid system that exhibits both double layer and
pseudocapacitance [1-2], [3]. Graphene, is a perfect material for its use in energy storage devices due to

its unique combination of extraordinary properties like excellent electrical conductivity, high surface



area, excellent mechanical and chemical stability etc [3]. Although these properties of graphene are
highly advantageous for its application in energy storage, the single/exfoliated graphene sheets are not
able to perform to their theoretical limit as they suffer re-stacking of the sheets [3, 5]. This precludes the
material to show 100% efficiency. One way to avoid this is by using different graphene-based structures
like 3D foam or vertically aligned sheets, or by synthesizing graphene based hybrid composites, this
would obstruct the restacking of the sheets and at the same time provide additional benefits to the
device. Different 0D, 1D, 2D and 3D nanostructures and materials can be combined with graphene in
order to improve the overall device performance [5][6]. For instance, CNTs are 1D structures that offer
the advantages of their high aspect ratio, high surface area and good electron and ion conduction. Their
combination has been well applied for numerous applications like energy storage[7][8], biosensors
[9][10], transistors[11][12] etc. Also, by producing defects or doping these nanostructures great
improvements have been shown in the capacitance and energy densities of the resulting supercapacitive
devices [13][14][15]

For applications in electronics, wearables, touch screens etc., it is crucial for a device to be
flexible, portable and scalable. In order to prepare devices that meet the requirement of flexibility and
industrial scalability, simple yet innovative solutions need to be researched[16]. A variety of printing
techniques can be employed for this purpose of printing graphene or graphene based composites
depending on the end applications [17][18][19]. Our work focuses on scalable screen printing methods
to get interdigitated patterns of graphene and N-CNPipes composite over flexible and transparent PET
substrates. Another interesting way to enhance the device performance that has gained a lot of
attention in recent years is the modification of the electrolyte. Conventionally, hybrids of nanocarbons
with a redox active species can be prepared to take advantage of both EDL and pseudocapacitive
storage mechanisms; however, as an alternative, a redox active species can be incorporated into the

electrolyte rather than the electrode causing the device to store energy through faradaic reactions in



solution or through adsorbed species (pseudocapacitance)[20][21][22][23]. This approach results not
only in the enhancement of specific capacitance but also leads to increased specific energy and power
density of the device by expanding the working voltage range.

In this work, we report the fabrication of a hybrid nanocomposite formed by graphene and N-
doped carbon nanopipes. The latter were prepared by using a soft template method where Methyl
orange molecules self-assemble into nanorods in the presence of FeCl3 serving as nucleation and
growth sites for pyrrole polymerization. The composite of polypyrrole/graphene oxide initially formed
was pyrolized to vyield conformal reduced graphene oxide/Nitrogen doped CNPipes (rGO/N-
CNPipes)[24][25]. A flexible interdigitated microsupercapacitor was assembled using a screen-printing
technique. Screen printable inks of the materials were formulated and tested. Herein, the conventional
binder was replaced by an ionic liquid with the intention of increasing the active sites of the material.
lonic liquids are salts that are liquid at room temperatures and are generally used as electrolytes for
supercapacitors[26]; however, some reports have shown their advantageous use as binders to utilize the
active areas in materials that become inactive due to addition on insulating binders[27][28]. For
electrochemical testing, solid-state KOH gel electrolyte was used and later different concentrations of Ki
were tested.

Methods

N-CNPipes and rGO/ N-CNPipes synthesis

Polypyrrole nano-pipes (PPy-NPipes) were prepared using the procedure described elsewhere [13]. In
which 5mM methyl orange and 1.5mM FeCl; (0.243 g)were dissolved in 30 ml double distilled water.
1.5mM (0.1 ml)of pyrrole monomer was then added to the flocculent precipitate and kept it stirring at
room temperature for 24 h. For the PPy/GO composite synthesis, the above procedure was kept the
same with addition of GO (0.005 to 5mg/ml), just before the addition of pyrrole monomer. The formed

precipitates (PPy-NPipes and PPy-NPipes/GO) were filtered-off using Sohxlet filtration using ethanol



until the pH was neutral. Following the cleaning, filtrates as well as dried GO were pyrolysed in a tubular
furnance at 800 °C for 1 h in N, gas with a heating rate of 5 °C/min to produce N-CNPipes, rGO and

rGO/N-CNPipes hybrid

Ag Current collectors Insulation layer
Screen printed rGO/N-CNPipes
composite

Figure 1: Schematic of the device fabrication.

Ink formulation

Inks of all the products were prepared using a combination of 70% active material (AM), 20% binder or
IL, and 10% filler (acetylene black). The powders were mixed using NMP as the solvent to make a thick
screen printable paste. The formulated inks were printed over PET (Polyethylene terephthalate)
substrates using a DEK 248 semi-automatic screen printer (England) through an interdigitated patterned

mask as shown in Fig. 1

Electrolyte Preparation
KOH gel electrolyte was prepared by first dissolving 1g PVA in 10 ml mili-Q water at 80 °C with

continuous stirring. Once the powder was completely dissolved and the solution became transparent



and viscous, 2ml of 10M KOH was added to it and stirred for another 10 mins. This gel was then casted
over the printed PET substrate and dried at RT for 1h. In case of KI modified gel-electrolyte, potassium
iodide with different concentrations such as 0.5 and 1M were dissolved in the heated mili-Q water

before addition of PVA.

Equipments used

Characterisations of the materials were performed using Scanning Electron Microscopy (SEM) FEI
Quanta 650 FEG ESEM, Transmission electron Microscopy (TEM) FEI Tecnai F20, X-ray Diffraction (XRD),
X'Pert MPD from PANalytical and X-ray photoelectron Sepctroscopy (XPS), SPECS PHOIBOS 150 analyser

(SPECS GmbH, Berlin, Germany).

Electrochemical measurements

A VMP3 Bio-logic potentiostat/galvanostat was used for all the electrochemical measurements
within the voltage range of 0 to 1.2 V. Electrochemical Impedance spectroscopy was carried in the
frequency range of 100kHz to 100mHz. The areal capacitances (C,), energy density (E,) and power
density (P,) of a two electrode cell was calculated using the equations (1), (2) and (3) given in the

supporting information (S).

Results and Discussions

Fig. 2 (a and b) shows SEM images of rGO/N-CNpipes hybrid material at two different magnifications. A
uniform composite formation is deduced from the images; graphene sheets are either rolling the pipes

or are covering them. This provides good connections between the two materials, which should lead to



better performance. This can be seen more clear from TEM analysis, Fig.2 (c and d). The diameter of the

nanopipes is approximately 80 to 100 nm.

Figure 2: (a and b) are the SEM images and (c and d) are the TEM images of the rGO/N-CNPipes composite.

In addition, the attachment of graphene sheets to N-CNPipes can be clearly confirmed. XRD patterns of
rGO, N-CNPipes, and rGO/N-CNpipes are shown in Fig. 3(a). All the three materials show amorphous
nature with a hump at 25.4 2 that corresponds to 002 planes with an interlayer spacing of about 0.4nm
[29], indicating their graphitic texture[13]. In order to get further insights, XPS spectra of the materials
were obtained. Fig, 3(b) gathers the full XPS spectra of rGO, N-CNPipes and rGO/N-CNPipes, which
shows the characteristic C1ls, O1s and N1s peaks. The core level C1ls and N1s spectra of the composite
material is shown in Fig. 3 (c) and (d). The Cls spectra is fitted with three peaks at 284.6, 285.4 and

287.3 eV that correspond to the graphitic C=C, C-N and C-O bonds respectively [30] while the N1s



spectra shows two clear peaks at 398.2 and 400.8 eV that which indicate the presence of pyridinic and

graphitic nitrogen [31][32]. Core level Cls, O1s, N1s XPS spectra of rGO and N-CNPipes are presented in

the supporting information S1.
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Figure 3: (a) is the full range XPS spectra comparing rGO, N-CNPipes and rGO/N-CNPipes, (b and c) are the core level Ols and
N1s spectra of the composite materials and (d) is the XRD pattern of the three materials

Electrochemical testing

Two-electrode tests of the symmetric device were carried out in solid-state KOH gel electrolyte. Fig. 4 (a,

b) compares the electrochemical properties of different materials such as rGO, N-CNPipes and rGO/N-

CNPipes hybrid in KOH-based gel-electrolyte... It can be seen that rGO shows a typical square shaped CV

curve, characteristic of electric double layer capacitance whereas N-CNPipes deviate from this behaviour

and give a distorted square shape with the appearance of broad oxidation and reduction waves due to



the presence of nitrogen groups. This suggests the presence of pseudocapacitance. The composite
however, shows increased capacitance as well as an increased voltage window from 1 to 1.2 V. This
increase in the electrode performance can be explained due to the synergic effect obtained by
combining the two materials, and is also apparent from their charge discharge curves (Fig. 4 b). The
electrochemical behaviour of the electrodes made with the three materials (rGO, N-CNPipes and rGO/N-
CNPipes hybrid) at varying scan rates and current densities is shown in the supporting information S2. In
order to improve the performance of the prepared composite, the electrodes were tested in KOH-gel-
electrolyte with KI as an added redox-active species. The CV curves for the symmetric device based on
rGO/N-CNPipes are shown in Fig. 4 (c) where an increase in the peak currents is observed by increasing
the Kl concentration to 1M. In addition, the small and broad peaks of iodide redox reactions can be seen
from the voltammograms that provides the added pseudocapacitance to the electrodes. The possible

redox reactions happening on the electrodes due to iodide can be[20]:

2l —> 1, +2e

3N —> I3 +2e

2l —> 3l,+2¢
A detailed study of the cyclic voltammetric response of the composite electrode in 2M KOH, 2M
KOH/0.5M Kl and 2M KOH/1M Kl at different scan rates and charge discharge cycles at varying current
densities is provided in the supporting information S(3). Fig. 4 (e) represents the areal capacitances
obtained at different current densities with and without redox active KlI, with the maximum areal
capacitance achieved for the rGO/N-CNPipes electrode in presence of KOH electrolyte containing 1M Ki
is 53.8, 73.5, 76.5, and 95.3 mF/cm? at 1.2, 0.8, 0.4 and 0.2 mA/cm?, respectively. Moreover, the device
can deliver maximum values of energy and power density of 19 uWh/cm? and 11.2 mW/cm? for KI
added KOH-gel electrolyte. A comparison of energy and power densities delivered by the composite

electrode in different electrolytes and concentrations is shown in Fig. 4 (f).
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Figure 4: ELectrochemical performance of the symmetrical supercapacitor device. (a and b) are the CV and CD curves of the
three materials tested while (c and d) are the CV and CD curves of the device with rGO/N-CNPipes (e) is the calculated
capacitance at different current densities with and without different KI concentrations. (d) is the obtained ragone plot.

Fig. 5(a) and (b) represent the electrochemical impedance measurements in terms of (a) Nyquist plot
and (b) Bode plot obtained from rGO/N-CNPipes hybrid carried out in the frequency range of 100 kHz-
100 mHz. The materials shows capacitor like behaviour at low frequencies as the slope of the vertical
line approaches 90° with highest electrode equivalent series resistance shown by rGO/N-CNPipes in KOH
electrolyte of 68.3 Q compared to 0.5 and 1MKI (26 and 16 Q). From the Bode plot it can be seen that
the phase for the hybrid material, with and without Kl is far from 90° which implies that the faradaic
process are dominating the charge storing processes [33]. Finally, in Fig. 5 (a and b), we can see the
performance of the device in terms of capacity retention and self-discharge which is seen to decrease

with the increase in concentration of KI. The device was cycled up to 2000 charge discharge cycles with



and without Kl-based gel-electrolyte. It can be seen that the addition of KI (1M) shows only 53 % of
initial capacity after 2000 cycles, whereas, 0.05M and blank KOH retains 70 and 80 % of the initial
capacity respectively. This can be due to the fact that higher concentrations of lodide ions are not
efficiently adsorbed during charging and discharging cycles resulting in loss of capacitance over time.
This is in accordance with the study shown by et al, where they have shown that the concentration of

redox species in the electrolyte directly impacts the reversibility and stability in repeated cycles [34].
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Figure 5: Showing the Electrochemical impedance measurement of the composite device (a) Nyquist plot (with enlarged image
at low frequency in the inset) and (b) bode Plot and (c) stability performance upto 2000 CD cycles

Conclusions

In summary, we have designed here an interdigitated pattern over flexible PET substrate using rGO/N-

CNPipes hybrid electrode that delivered high specific capacitance of 95.3 mF/cm” as well as good energy



and power densities. The device can be used up to a minimum of 2000 cycles with capacity retention of
80 % with an inert electrolyte. The stability of the Kl-containing system can be increased further by
either decreasing the concentration of Kl or by improving the attachment of Kl to the composite
material. The solid-state device fabricated benefitted from a double hybrid strategy by using a
composite exhibiting EDL and pseudocapacitance along with the electrolyte that consists of redox active
species, thus providing additional capacitance to the system. Combinations of these two strategies can

be highly advantageous in an area where scalable production of flexible and high performing devices is

required.
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Supporting Information

Calculations:

Areal Capacitance Ca

I X Acd 1

Ca=—0-—
a Ae x V2

Equations used for calculating areal energy density (E,) and power density (P,) were

1
Ea = —Ca X V? 2
2
Ea
Pa=— 3
t

Here, | is the Current, t is the time, Acp is the area of the charge discharge curve, A is the area

of the electrode, AV represents the voltage window and d is the film thickness
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Chapter 3
Printed Electrochemical (Bio)sensors

3.1. Introduction

Pursuit of a healthy and long life has motivated humans to continuously advance the research in the
field of medical science and biotechnology. It is of high importance to find cures and alternatives to
current medicines for some diseases, however, it is also equally important to detect the signs of diseases
at earlier stages or to check the symptoms of an ongoing condition, because “prevention is always
better than cure”. One of the ways to stay protected is to have a health monitoring system that can give
us information about the impending or an ongoing condition. On the other hand are the changes in the
environment and surroundings that can be a cause of many serious damages on the ecosystem, directly
or indirectly affecting humans. Detection of changes in levels of certain compounds is necessary to
control the effects which can be a cause of harmful diseases if above a certain limit. This can be realized
by employing sensing devices that are capable to monitor the chemical changes in the surrounding
medium and can transfer the signals in many forms that are readable and understandable to the user.
According to International Union of Pure and Applied Chemistry (IUPAC), Chemical sensor is defined as a
“device that transforms chemical information, ranging from the concentration of a specific sample
component to total composition analysis, into an analytically useful signal”[1] and when biochemical
processes are used for analyzing the signals using a bio or biologically derived receptor, it can be
classified into as a Biosensor [2]. These utilize a bioreceptor for recognizing bioanalytes from bodily
fluids such as sweat, blood, urine etc. In case of a chemical sensor, it may or may not use a bioreceptor

to detect and convert chemical changes from the surroundings into readable analytical signals.
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Chapter 3: Printed Electrochemical (Bio)sensors

Applications of Internet of Things (IOTs), in particular, for medical devices especially sensing devices has

been of interest due to the need of real time, easy, non-invasive health monitoring [3].
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Figure 1: (Bio)Sensing device components, the advantages of biosensors over the conventional analytical techniques and
application of biosensors [4][5]

These flexible, quick, one-time-use sensors are much in demand [6][7][8] as an alternative to the
traditional sensing systems as they can be very expensive, use complex instruments that need a skilled

personnel and are very time consuming. (Bio)Sensors utilize a sensing element which after contact with
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the analyte generates signals (it is a result of change in either mass, proton concentrations, gases
absorption/desorption, heat generation etc.) which are further converted into measurable and readable
response using a transducer, through electrochemical, electrical, thermal, optical or piezoelectric
means. These signals coming from the transducer are readable and proportional to the analyte
concentration. A comprehensive image of the sensing device components are shown in fig.1. The
receptor receives the changes (physical or chemical) from the analytes while the transducer functions to

transfer the signals that can be further analyzed for understanding.

3.2. Biosensors

Different bioreceptors are employed for the task of interacting specifically with the bio-analytes, note
the biochemical changes and transfer them to the transducer. These can be enzymes, antibodies,
nucleic acids, cells or organelles [9][10]. Enzymes are the most commonly used bioreceptors that are
selected specifically to the analyte of interest. There is direct electron transfer from the enzyme

catalyzed reaction to the transducer electrode

Different transduction systems are used for transmitting the signals from the receptors. Transducer can
be of various types: (i) electrochemical/electrical, in which the redox reaction occurring at the electrode
or electrode/electrolyte interface are measured by amperometry, potentiometry, conductometry or
impedimetry. The transducer generates electrical response after interaction of the analyte with the
receptor, (ii) Piezoelectric, it is based on a mass sensitive piezoelectric crystal in which the changes in
oscillating frequency of the crystal happening due to addition of the mass (positive or negative) caused
by binding of the analytes is detected in form of electrical signals. (iii) Thermometric transducers rely on
the heat production or absorption during the reaction/interaction of the analyte with the receptor

molecule on the electrode. Heat is measured using a thermistor which is proportional to the analyte
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concentration. (iv) Optical transducer, these send out the signals in form of light, can be fluorescence or

optical diffraction [10][9].

3.2.1. Electrochemical Sensors

In electrochemical sensors, the detection is done using generally a three electrode setup comprising of a
Working, Reference and Counter/Auxiliary electrodes. It measures the changes via Amperometry, when
measurable current is generated from the electrochemical reactions at the transducer, by
Potentiometry when there is generation of measurable potential due to accumulation of charges or by

measuring the conductive or impedimetric properties.
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Figure 2: Electrochemical sensor and components along with the different electrochemical techniques employed
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3.2.1.1. Amperometric Sensors

They are self-contained integrated devices that transform biochemical reactions going on the electrode
surface into current signals i.e. it measures current generated from the oxidation or reduction of the
electroactive species at the working electrode. When current is measured at constant potential value, it
is called as Amperometry and when the current is measured at varied potentials, the technique is known
as voltammetry [11]. The peak current values over the linear potential ranges corresponding to
oxidation/reduction of the electroactive species are directly proportional to the analyte concentration.
The research on Amperometric biosensors was initiated by Clark in 1956 where he showed the rise in
concentration at the oxygen electrode proportional to the Oxygen concentration [12], this is perhaps
used as the simplest platform for amperometric sensors, Clark later in 1962 entrapped Glucose Oxidase

enzyme into his Oxygen electrode using dialysis membrane to use an amperometric glucose sensor [13].

3.2.1.2. Potentiometric Sensors.

Change in potential at the working electrode compared to the reference at equilibrium in an
electrochemical reaction is determined using Potentiometric biosensors and it works on constant
current mode. In other words, charges accumulated at the working electrode with respect to the
reference electrode are measured at a zero or negligible current flow between them. Concentrations

and Potential values here are related using the Nernst equation []:
o RT
EMF or Eceyp = Ecen — —— InQ

Where E is the cell potential at zero current, also known as Electromotive Force (EMF), Egen is the
constant potential contribution to the cell, T is absolute Temperature in Kelvin, R is the gas constant, n is

no. of charges and F is Faraday constant and Q is the ratios of ion concentration at anode and cathode.
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lon selective electrodes like pH electrode, ammonia or CO, sensitive electrodes are used to measure the
changes in ion concentrations. Many types of Field effect Transistors (FET) based potentiometric devices
have also been studied for measuring the changes in the pH, ion concentrations and to check the
kinetics of enzymes based catalytic reactions. Light Addressable Potentiometric sensor (LAPS) is another
Potentiometric sensor that uses the photovoltaic effect for the point of measurement determination

[14]. Achievable detection limits using potentiometric sensors is usually between 10® and 10™ M [15].

3.2.1.3. Conductometric/Impedimetric sensors

Many enzymes reactions or reception of biological receptors can be monitored by ion conductometry or
impedimetric devices. Conductometric measurements are used when the medium conductivity
(conductance or resistivity) is altered during a reaction. Sensing is conducted when the analyte (like the
electrolyte solution) or the electrode is able to carry electrical current when an alternating potential has
been applied between inert electrodes[16][17]. In case of enzymes, ionic strength of the solution
changes due to the enzymatic reactions i.e. changes in concentration of the charged species can be
directly monitored using these sensors [16][18]. Apart from this, conductance at the electrode due to
antibody/Antigen interactions DNA hybridizations or other receptor immobilizations can also be
measured [19]. Electrochemical impedance spectroscopy (EIS) is the most common technique to
measure the change in conductivity/resistivity or charging capacity at the electrode/electrolyte
interface, impedance is measured over a wide range frequency range, mostly from 100 kHz to 1 mHz.
This frequency dependent response of the changes occurring at the electrode/electrolyte interface gives
information about the solution resistance, charge transfer between electrode/electrolyte, double layer
capacitance and diffusion transport of the species to and from bulk of the solution. Two types of EIS
measurements can be performed that are faradaic and non-faradaic. Faradaic EIS relies on the increased

or decreased charge transfer resistance occurring due to binding of receptors to the electrode surface or
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analyte to the receptor using redox probes whereas in the latter one, no redox probes are used and the
measurements are based on changes in formation of double layer i.e. double layer capacitance upon
binding of receptors or analytes at the electrode surface[20]. Interdigitated two electrodes system for
capacitive sensing have garnered particular interest since sometime [21][22][23]. EIS gives us the
advantage of label free sensing as well as real time monitoring of binding affinities and the EIS based
sensors have been used in detection of cancer, pollutants, bacterias, toxins etc. [20]. For instance,
Bertok et al [24] used EIS to study for the changes in charge transfer resistance at the gold electrode
modified with Au nanoparticles for detection of glycoproteins and achieved an ultra-low detection limit
of ~1 aM. Hang et al prepared a low density DNA microarray over inderdigitated electrodes to detect
low density, label-free detection of DNAs using EIS [25]. Disadvantages of using EIS is its variable

reproducibility maybe due to non-specific binding and high limit of detections [26]

3.3. Graphene based Electrochemical sensors

Graphene possess many fine qualities like easy processability and homogenous distribution of
electrochemical active sites at nano-level, fast heterogeneous electron transfer kinetics (ETK), wide
electrochemical potential window (~2.5V in 0.1ImM Phosphate buffer saline) [27], high electrical
conductivity, edge plane sites/defects, biocompatibility etc. that makes it an interesting material for
electrochemical sensors. Papakonstantinou et al. in their work showed that the multilayer graphene
prepared over Si substrates without any catalysts with 2-3nm sharp knife like edges showed very fast
ETK and electrocatalytic activity. They used the electrode for electrochemical sensing of Dopamine in
presence of ascorbic acid and uric acid. The sensor could simultaneously detect the three chemical
compounds and the sensing ability was better than other unmodified and un-treated carbon electrodes
like HOPG (highly Ordered Pyrolytic Graphite) and Glassy carbon electrode and was comparable only

with the EPPG (Edge Plane Pyrolytic Graphite) [28]. This faster and favorable electron transfer kinetics in
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graphene compared to graphite was also demonstrated by Zhou et al [27]. As mentioned earlier,
(bio)receptor molecules that interacts with the analytes are immobilized onto the electrode surface
(graphene in this case) by either chemical bonding [29], entrapment into the graphene surface [30][31]
or by simple adsorption [32][33][34]. Also, modifications to the graphene sheets like electrodeposition,
polymerization, doping etc. to impart specific properties to graphene needed for the particular
application can be done. This functionalization can provide direct electron transfer (DET) between the
electrode and the receptor molecule. Enzymatic biosensors a major class of biosensors has been
significant for research purposes as well as commercially for disease diagnosis. Here the redox enzymes
are wired directly into the graphene electrodes for a direct electron transfer. Graphene have been
conjugated with different metal nanoparticles [35], polymers [36], chitosan [37], metal oxides [38] etc.
for enzymatic sensing of glucose cholesterol, hemoglobin etc. Apart from providing the advantage of
DET, enzyme loading capacity is increased due to the large surface area of graphene increasing the
device sensitivity. DET between the receptor and functionalized Graphene can take place without the
use of any mediator. Ping et al. reported the use of Graphene for detection of H,0,, where they
deposited electrochemically exfoliated rGO over ionic liquid doped screen printed electrode (SPE) and
successfully detected the enzymatic product H,0, in the linear range of 0.15 uM to 1.8 mM with the
detection limit of oxidation/reduction of H,0, 0.05 uM/0.08 uM. Carrying on with this strategy, they
prepared an enzymatic glucose sensor by immobilizing glucose oxidase that produces H,0, as the
enzyme by-product, they were able to detect glucose levels with a sensitivity of 22.78 mA/mM/cm?” with
detection limit of glucose of 1 UM [39]. The DET from gluscose oxidase using graphene was studied by
Wisitsoraat et al. In their work they used a composite of graphene/poly(3,4-ethylenedioxythiophene):
polystyrene sulfonic modified SPE, where the direct electrochemical resposnse of the enzyme at the
fabricated electrode was studied using Cyclic Voltammetry (CV) and the electrode exhibited an

amperometric sensitivity of 7.23 pA/mM [40]. Park et al, created a thin film transistor (TFT) based
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sensor using a composite of Graphene and carboxylated polypyrrole nanotubes, the composite
microelectrode created better electrical connections resulting in enhanced electron transfer. This
Glucose detection using Glucose oxidase exhibited a very fast response within <1 s with a detection limit
of 1 nM. Enzymatic biosensors are highly sensitive, however, the disadvantages of using enzymes are
their instability in different conditions like pH, temperature, chemical etc., their inactivation affecting
the device performance along with being expensive [41][42]. This can be overcome by using non-
enzymatic biosensors that are easy to fabricate, have better stabilities and can achieve continuous
monitoring. For instance, for glucose monitoring, the electrocatalytic responses of various materials like
noble metals, metal oxides, graphene, polymers or their hybrids have been investigated for oxidation of
glucose. In one of the example demonstrated by Sun et al [43] a composite of CuO/graphene to modify
screen printed electrode for non-enzymatic glucose sensing with superior sensitivities and limit of
detection compared to the glassy carbon electrodes was prepared. Other examples of graphene based
non-enzymatic sensors can be seen from the reviews [44][45]. DNAs are arguably one of the most
important bio-elements owing to the unique and inherent base pair interactions between the two
complimentary strands. Hybridization between two single stranded complimentary DNAs is the basis of
detection in DNA biosensors. Typically, a single stranded probe (ssDNA) is immobilized uniformly onto
the recognition layer where the interaction with the target strand occurs generating a signal
(mechanically, electrically or optically) which is then read and presented in an understandable manner
by the transducer. It is therefore necessary for the overall device performance to align and immobilize
DNAs in an organized way that their base pairs are available for the hybridization with the target probes.
When graphene is concerned, in an easy labelled or label free optical detection of DNA hybridization is
studied by simple adsorption [46][47][33] whereas for electrical or electrochemical detection most of
the work is usually focussed on single stranded DNA (ssDNA), RNA, aptamers conjugated with graphene

[48][49][50][51]. In the study by Zhou et al. showed that the detection of four free bases was better at
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graphene modified GCE compared to the graphite modified GCE [27]. One of the most used strategies is
the use of Gold Nanoparticles (AuNPs) for attachment of thiolated DNAs via thiol-Au chemistry [52][53].
Immunosensors relies on the specific conjugation of antigens and antibodies. Just like enzymatic sensor,
graphene helps in higher loading of antibodies along with enhanced electrochemical performances.
Borisova et al. prepared an amperometric immunosensor using AuNPs/rGO composite coated over SPE
for detection of Brettanomyces Bruxellensis in buffered solution and red wine. The specific antibodies
were immobilized onto the electrode surface via carbodimide coupling with the help of 3-
mercaptopropionic acid. This design led them to obtained very low detection limits of 8 CFU/mL and 56
CFU/mL in buffer and red wine solutions respectively [54]. Another similar work was done by Mehta et
al where graphene modified SPE was used for impedimetric detection of Parathion with very low
detection limits of 52 pg/L and the sensing range of 0.1-1000 ng/L was shown [55]. Quite recently,
graphene based immunosensors have been developed for detection viruses and disease causing micr-
organisms, for instance Zika Virus [56], Dengue Virus [57], Rotavirus [58], E.Coli [59]. Numerous other
labelled and label-free graphene based electrochemical immunosenosrs can be found in the literarture
[60][61][62][63][64]. Other bioreceptors can be the cells or micro-organism (whole cell biosesnors) [65].
These sensors can detect wider ranges of substances, hence are more sensitive to the modifications in
the surrounding environment and are stable in comparatively broader range of pH and temperatures
[10]. Due to these advantages, they are highly studied and employed for food and environmental
monitoring, drug screenings etc. [66][65]. But the maintenance, selection and cultures of the cells,
micro-organisms can be a complex task [67]. Apart from detection of bio-compounds or molecules,
many chemical compounds or environmental pollutants from the surrounding can be detected with high
sensitivity using graphene or graphene hybrids such heavy metals, pesticides, explosives industrial
compounds etc. Heavy metals like Lead (Pb), Cadmium (Cd), Zinc (Zn) Arsenic (As) etc. pose a great

danger to humans and the environment, exposure to even very little amounts of these ions can be life
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threatening [68][69][70][71], because of which their detection at low concentrations is highly needed.
Graphene for the reasons of high surface area, metal ions-sorption properties and high electrical
conductivity, has been used widely for their electrochemical detection using Anodic Stripping
Voltammetry (ASV). Xuan et al had prepared a micro patterns of rGO using lithography followed by
electrodeposition of Bismuth over Au coated Silicon substrate and obtained the detection limits of 0.4
and 1 ppb for Pb and Cd respectively [72]. Bismuth has been known to make alloys, either binary or
multi-component with the heavy metals which results in enhanced sensitivity of sensor [73][74], this is
why a lot of articles have worked on preparing composites of graphene and Bismuth in different forms
for detection of heavy metals [75][76][77][78]. Another highly uniform size composite of SnO,/rGO was
prepared by Wei et al [79] where the composite also acted as the electrochemical catalyst for square
wave anodic stripping voltammetry for simultaneous detection of Cd*, Pb*, Cu*, and Hg*" with the
detection limit 0.1, 0.18, 0.23, and 0.28 nM respectively. There have been a lot of reviews studying the
use of graphene and their composites for heavy metals detection [80][81][81][82]. Modifications of
graphene using ion-exchange polymers like PSS (poly(styrene-sulfonate)) [83] or nafion [84] have been
also done to have advantages of large surface, high conductivity and metal adsorption properties of
Graphene and cation exchange properties from the polymer. Chalupniak and Merkogi prepared a lab-
on-chip microfluidic platform using graphene oxide-poly(dimethylsiloxane) (GO-PDMS) composite for
higher loading/preconcentration of the metal ions for their detection exhibiting a reversible adsorption
and desorption of the ions. The system could achieve a very low concentrations of 0.5ppb Pb, and
because of mechanical durability of the device and ions reversible adsorption/desorption, the device
was re-useable [85]. Graphene has been utilised for sensing of other compounds such as phenol

containing compounds, Uric acids, dopamine Anti-oxidants like Ascorbic acids, etc. [86][87][87]
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Chapter 3: Printed Electrochemical (Bio)sensors

3.4. Flexible wearable and wireless Graphene based sensors

Flexible and wearable sensors can be employed as an alternative to the traditional expensive and time-
consuming analytical tools that also require large volumes of testing samples. These devices also hold
the benefit of being non-invasive that can be applied for continuous real time monitoring. The active
material must be biocompatible in order to be applied along with easy proccessability for printing and
mass production purposes. For this reason, Graphene is one of the most suitable materials, as described
since the beginning. Graphene possesses all the properties to be used as an active material like the easy
and cost effective mass production techniques providing good and acceptable conductivities along with

ability to be printed by various different methods.

Figure 3: (A) Schematic of the fabricated device, (B) Printed graphene over Bioresorbable Silk, (C) Printed device with Au and
Graphene electrodes, (D) Graphene sensor transferred over the (E) tooth and skin [88]

A wireless bacterial graphene sensor was proposed by Mannoor et al (Fig. 3), which was integrated with
the Au Inductive coil for wireless transmission, Au interdigitated capacitor electrodes that were

connected with the Graphene resistance sensor over a bioresorbable silk substrate. They demonstrated
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in their work that the Graphene patterns were attached and transferred to the desired area (tooth
enamel) when silk dissolved in Liquid media. Measuring the resistance of the graphene Au electrode
modified with a bi-functional peptide, they could achieve the detection of bacteria at single cell level

[88].
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Figure 4: (A) Schematic of the scalable production of Graphene based activity monitoring sensor [89] (B) Printed graphene oxide
based humidity sensor [90]

A Battery free, wireless Radio Frequency Identification Humidity sensor was fabricated by Huang et al
[91] using the dielectric properties of GO. In this, Insulating GO was screen printed over Graphene RFID
antenna and the sensor showed increase in the relative dielectric permittivity of GO with change in
humidity as a result of uptake of water by GO. Inkjet printed enzymatic graphene electrochemical sensor

for detection paraoxan, an organophophate was fabricated, achieving a low detection limit of 3 nM with
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a rapid response of 5 s. They electrodeposited Platinum nanoparticles (Pt NPs) for enhancing the
electrical conductivity, surface area and electro-active nature of the electrode. The enzyme
phosphotriesterase (PTE) was immobilised using Gluteraldehyde cross linking for the amperometric
detection [92]. Karim et al, from the group of Novoselov, had fabricated activity monitoring (motion)
sensors over textiles (Fig. 4(A)) using a pad-dry coating technique for its scalable productions by
measuring the changes in resistance of the material during stretching, bending or twisting [89]. To
prepare a humidity sensor, Borini et al. used hydrophilic properties of GO along with the transparency
and flexibility to fabricate the sensor with an ultra-fast response of ~30 m, Fig. 4(B) [90]. A wearable and
stretchable patch for detection of glucose level from sweat was prepared by Lee et al,. Their device was
integrated with multiple sensors, actuators and sweat control layers. At first humidity is monitored,
which, when increases by more than 80% activates the other sensors like the pH, temperature and
electrochemical Glucose sensor. In addition, the patch is integrated with micro-needles containing the
drugs for diabetes that can be activated with another integrated thermal actuator (Fig. 5(A)) [93].
Another example of flexible Glucose sensor was demonstrated by Park et al in which they integrated the
electrochemical glucose sensor in a transparent and flexible contact lens for glucose detection from
tears. The graphene hybrid with Ag nanowires improved the conductivity, transparency and strechability
of the contact lens, Fig. 5(B). The sensor was able to achieve the detection limit of approximately 12.57
UM with a response time of 1.3s [94]. Another example of integrated glucose sensor includes a
microfluidic chip integrated with an electrochemical sensor using Graphene Au hybrid for continuous

monitoring of glucose level was fabricated by Pu et al [95].
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Figure 5: (A) wearable sweat analysis patch showing the adhesion over skin and sweat uptake (above) and the integrated
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from the tear analysis [94]

Screen printed Graphene and Carbon nanotubes (CNTs) pastes over textile for improved conductive

properties and sensing towards chemical vapors was shown by Skrzetuska et al [96] Another rGO based

wireless, battery-free gas (ammonia vapour) sensor was demonstrated by [97] using inkjet printing

technique over paper and Kapton substrates. Numerous other examples of graphene used for sensing of

glucose, breath, wound, strain, motion, humidity etc for wireless and flexible devices application can be

found [98][99][100][28][29].
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ARTICLE INFO ABSTRACT

Keywords: Driven by the growing need of simple, cost efficient and flexible sensing systems, we have designed here a fully
RGO printed Reduced Graphene Oxide (rGO) based impedimetric sensor for one step sensing of DNA. The DNA sensor
Wax stamping was fabricated by stamping of layered rGO and rGO/gold nanoparticles/single stranded DNA (rGO/AuNPs/
Screen printing ssDNA) composites over PET substrates using wax-printing technique. rGO works as an excellent working

f‘)};\elc:mhemlmy electrode, while the AuNPs create a suitable environment for ssDNA immobilization. Counter and reference
Biosensing electrodes were previously screen-printed on the plastic substrate, making thus a compact and highly integrated

sensing platform. The change in electron transfer resistance after hybridization with a target ssDNA specific of
Coxsackie B3 virus was monitored using electrochemical impedance spectroscopy (EIS), finding a linear response
in the range of concentrations 0.01-20 pM. The novel, simple and straightforward one-step printing process for
fabrication of a biosensing device developed keeps in mind the growing need of large scale device manu-
facturing. The successful proof-of-concept for the detection of DNA hybridization can be extended to other
affinity biosensors, taking advantage of the integration of the bioreceptor on the sensor surface. Such ready-to-

use biosensor would lead to a one-step electrochemical detection.

1. Introduction

Graphene is a well-known one-atom thick two dimensional carbon
layer that possess outstanding inherent properties like high mechanical
and chemical stability, high thermal and outstanding electrical and
thermal conductivity (Novoselov et al., 2004; Geim and Novoselov,
2007). Tt has a high theoretical surface area of about ~2600m? g !
that is higher than that of carbon or CNTs (10 or 1315 m? g H. 1tis sp2
hybridized and the out of plane & bonds are responsible for the high
conductivity. Although these properties are interesting and highly
useful for research purposes in different areas, they vary greatly with
the quality of graphene (Chen et al., 2011; Bollella et al., 2017) that is,
number of layers, sheet size, degree of oxidation or defects, all of which
depend in turn of the production procedures. Indeed, graphene mate-
rials with varied quality and price can be prepared in different ways
considering the end application; broadly by mechanical or chemical
exfoliation of graphite, vapor deposition or epitaxial growth ete (Lee
et al.,, 2017). All this has made possible the use of graphene in broad

range of applications (Randviir et al., 2014) like solar cells (Roy-
Mayhew and Aksay, 2014), energy storage (Dubal et al., 2017; Li and
Zhi, 2018), electronics (Lee et al., 2015), (bio)sensing (Shao et al.,
2010; Justino et al., 2017) to name a few. Owing to such great prop-
erties of graphene, especially due to its high conductivity and high
biomolecule loading as a result of high surface area, it is widely ex-
plored in the research of (electrochemical) biosensings (Pumera, 2011;
Bo et al., 2017), for instance, Huang et al. demonstrated the use of rGO
composite with single-walled carbon nanotubes as an effective elec-
trode material for electrochemical sensing (Huang et al., 2013). Apart
from this, graphene can interact with the biomolecules using non
covalent interactions like m-m or Hydrogen bonding making it more
suitable for sensors application.

Two formats are widely followed for DNA sensing by taking ad-
vantage of rGO, either attaching (labelled or non-labelled) ssDNAs di-
rectly over Graphene sheet via n-it bonding or by modifying Graphene
surface by using polymers, nanoparticles etc. that have available groups
or sites for binding to the DNA. Most commonly used nanomaterial for
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this purpose are gold nanoparticles (AuNPs) which are typicaly at-
tached to the modified ssDNA at one end via thiol-Au interactions (Lin
et al., 2011; Singh et al., 2013).

Flexibility and portability are characteristics most expected for
wearable electronic systems and has been used in fancy applications
like implantable/wearable sensors (Ray and Joseph, 2013; Singh et al.,
2017) Joseph, OLEDs (Lee et al., 2016), transistors (Seo et al., 2016),
energy devices (Nagar et al., 2018) etc. Material of interest is usually
printed over a flexible substrate (usually plastics) to make a cost effi-
cient, compatible, flexible and easy to handle or use device. The ability
to form nanoscale patterns and features over the flexible substrates
offers us the advantage of more sensitivity and precision in the sensing
devices along with low cost and easy handling. Several printing tech-
niques like screen printing, inkjet printing, roll-to-roll, wax transfer/
stamping technique etc. (Sgndergaard et al., 2012; Li et al., 2015;
Baptista-Pires et al., 2016; Mattana and Briand, 2016) are being used
for the fabrication of electrodes. However, it is important to select a
particular technique for a particular application. Particularly, our ob-
jective is the development of a Point-of-Care (POC) device, which re-
quires a fabrication technique that doesn’t need any post printing step
for keeping the biomaterial unharmed, being wax stamping technique
ideal in this case. POC have been widely used for decades now but is yet
continuously refined according the user and manufacturer's needs. The
important features to be fulfilled for POCs are (a) ease of fabrication,
(b) cost effectiveness and (c) easy handling. The advancements in re-
cent years have provided us with loads of new technological strategies
to make improved devices for biorecognition, interactions and sensing
(Quesada-Gonzalez and Merkoci, 2018).

In this work, we used chemically exfoliated graphite as it promotes
cost effective, large scale production of Graphene Oxide (GO; graphene
sheets containing Oxygenated groups such as epoxides, alcohols or
carboxyl groups on the surface or the edges of the sheets). The presence
of these groups makes GO water dispersible which further helps in
making water based inks for printing purposes. Such material was later
reduced to reduced Graphene Oxide (rGO) and mixed with already
conjugated gold nanoparticle/single stranded DNA probe (AuNPs/
ssDNA). Later, wax stamping technique was applied to create the
working electrode pattern made of the rGO/AuNPs/ssDNA composite
over already screen-printed counter (carbon) and reference (Ag/AgCl)
electrodes, allowing us to have a ready-to-use one-step electrochemical
biosensor This strategy for patterning rGOe composite doesn’t require
harsh or toxic solvents helping us to get rid of the post printing steps
(annealing) that could affect the functioning of the biorecognition
element (DNA in this case). At the end, we get a sensing platform with
uniform patterns integrated with the biorector,which is ready to be
tested without any further steps (Fig. 1).

2. Experimental section
2.1. Oligonucleotides

Synthetic oligonucleotides were obtained for Sigma-Aldrich. The
target sequence employed corresponds to a region characteristic of the
ECHO '™ (Coxsackie virus B3).

Probe: 5-Thi CCTGAATGCGGCTAATCCTA - 3’
Target: 5-TAGGATTAGCCGCATTCA - 3’
Non-Complementary DNA: 5" GCATCATAGGCAGTCAGGT 3’

Oligonucleotide solutions were prepared in TE buffer, pH 8 (10 mM
Tris-HCI buffer solution, 1 mM in EDTA) and maintained at — 20 °C.
Working solution of the oligonucleotide probe was made in 0.1 M Tris.
pH 7.2 buffer, while thiol labelled oligonucleotide target strand was
diluted in a 2 x SSC buffer (300 mM sodium chloride/30 mM sodium
citrate),pH 7.2. This solution was stored at 4 °C.
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Fig. 1. DNA sensing principle. After stamping on the PET substrates, 1GO/
AuNPs/ssDNA is incubated with the target ssDNA. DNA duplex formation
causes an increase in impedance that is related with the amount of analyte.

2.2. Chemicals and equipment

The GO (Graphenea Graphene Oxide, 4 mg/mL) was purchased
from Graphenea Inc (Cambridge, MA 02142, U.S.A). Sodium Citrate
(HOC(COONa)(CH,COOH),, Sodium chloride (NaCl), ascorbic acid
(C6H806), BSA (Bovine serum albumin), Trizma® base
(NH,C(CH,0H)3) and Gold(III) chloride hydrate (HAuCl4-H20) were
purchased from Sigma-Aldrich Quimica SL (Madrid, Spain). Potassium
Hexanocyanoferrate Kz[Fe(CN)gl/ K4[Fe(CN)gl, was purchased from
Panreac Quimica S.L.U. Rest of the general chemicals were purchased
from Sigma Aldrich (Spain). All chemicals were of analytical grade and
used as received and all the aqueous solutions were prepared in Milli-Q
water.

Characterization of the materials, composites and prints were per-
formed using Scanning Electrochemical Microscopy FEI Quanta 650
FEG ESEM and FEI Magellan 400 L (high resolution, HR-SEM) (The
Netherlands), High resolution transmission electron microscopy (TEM)
FEI Tecnai F20, ultra-violet visible spectroscopy (UV-vis),Cary 4000
UV-vis Spectrophotometer, Agilent technologies, X-ray photoelectron
Sepctroscopy (XPS), SPECS PHOIBOS 150 analyser (SPECS GmbH,
Berlin, Germany).

Xerox ColourQube 8570 wax printer (compatible with Windows™,
MacOS™ and UNIX) and Corel draw software, Screen printing was
performed using DEK 248 semi-automatic screen-printer (England) and
the electrochemical studies were carried out using Autolab302
Potentiostat/galvanostat PGST30 with the software GPES for cyclic
voltammetry and FRA for impedace measurements.

2.3. Methods

2.3.1. Synthesis of rGO

10 mg/mL Graphene oxide (GO) was provided by Angstrom mate-
rials. It was reduced by exposing 100 mL of 1 mg/mL GO (solution to
100 mg of ascorbic acid in an autoclave at 121 °C for 45 min).

2.3.2. AuNPs synthesis and conjugation with probe single-stranded DNA
(ssDNA)

16 nm sized AuNPs were synthesized using Turkevich's method
(Turkevich et al., 1951). Briefly, 50 mL of 1% HAuCl, solution was
heated in an Erlenmeyer flask under vigorous stirring until boiling
starts. Then, 1.25 mL of 1% sodium citrate was added while stirring
continued. The reaction was kept under same conditions until 10 min
and then the heating was stopped and the reaction was let to cool. The
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color of the solution changes from deep blue to wine red, indicating
AuNPs formation. AuNPs suspension was stored at 4 °C protected from
light until further use.

2.3.3. Conjugation of AuNPs with probe DNA (ssDNA)

The particles were then conjugated with the thiol modified ssDNA
probe sequence using the protocol described and pioneered by (Mirkin
et al. 1996). For this, 190 pL of AuNPs were mixed with 10 pL of 1500
pg/mlL thiolated sequence at 250 rpm for 20 h at 25 °C. Later 50 pL of
10 mM phosphate buffer (pH 7)/0.1 M NaCl was added to the above
solution and let it stand for 44 h. Finally a centrifugation step at 14,000
rpm at 4 °C for 20 min was carried out to extract the conjugated DNA
which was reconstituted in 200 uL Mili-Q water for further use. Later,
0.1% BSA solution in milli-Q water was added to graphene and con-
jugated AuNPs in separate eppendorf tubes and mixed for 1 h at 600
rpm at room temperature and 4c respectively.

2.3.4. rGO and rGO/AuNPs/ssDNA patterning

A hydrophilic nitrocellulose membrane (purchased from Merck)
with a pore size of 25 pm and diameter of 47 mm was used for making
patterns using the wax printer followed by filtration of the water based
solutions were done - i) First, a layer of 3 mL solution containing 1.7 mL
rGO (1.7 mL; 0.25 mg/mL) hand mixed with 300 pL. AuNPs/ssDNA was
filtered and then ii) second layer was formed by adding 10 mL of 0.6
mg/mL rGO solution very carefully (not to disturb the already filtered
layer) over the first layer. This was removed from the vacuum machine
and then stamped over the already patterned (counter and reference)
screen printed electrodes. Fig. 2(a-e) shows the schematic printing steps
(top) and corresponding pictures of the sensing platform (bottom). The
procedure is done in the following way: at first, a specific design is wax
printed onto the 25 nm pore sized filter membranes (a), (b) which is
then used for filtration of two solutions sequentially (First the mixture
of rGO/AuNPs/ssDNA and on top just rGO), (c) this filtererd membrane
is then attached to the desired substrate (PET) and passed through the
rollers that are already installed in the wax printer to provide the
pressure. The substrate is made ready for this step by printing the other
electrodes prior to wax stamping, that consisted of 2 steps (i) printing of
silver layer for better conductivity and (ii) printing of counter layer
(carbon) and reference layer (Ag/AgCl). (R.E and C.E respectively)
using a screen-printer. the patterns were left to dry at 100'C overnight
to dry the solvents The working area however was left blank in-
tentionally for stamping of Graphene or Graphene composites later. (d)
is the printed electrode that is insulated with the kapton tape (e), ready
to use for further measurement. Without any further modifications,
these electrodes were used for electrochemical tests and biosensing. For

Biosensors and Bioelectronics 129 (2019) 238-244

hybridization step, 30 pL of different concentrations of complementary
and non-complementary DNA (in 2 x SSC buffer, pH 7.2) (De la
Escosura-Muifiz et al., 2007) were added to the working electrode of the
sensor and incubated for 1 h at room temperature. It was then washed
using PBS solution pH 7.4 before obtaining the electrochemical re-
sponse.

Long-term stability of the sensors was evaluated by storing rGO/
AuNPs/ssDNA electrodes at 4 °C when not used and hybridizing with
the complementary ssDNA after 0, 5, 10, 15 and 20 days.

2.3.5. Electrochemical set-up

Once the electrodes were fabricated, their electrochemical perfor-
mance was evaluated. The electrochemical studies of the printed elec-
trodes were always performed in a solution of 10 mM PBS (Phosphate
Buffer Saline) containing 20 mM [Fe(CN)s]*”* as redox active probe.
Firstly, Cyclic Voltammetry was performed within the voltage range —
0.5-0.8 V vs Ag/AgCl that provided us the oxidation and reduction
peaks of Fe(IIl)/(I1) which were taken as the reference peaks. It in-
volved a preliminary study on the graphene concentrations as well as
the behavior of different modified printed electrodes. Later, DNA
quantification studies were made using Electrochemical Impedance
Spectroscopy (EIS) with the software FRA, carried out in the frequency
range of 1000-0.05 Hz. For all the measurements, 200 pL of the elec-
trolyte solution was placed on the electrode area (covering all the
electrodes) under room temperature without interruption. The elec-
trodes were connected with the potentiostat using a homemade edge
connector module.

3. Results and discussion
3.1. Morphological characterizations

Fig. 3 (a and b) shows the high resolution scanning electron mi-
croscopy (HR-SEM) top view images of printed rGO and rGO/AuNPs,
whereas Fig. 3 (e and d) shows SEM images corresponding to cross
sectional view of the prints over the PET susbtrate. It was observed that
the two layers were placed uniformly over the desired area of the
electrode and that the conjugated AuNPs appeared only on the surface
and not in the bulk.

This was a strategy adopted to have mainly two benefits a) uniform
deposition of the conjugated nanoparticles throughout the working
electrode and b) to minimize quantity of the biorecognition element
used. Another option was to use the rGO/AuNPs/ssDNA directly as the
working electrode instead of filtering 2 layers. The transmission elec-
tron microscopy (TEM) image of graphene and its mixture with AuNPs

Fig. 2. Schematic of the printing strategy (top) pictures of
the sensing platform (bottom). (a) wax printed design over

i) o0 the filter membrane; (b) sequential filtering of the two
Pressure E (GO W.E solutions to form two layers; (c) stamping of the filtered
e and RE layer; (d) fully-printed electrode consisting of fully func-
i) | nesfssona stamping TJ —— tional 3 electrodes for electrochemical measurements; (e)
Tape g Kap attachment of Kapton layer for insulation.
il L _T_ Ag connecting legs

L Water

(a) (b) <) (d)

i

()
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Fig. 3. Optical characterizations. HR-SEM images of the top view (a and b), cross sectional view (c and d), TEM images (e and f) of printed rGO and AuNps/rGO

respectively. Insets SAED patters of rGO Fig. 3(e) and AuNps size Fig. 3(f).

is shown in Fig. 3(e and f respectively). It shows a thin and transparent
morphology of the graphene nanosheets along with large size 3(e) and
uniform AuNPs distributions in 3(f). The selected area electron dif-
fraction pattern confirms the formation of graphene (inset). From Fig. 3
(f) inset, it can be seen that AuNPs have a diameter of ~20 nm and are
uniformly attached/adsorbed onto the graphene sheets.

X-ray Photoelectron spectroscopy was utilized further to evaluate
the elemental ratios of the binding states of the materials, as shown at
Fig. 4 (a-e). To prepare it, layer of GO, rGO and rGO/AuNPs/ssDNA
were filtered on different nitrocellulose filter membranes and used di-
rectly for the measurement. A very high degree of oxidation is shown
for GO as seen from its C 1 s spectra, Fig. 4(b). It shows the different
carbon oxygen bonds like Carboxyl (289 eV), epoxide/hydroxl bonds
(286.7 eV). These peaks were changed after the reduction of GO in
ascorbic acid was performed. In Fig. 4 (c), a highest peak at 284.8 eV
was observed after the reduction procedure which corresponded to the
graphitic carbon i.e. the energy of sp> C-C bonds along with drastic
decrease in all the peaks related to the oxygen species (Hossain and
Park, 2014; Arul et al., 2016; Xu et al., 2017; Yu et al., 2018). Also,
mixture of rGO/AuNPs/ssDNA with BSA (used as blocking reagent for
avoiding unspecific adsorptions) was studied using this technique. Two
obvious peaks observed at 84 eV and 87.6 eV for Au4f,, and Au 4 f; »
respectively with a difference of 3.6 eV is an indication for the presence
of Au nanoparticles, Fig. 4(e) (H H Mevold et al., 2015; Krishnan and
John, 2015; Govindaraju et al., 2017). Fig. 4 (d) shows the N 1 s spectra
of the mixture that corresponds to tertiary amines at 400.3 eV and
protonated primary amines at 401.6 eV (Zhang and Srinivasan, 2004;
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Yang et al., 2009; Stevens et al., 2013; Yu et al., 2014) most likely
coming from the BSA that is used to modify Graphene and AuNPs.
Fig. 4(f) shows the UV-vis spectra of GO, rGO and rGO/AuNPs with
BSA. Reduction of GO to rGO is visible from the spectra where GO
shows typical humps at 230 and 300 nm that corresponds to s-it *
transitions of C=C bonds and n- it * transitions of C=O bonds respectively
and changes to only one peak at 273 nm due to a red shift and the peak
at 300 nm is disappeared indicating the reduction of graphene oxide.
The presence of AuNPs can be confirmed with the peak spotted at 525
nm, however, after modifying the particles with BSA, the peaks shifted
slightly to 528 nm suggesting successful modification with the protein.
The interaction of BSA with AuNPs can be explained by the hydro-
phobic interactions, the thiol-Au interactions (thiol or disulfide groups
present in the amino acids of BSA; cysteine) or due to the interaction of
amines or carboxylate groups with AuNPs (Zhang et al., 2011; Tabrizi
et al., 2014; Binaymotlagh et al., 2016).

3.2. Electrochemical Testing

3.2.1. Electrodes characterization using Cyclic voltammetry (CV)

Cyclic voltammetry (CV) was initially employed to test the perfor-
mance of the electrodes using 5.0 mM [Fe(CN)s1* /0.1 M PBS as redox
probe. At first, different concentrations of GO were tested in order to
optimize the best thickness needed for conductivity and robustness.
Fig. 5 (a) shows the optical images (inset) and the CV for rGO filtered
ranging from 0.1 to 1 mg/mL. It was observed that at higher con-
centrations (> 0.6 mg/mL), the prints were non-uniform and uneven
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electrochemical behavior of the optimized electrode was continued
using CV. Fig. 5(b) shows that the peak currents (Ip, and Ip.) linearly
increase with the increasing scan rate. This is indicative of the fact that
the ongoing electrochemical process of Fe(Il) to Fe(Ill) was diffusion
controlled. Also, the shift in oxidation/reduction peak positions with
increasing scan rates demonstrates a quasi- reversible process since in a
reversible process, the peak position is independent of the scan rate.
This linear dependency of peak potential was plotted against the square
root of scan rate, given in Fig. 5e. Fig. 5(d) are the signals obtained
from electrodes of different printed materials. The signal decreases after
the presence of ssDNA due to electrostatic repulsion from negatively
charged DNA strands. This was decreased further after modifying the
material with BSA, evidencing successful blocking of free sites that
could cause non-specific adsorption. Later, after addition of 1 uM target
ssDNA, the current was seen decreasing more due to enhanced repul-
sion between the negatively charged DNA and negative ions from the
electrolyte that hinders the charge transfer at electrode/electrolyte in-
terface.

3.2.2. DNA quantification using Electrochemical Impedance Spectroscopy
(EIS)

After optimizing the graphene electrode and its quality testing, the
electrodes were further used for performing impedance measurements.
Electrochemical impedance spectroscopy (EIS) is very useful electro-
chemical technique that is generally performed to obtain more sensitive
information about the changes and interactions going on at the inter-
face. One of the way to interpret the data is through the Nyquist plot
which typically consists of a semicircle at high frequency regions cor-
responding to blocking of the transferred charges at electrode/electro-
lyte interface. This is called the charge transfer resistance (Rcr) which
can be calculated by directly measuring the diameter of the semicircle.
At high frequency regions it shows a line with a slope of around 45
which demonstrates a diffusion controlled process. This typical beha-
vior was exhibited by our graphene electrodes (as displayed in Fig. 1).
Graphene electrodes showed a very low charge transfer resistance of
2.5 k€ which was seen increasing after modifying its surface by addi-
tion of conjugated AuNPs (rGO/AuNPs/ssDNA) to 4.6 kQ. This corre-
lates with the CV results and the explanation that the coated layer was
blocking the electron transfer from [Fe(CN)sl 3/4 1o the electrode sur-
face as a result of electrostatic repulsion. It was observed that AuNPs
treated with BSA exhibited larger Ret value than without the treated
ones, implying that the free sites on the synthesized AuNPs were suc-
cessfully covered and the non-specific adsorption/attachment was
minimized if not completely eliminated. Fig. 6(a) shows the increase of
resistance observed with increasing concentrations of the target probe
from 0.01 to 25 puM increases of 3.5, 4.7, 5.6, 6.5 and 7.6 kQ were
observed for 0.01, 0.1, 1, 10, 20 uM target ssDNA respectively. For
normalizing the response of the different electrodes, the increase in Ret
for each sensor before and after the hybridization is considered as the
analytical signal. Fig. 6(b) gives the quantitative information on the
increase in the value of such analytical signal with the amount of target
ssDNA. A logarithmic range of response from 0.01 to 20 uM was ob-
served, adjusted to the following equation:

Increase in R, (KQ) = 148.82 In [conc. ssDNA (uM)] + 1344.5

with a correlation coefficient (r) of 0.994, with an average relative
standard deviation (RSD) of 13%. A limit of detection (LOD, calculated
as the analyte concentration giving a signal equal to the blank signal
+ three times its standard deviation) of 0.18 nM of ssDNA is estimated.
A linear range from 0.01 to 20 uM was observed with a correlation
coefficient (r) of 0.97. A non-significant increase in resistance was ob-
served with the addition of blank buffer and 0.1 puM non com-
plementary ssDNA, demonstrating the specificity ssDNA due to elec-
trostatic repulsion from negatively charged DNA strands. Long-term
stabilty study results suggest that the sensor performance remain un-
affected during at least up to three weeks (see supporting information).

243

Biosensors and Bioelectronics 129 (2019) 238-244

4.0k v v T v T v v

3.5k Target DNA concentrations (a) -
—m—0.01 uM

3.0k —=—0.1 yM -
——1 pM

2.0k —m—10pm -

———20 pM

()

8k
=
2.04 E V—3.|;5.5)(+329.9 (b)

= R*=0.949
— )_/’
@ >

— 8 —*

G 1540 | #

= S T T T T

i £ 001 01 1 10 20

[ Cone. (pM)

& 1.0

£

@

&

a 0.54

P

=}

£

0.0 4

Blank Non-C

0.01
Concentrations (uM)

0.1 1 10 20

Fig. 6. a) Impedimetric response of the electrode towards different concentra-
tions of the complementary DNA (0.01-20 uM) on different electrodes and (b)
the change of resistance for different target ssDNA concentrations as well as for
the blank and the negative control.

Longer times were not evaluated in this preliminary work.

The proposed biosensor showed comparable or enhanced perfor-
mance than recently reported DNA sensors on conventional screen
printed electrodes, where detection limits at the nM levels are achieved
i.e. 4.7 nM for ebola Virus (Ilkhani and Farhad, 2018) and 35 and 21
nM for influenza genes (Subak and Ozkan-Ariksoysal, 2018). Although,
modifying graphene surfaces prior to printing and later DNA detection
has result in sensors with higher sensitivities, even at fM levels, (Chen
et al., 2016, 2018);, our approach exhibit clear advantages in terms of
integration, simplicity and low time of analysis It must also be noted
that in this work, no additional conducting layer has been utilized for
transfer of charges: graphene is the sole carrier for conduction as well as
for anchoring AuNPs and ssDNA. This also opens the possibility directly
adsorbing probe ssDNA (labelled or un labelled) via n-t bonding onto
graphene substrates and checking the electrochemical or optical sig-
nals.

4, Conclusion

An innovative strategy of printed sensing platform that requires
only one step modification of the working electrode has been proposed
and demonstrated. A composite containing the electrode material (rGO)
as well as AuNPs connected with the biorecognition element (ssDNA),
was stamped onto a PET substrate. Such strategy eliminates the need of
conventional modification steps of the electrode prior to testing. The
electrode properties and materials were characterized and the printing
procedure was carefully optimized. ssDNA characteristic of a virus was
selected as model analyte, for the demonstration of the proof-of-con-
cept, based on changes in the impedimetric signal of the electrode,
reaching a detection limit of 0.18 nM. The performance of the system is
comparable with those previously reported using conventional screen-
printed carbon electrodes, but with clear advantages in terms of sim-
plicity, integration and time of analysis. This successful proof-of-con-
cept can be extended to other affinity biosensors, taking advantage of
the integration of the bioreceptor (antibody, enzyme, etc) on the sensor
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surface. Such ready-to-use biosensor would lead to a one-step electro-
chemical detection.
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Figure 1: Stability measurements; signals obtained for detection of 1uM target DNA (t-DNA)
over a period of 3 weeks.
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Abstract

The facile inkjet printing of highly concentrated reduced graphene oxide (rGO) without the use of
dispersion stabilizing additives, polymeric binders or surfactants for amperometric sensor fabrication is
reported. Research in the field of printed flexible electronics is ongoing tremendously to cater the needs
of good quality conductive patterns, for instance for wearable sensors and batteries. Inkjet printing of
graphene and its derivatives is a promising digital mask- and contact-less way of producing such devices,
but faces challenges in terms of keeping production costs low for materials, ink composition and
production. Achieving stable inks does often not reach or adulterate the electrochemical properties of
graphene and its derivatives. This work addresses these issues and a stable dispersion of rGO with an
exceptionally high concentration of 30 mg/mL was achieved using a combination of N-methyl
pyrrolidone and 1,2-propanediol. An all inkjet printed three-electrode viable bacteria detection sensor
was printed over flexible polyimide substrates using rGO as the working and counter electrode and silver
chloride as the quasi-reference electrode. Bacteria detection was enabled by using (5-cyano-2,3-di-(p-
tolyl) tetrazolium chloride (CTC), 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(phenyl) tetrazolium chloride
(INT), 2,3,5-triphenyl tetrazolium chloride (TTC) and resazurin (RS) redox indicators whose reduction by
the bacterial respiration was electrochemically followed. Four redox dyes were successfully applied to

E.Coli samples.
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Introduction

Printing techniques like screen printing, roll-to-roll, inkjet printing etc. have become crucial for making
functional working electrodes or circuits in electronic industry owing to their low cost and scalability.
These techniques can effectively produce patterns over a rigid or flexible substrate[1]. Electrochemical
sensors operate by reacting with the analyte of interest and producing an electrical signal proportional
their concentration. A typical electrochemical sensor consists of a sensing electrode (or working
electrode), and a counter electrode separated by a thin layer of electrolyte, it provide several
advantageous like high sensitivity, selectivity, accuracy, time efficiency, miniaturization and
uncomplicated route compared to the molecular, culture dependent conventional approach. The three
main electrochemical routes for bacterial detection are Voltammetric, Amperometric/Potentiometric
and Impedimetric among which Amperometry measures current generated from the oxidation or
reduction of the electroactive species at the working electrode at constant potential values and are
directly proportional to the analyte concentration[2][3]. Different metallic (Pt, Au) or carbon based
electrodes (Glassy Carbon electrodes, graphite or graphene) have been used as working electrodes
where the Metallic electrodes have shown highly sensitive sensors owing to their high conductivity, but
are expensive, rigid and have smaller electrochemical window (instability) [4]. These reasons influenced
the use of alternative carbon electrodes like GCEs which have been widely exploited as electrodes for
electrochemical sensor, however, these also suffer from few drawbacks, the main being rigidity and
lower analyte loading due to their highly compact nature and the absence of active surface groups does
not favors direct attachment of the biomaterial to the electrode surface or the possibility of surface
modifications. For flexibility purposes Screen printed carbon electrodes [5][6] and Graphene [7] are
being used at a tremendous rate as they provide easy processability, printing and flexibility in addition
to high conductivity, wider electrochemical window, chemical inertness etc. Graphene can provide much

higher loadings and conductivity as compared to graphite due its exceptionally high surface area and



fast electron transfer and also provides more functionalization possibilities [8].

Depending on the final application of the printed device, some of the mentioned deposition techniques
can be superior to the others considering the typical advantages and drawbacks of those. For instance,
screen printing can be used for making thick patterns where high precision of the layer roughness and
lateral micrometric resolution are not the primary concerns [9][10][11]. The ink formulation can be less
complex compared to inkjet printing where the fluid properties are more strict in order to provide
precise and accurate deposition of picoliter droplets, without nozzle clogging, and consequently
providing high micrometric resolution [12]{13][14][15]. Inkjet printing is an emerging printing technique
for patterning a wide range of nanomaterials at large scale. However, the particle size, level of particle
aggregation, and the selection as well as mixtures of solvents is crucial to attain appropriate fluid
properties for jetting. For instance, Drop on Demand Dimatix printer requires the ink surface tension
and viscosity to be in the range of 28 — 33 mN/m and 10-12 cPs respectively [16]. Inkjet printing has
further the possibility of upscaling of a production from a prototype level to reach commercialization
purposes, simply by increasing the number of nozzles in a printhead. Further features of inkjet printing
include that it is maskless, contactless, compatibility with various substrates and avoids wastage (due to
drop-on-demand operation). The main challenge of inkjet printing is the formulation of reproducible and
stable inks [17][18], which is mostly hindered by nanoparticle aggregating or sedimentation in the
printhead blocking irreversibly the nozzle orifice. This leads often to the formulation of inks with low
loadings and, as a result, multiple layers have to be printed in order to obtain a conductive layer of
conductive nanoparticles. Other issues are based on obtaining homogeneous patterns, i.e. without local
particle sedimentation due to coffee ring effect-related phenomena. Furthermore, the adhesion of the
printed layer to the substrate, e.g. when being into contact with a liquid or when being bent, has to be

considered.



The inkjet printing of different materials ranging from metal/metal oxide nanoparticles[19][20],
polymers[21] or carbonaceous materials like carbon nanotubes (CNTs) [22][23] or graphene[24] have
been reported. Nanoparticles of Ag, Pt, Au or Cu are attractive for many applications in circuits or
sensing, but often expensive or unstable (e.g. due to chemical oxidation). An alternative group of
conductive materials, which at the same time is advantageous for the electrochemical detection of
organic molecules, are carbon-based nanomaterials, such as CNTs or graphene, which are further
chemically and mechanically stable, possess exceptional thermal and electronic properties [25][26].
Graphene can easily be produced on large scale by different production techniques like chemical
oxidation, liquid-phase exfoliation of graphite[27][28], but is generally difficult to disperse due strong
inter sheet attraction based on mt-it-interactions [29][30]. The particle aggregate size should generally be
one hundred times smaller than the dimension of the nozzle orifice (rule of thumb), which in case of
many printers is equal to 200 nm particles for 20 um nozzles. Replacing graphene by graphene oxide
(GO), which is hydrophilic, leads to aqueous dispersion of high stability. However, GO is characterized by
non-conductivity or at least by high resistance values (depending on the degree of oxidation of the
graphene sheets). After printing, GO can be thermally, chemically or photonically reduced [31], but this
represents an additional working step that can degrade other sensor layers and the substrate. Certain
solvents, such as N-Methyl-Pyrrolidone (NMP) result in graphene dispersions without the need for
stabilisers due to the matching Hansens solubility parameters[32] with the additional advantage of
reducing the coffee ring effect [33]. The aggregation of graphene sheets in inks can further be avoided
by adding so-called stabilizers (e.g. surfactants or polymers) [34][35] These modification blocks the
graphene sheets from aggregating, but can result in either enhanced conductivities, synergistic effect
resulting from the composite or large inter-particle resistances and even insulating patterns.
Consequently, thermal post-processing steps (>100 2C) are applied for the removal of the stabilizers and

for annealing/sintering the conductive particles forming a conductive layer [15][36]. This represents an



additional process step and thermal processing is restricted by the thermal stability of the substrates, in
particular when low melting point plastics are used. In many cases, researchers prepare graphene based
hybrid inks with conducting polymers or metal NPs that not only avoids aggregation but also provide
synergistic effects to enhance the performance of the electrodes for particular applications: for example
hybrids with Conducting polymers are commonly used for enhancing capacitance of the electrode, or
even provide surface for functionalization or entrapment of a biomolecule for biosensing applications.
With metal NPs, the overall conductivity can be enhanced providing higher loading or catalytic effects
for electrochemical sensing (REF).

In this work, be formulated an ink with high concentration of reduced graphene oxide for printing
amperometric three-electrode cells used for the detection of viable bacteria. Specific for bacterial
detection, different strategies are usually employed by using enzymes, antibodies (labelled or un-
labelled), DNAs or even whole cell (micro-organism) as the bioreceptors where the response arising
from the bacterial metabolic activities or the change in charges due to their attachment at the working
electrode can be directly studied. Apart from these direct approaches, redox mediator assisted
electrochemical sensing is also performed where oxidation/reduction changes of the mediator occurring
due to the presence of analyte are studied [37]. Our goal was to produce in a simple and straightforward
way an inkjet-printable ink with rGO that can be scaled-up in ink volume. The shelf life of the ink should
allow long-term, high-throughput printing with large numbers of parallel nozzles. Besides NMP 1,2-
propanediol was added to the ink to adjust the viscosity and improve jetting and the resulting ink
exhibited a density, viscosity qnd surface tension of 1.05 g/cm?, 3.8 mPa-s and of 38 mN/m respectively
with the Z value of 7.5 at a concentration of 30mg/ml. Three-electrode amperometric sensors were
printed and electrochemically characterized in aqueous solutions containing a redox mediator. As a
proof-of-concept, the sensors were applied to detect viable bacteria. In proof-of-concept

measurements, test solutions contained viable and metabolically active E. coli and specific redox



indicators. The redox indicator molecules were reduced by the respiratory chain of the bacteria
decreasing thus the redox dye concentration in the solution, which was electrochemically followed by

voltammetry using the printed sensors.

Experimental Methods

Materials and Reagents

Graphene oxide (15-20 sheets, 4-10% edge-oxidized, Sigma Aldrich), commercial silver ink (Silverjet
DGP-40LT-15C, 30-35 wt.%, Sigma Aldrich), UV curable dielectric ink (jettable insulator EMD 6201, Sun
Chemical), N-methyl pyrrolidone (NMP), 1,2-Propanediol, potassium hexacyanoferrate(lll) (Ks[Fe(CN)s]),
potassium hexacyanoferrate(ll) (K4[Fe(CN)g]), ferrocenemethanol (FcMeOH), hexaamineruthenium(lll)
chloride ([Ru(NHs)¢]Cl3), potassium hexachloroiridate(lll) (KslrClg), potassium nitrate (KNOs), lysogeny
broth (Sigma-Aldrich), four metabolic activity indicators (5-cyano-2,3-di-(p-tolyl) tetrazolium chloride
(CTC), 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(phenyl) tetrazolium chloride (INT), 2,3,5-triphenyl
tetrazolium chloride (TTC) and resazurin (RS); all Sigma-Aldrich), were of analytical grade and used as
received. Polyimide (PI, Kapton HN, thickness 125 um) were used as substrates for inkjet printing after

rinsing with isopropyl alcohol and drying with a stream of nitrogen.

Ink Preparation

The graphene ink was prepared by adding 30 mg of the as-purchased rGO powder per mL of a mixture of
NMP and 1,2-Propanediol in the volume ratio 7:3. The mixture was then sonicated for 30 min at 40%
amplitude with an on/off pulse cycle of 5 s using a Sonics Vibra Cell 505 in the "Cup horn" arrangement.
The viscosity and surface tension of the inks were characterized with an SV-10 A series viscometer (A&D

Instruments Limited) and a drop shape analyzer DSA-30 (Kriss).



Inkjet printing of rGO patterns and three-electrode sensors

A drop-on-demand DMP-2850 materials deposition printer (Fujifilm Dimatix) with disposable DMC-
11610 cartridges (16 individually addressable nozzles, 10 pL nominal droplet volume), which operate
under piezoelectric actuation were used for the inkjet printing of the rGO inks. Printing parameters, such
as piezoelectric actuation, jetting frequency and cleaning cycles for the nozzles were optimised. The
substrate temperature was kept at 60 2C for fast evaporation of the ink solvents. The rGO layers were
then subjected to photonic curing (PulseForge 1300, NovaCentrix), which was integrated into an X-Serie
CeraPrinter (Ceradrop). The parameters of the high intensity pulsed light were 400 V for the lamp
charging with a pulse width of 18 us resulting in a theoretical total energy density of 6.9 J/cm”.

Three electrode sensors, composed of Ag connection paths, Ag/AgCl quasi-reference electrode (QRE),
rGO working electrode (WE) and counter electrode (CE), dielectric ink for insulation and electrode area
definition, were printed using both the CeraPrinter (Ag, dielectric ink) and DMP-2850 (rGO). Printing
designs and process steps for Ag and the dielectric were adapted from our previous works [38] [39].
Briefly, after printing and curing rGO (as purchased reduced graphene oxide (rGO), 4 to 5 % edge
functionalised into a mixture of N-Methyl-2-Pyrrolidone and 1,2-Propanediol), patterns of Ag were
printed with a Q-Class Sapphire QS-256 printhead followed by photonic curing, then the UV curable
insulation was printed with a DMC-11610 cartridge and simultaneously photo-polymerized using an UV
lamp (FireEdge FE300 380-420 nm, Pheseon Technology) integrated into the printhead carrier.

Rectangular electrode areas were obtained in this way with an active area of Imm?.

Materials characterizations

The printed sensors were first characterized by using scanning electron microscopy (SEM, FEI Quanta

650 FEG ESEM) and high-resolution transmission electron microscopy (TEM, FEI Tecnai F20). X-ray



photoelectron spectroscopy (XPS) was performed using a SPECS PHOIBOS 150 analyser (SPECS GmbH).

Optical micrographs were taken with the built-in cameras of the CeraPrinter and DMP printer.

Bacterial culture and incubation

Bacterial cultures were prepared by adding to 250 uL of a E.Coli bacterial stock solution to lysogeny
broth, followed by 2-3 h incubation under shaking at 650 rpm at 37 °C. Bacteria counting was done by
measuring the UV-Vis absorbance at 600nm. The optical density of 1.2 at 600 nm corresponded to

approximately 8.3x10% cells/mL.

Electrochemical measurements

A MultiEmStat (PalmSens) in a three electrode configuration (rGO as WE and CE, Ag/AgCl as QRE) was
used for all electrochemical measurements, i.e., cyclic voltammetry (CV) and differential pulse
voltammetry (DPV). The general electrochemical performance of the rGO-based sensors was
investigated with CV using the four redox mediators FcMeOH, Ks(IrClg), a 1:1 mixture of
Ks[Fe(CN)s]l/Ks[Fe(CN)s] and [Ru(NHs)s]Cls (concentration of all 2 mM) in 0.1 M KNO;. The
electrochemical performance of the four redox indicators RS, CTC, TTC and INT (all 5 mM) was studied
using CV and DPV. The functionality of the sensors as viable bacteria sensors was evaluated by DPV
dropping 30 pL of lysogeny broth without and with incubated bacteria (30 min incubation time with

finally ~8.3x10°® E. coli cells/mL) onto the sensor.

Results and Discussions

Ink formulation and inkjet printing

First, an ink was formulated fulfilling the following requirements: high dispersibility of rGO, stable jetting



with piezoelectric driven printheads, fast drying of printed patterns, homogeneous rGO patterns after
printing and drying, conductive rGO patterns with good adhesion to Kapton in aqueous solutions. NMP
(Viscosity 1.65 mPas at 25 2C) was chosen as one of the solvents due to its known positive properties for
dispersing graphene. 1,2-propanediol (viscosity 40.4 mPa-s at 25 °C) was used to lower the viscosity of
the ink. Finally, an NMP:1,2-propanediol mixture of 7:3 reaching rGO loadings of 30 mg/mL, which to the
best of our knowledge overcomes at least ten times the loadings of the current commercial and yet
reported inkjet printable graphene and graphene derivate-based inks [40][12][41][42]. In parallel to
achieving the high rGO loading, the physical and rheological properties of the ink were adjusted to
match the narrow operability window of piezoelectric inkjet printing ranging from 10-12 cPs and 28 — 33
mN/m for viscosity and surface tension, respectively. The final ink exhibited a density (p) of 1.05 g/cm?,
dynamic viscosity (n) of 3.8 mPa-s and surface tension (y) of 38 mN/m. A non-dimensional Z-parameter,
which is the inverse of the Ohnesorge number (Oh) that is derieved from Reynolds(Re) and Weber (We)

number, was calculated using the following formula [43] :

Re \/ﬁ
to estimate if the ink is within the printability range of 1 < Z < 10 as defined by Derby [44] .A too high Z-
value (larger than 10 or 16) [45] can result in satellite formation whereas a Z-value lower than 1
represents inks of extreme viscous impeding the formation of stable droplets [44] [46]. The Z number of
7.5 (nozzle diameter 21.5 um) for the rGO formulated herein fell indeed in the printability range and
stable jetting could be observed for 6 parallel nozzles (Fig. 1a, note that the printer camera can only

visualize six nozzles at a time). Spherical 0.113 pL droplets at a distance of 150-180 pum from the nozzles



was generated allowing to print first arrays of separated droplets on a Kapton substrate (Fig. 1b). The
ink dried within few minutes, as supported by using 1,2-propanediol as one ink solvent with relatively
high vapour pressure (0.08 mmHg at 20 °C), and circular droplets of ~60 um diameter with nearly
homogeneous darkness were obtained with the grayscale printer camera indicating a homogeneous
distribution of the rGO flakes in all droplets. The latter was supported by the presence of NMP [33][47].
The good wetting of the Kapton substrate with the rGO ink was characterized by a contact angle of 15%
(Fig. 1c). Rectangular patterns of rGO were then printed and dried on Kapton using different numbers of
printed layers ranging from one to 20 (Fig. 1d). Fig. 1e is the printer camera image of the patterns for 10
L. Please note that one layer refers to the deposition of one droplet per coordinate and not to a single
layer of rGO. Even with just 1L of rGO the pattern is clearly visible to the eye with increasing darkness

with layer number.

Figure 1. a) Representative simultaneous jetting of droplets of the rGO ink (30 mg/mL) from six consecutive nozzles. b) Dried
droplet array on Kapton with a lateral droplet separation of 100 um. c) Contact angle measurement of an rGO ink droplet on
Kapton. d) Patterns of rGO inkjet printed with 1 to 20 printed ink layers L.



Graphene after sonication falls within the printable ranges of the DMP printer (nozzle diameter 21.5 um)
that maybe acts more like particles than flakes, additionally being highly dispersible in NMP and
Propanediol (due to the the edge functionalities of rGO). Finally, a three electrode pattern was printed
as shown in fig. 2, in 3 steps, i) printing of Graphene working and counter electrode, ii) printing of the Ag
connecting legs and (pseudo)reference electrode and iii) printing of the insulation layer. Photonic curing

was applied after each step except in the case of insulating layer which was cured using the UV lamp.

Insulation

9 Printed three-electrode
sensors

Figure 2. (a) photograph of a single printed electrode (b)Printer images of the three printed layers to make final device(c)
multiple fabricated electrodes taken with a mobile phone.



Morphological Characterization

An SEM image of the raw rGO powder with a flake size of ~4 um is shown in Fig. 3a. Fig. 3b shows the
TEM image of rGO from the inkjet ink. Different numbers of graphene layers could be observed from 2
to 20 layers which is in correspondence with the SAED (selected area electron diffraction, Fig. 3c).
Hexagonal rings exhibiting a six fold symmetric pattern, attributing to graphene, with different and
multiple spot sizes. This can be credited to the multilayer graphene stackings, presence of domain
boundaries and /or intrinsic rotational [48]. The first hexagon of reflections refers to an inter-plane
distance of 2.13 A and the outer hexagon refers to 1.23 A corresponding to the {0110} to {1210} planes'
Further, the size of the rGO flakes have been reduced considerably in order to make the final ink
compatible with printing. In the final prints, e.g. with 10 L (Fig. 3d), the size of the rGO flakes ranged

from 200 - 400 nm resulting in a compact film morphology.

Fig. 3e shows the XPS spectra of the printed rGO pattern before (i.e. after removing the patterns from
printer hot plate, 60°C) and after photonic curing using a 400V pulse a width of 18 us generating a
theoretical total shot energy of 6.9 J/cm?. Apart from facilitating the drying of the printed film, a small
reduction in the oxygen content from 9 to 6.2 % was observed, indicating a reduction of the rGO
induced by the light from the Xe flash lamp. Such reductive, light induced curing has recently been
described by [49][49] and Costa Bassetto et al. [50] where certain compounds, such as alcohols can act
as reducing agents. The temperature in the irradiated materials can reach several hundred degrees (ref).
The rapidity of the flash light-induced process avoids the formation of oxides although the high
temperature process is carried out under ambient conditions. In general, several works on
curing/reducing graphene oxide films as a cost and time effective process have been reported
[51][52][53]. In the Core level Cls spectra of both printed patterns, the peaks corresponding to C=C

graphitic carbon at 284.X eV, C-C sp® at 285.5 and C=0 carbonyl groups at 288.7 can be seen, however,



with reduction of the oxygen content from 9 to 6.2%. Also, a peak at 291.3 eV appears that can be
attributed to the m- m* shape-up satellite peak or the tail corresponding to C=C graphitic peaks after

photonic curing[54][55]. For thermal treatments, the prints were subjected to 100 and 300 2C.
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Figure 3. a) SEM image of raw rGO powder. b) TEM image of the rGO taken from the rGO ink. c) Selected area electron
diffraction (SAED) pattern of rGO taken from the rGO ink. d) SEM image of inkjet-printed rGO pattern. e) XPS spectra of printed

rGO patterns before (black) and after (red) photonic curing. f) Core level Cls of XPS spectrum of rGO before photonic curing. g)
Core level C1s of XPS spectrum of rGO after photonic curing.



Electrochemical characterization

The three-electrode sensors were analysed by cyclic voltammetry (CV) in 2mM ferro/ferri containing 0.1
M KNOs; solution (Fig. 4a). The electrochemical oxidation and reduction of Ferri/Ferro can be seen
at ~0.13 and~ 0.04V respectively for the 1%, 15" and 25" electrode with similar current values proving
high repeatability for several electrodes. Effect of layers was studied and optimised next (Fig. 4b). It can
be seen from fig. 2 (b) that the current increased with increasing no. of prints and clear signals could be
observed at as low as just 2 prints, this implied that with just two printed layers, decent graphene

coverage for connectivity could be achieved which could be further improved by printing more layers.

1.8 =y T T T T T T 5 ey Y T T T T T T
——1* electrode a b
1.24_ _ _ 45" electrode ( ) b 44 ( ) )
—-—- 25" electrode 1 10 L
0.6+ 1 31 il
24 o
0.0+ L <
< i
~— - 9l i
~ -0.64 - -
0- :
-1.24 -
14 i
181 M0 o Pueodd ] 2 ]
04 02 00 02 04 06 08 1.0 01 00 01 02 03 04 05 0.6
EIV EINV
1.5 T T T T T T T T T T T T T
e+« Thermal curing at 100 °C/ N, atm 8« I
= = Thermal curing at 300 °C/ N, atm (c)
1.0+ == Photonic curing 1 64 B
0.5+ L 4+ b
<
< oo 1 = :
~ —
-~ 0+ E
-0.54 <
2. 4
1.04 1 44 -
1-5 T L T L T '6 T T T T T L L L
0.4 -0.2 0.0 0.2 0.4 0.6 0.8 -03 -02 01 00 01 02 03 04

EIV EIV



Figure 4. a) Sensor reproducibility study with 25 inkjet printed sensors with 20L rGO photonically cured in 2 mM /ferro//ferri
and 0.1 M KNO; at 50 mV/s,. b) Effect of the number of printed layers in 2 mM FcMeOH and 0.1 M KNOs. at 50 mV/s . c) Effect
of thermal and photonic curing. d) Effect of scan rate from 5 to 100 mV/s. in 2 mM FcMeOH and 0.1 M KNO3, at 50 mV/s

However, not a considerable increase in peak current was observed after 10 prints and the peak-to-peak
separation was the best at and after this point (76 + 2 mV at 50 mV/s) that implies the film just got
thicker without significant increase in the real surface anymore, therefore further tests and sensing
measurements were performed with 10 rGO prints always. In future, printing parameters can be
modified to change the printing process, for instance, by playing with the jetting voltages, droplet
volumes or drop spacing etc different prints could be obtained or the quality could be further enhanced.
Effect of thermal and photonic curing is shown in (Fig. 4c). For thermal treatments, the prints were
subjected to 100 and 300 9C under N, flow for 1 h and the patterns were compared in 2 mM ferro/ferri
solution in 0.1M KNO; and at 50 mV/s from -0.3 to 0.8 V. From the obtained voltammograms, we can
see that that curing photonically and thermally at high temperature provided comparable results with
slightly closer peak separation potentials after photonic treatment, 80mV for PC, 86 and 88 mV for TC at
300 and 100 °C respectively at 50mV/s. Additionally, the reduction in capacitive signals suggests that the
edge functionalities/defects on the graphene sites were reduced with partial restoration of the sp2
structure. This has been shown by many studies that the capacitance of Graphene is higher at the edges
than the basal planes as the edges provide greater accessibility to the solvent ions and large
inhomogeneities of the charges allow greater ion adsorption [56][57][58]. Reduction of capacitive
current could also indicate that the film gets more compact = less porous, as also thermal curing at 300
°C shows the reduction of the capacitive current. Less double layer charging, but still linear diffusion
during CV. For all the above optimisations, an external Ag/AgCl R.E was used instead of the Ag to avoid
any uncertainty. Finally, a scan rate dependency study was made of the sensors with an all inkjet printed

and integrated three electrode system (printed Ag was used as the R.E). Response towards different



redox mediators and a scan rate dependency study was tested as shown in the supporting information(S
1-4). Except for FCMeOH (Fig. 4d), a linear function -of the anodic peak currents (lp,) towards the square
root of the scan rates (u */?) was observed for [Fe(CNg)]>"*, IrCI*s, [Ru(NHs)s]** with high reproducibility
of the scans, suggesting a semi-infinite diffusion controlled process. For oxidation and reduction of
FCMeOH, value of the slope obtained from the log (Ipa) vs log (u) was 0.72 indicating the presence of
adsorption processes, this could also be verified by calculating the ratio of anodic and cathodic peak
currents Ipa/IPc which was ~1.4, far away from the ideal 1 suggesting not all the reduced FCMeOH
species while oxidation was reduced back to its original form[59]. Furthermore, the peak-to-peak
separation potentials (AE = Epa - Epc) for oxidation and reduction at different scan rates of all the redox
mediators exceeded the theoretical value 59mV for one electron transfer process. The deviated values
obtained for Ferro/ferri (83.4 + 4mV ), FCMeOH (74.7 + 8.4 mV), IrCI*¢ (74.3 + 4.8 mV) and [Ru(NH3)6]*"
(63.4 £ 2.8 mV) can be due to the IR drop and kinetic limitations at the electrode or due to the defects
present in Graphene during its preparation, printing or post printing treatments (boundary defects or
the present oxygen functionalities)[60][59]. The sensors showed a very high reproducibility when the
peak currents and the peak potential separation was calculated for 25 different electrodes with average
peak-to-peak separation and anodic peak intensity of 72.6 £ 5.1 mV and 0.67 + 0.014 pA (see Fig. 6) and

each electrode was useable atleast 5-6 times.

Viable bacterial detection

Metabolically active bacteria can be detected using redox dyes that permeate into the cell where they
under reduction by the respiratory chain [61][62]. This concept is used since long in colorimetric bacteria
assays. However, since recently, this concept has also found application in electrochemical sensing, as
many of the known redox dye molecules are electro-active and thus detectable with amperometric

electrodes [63]. Resazurin (RS) and the three tetrazolium based indicator dyes TTC, CTC and INT were



analysed measuring CVs and DPVs of blank samples (redox indicator in LB) and test solutions (redox
indicator in LB with 8.3 x 10° E. coli cells (strain DH5alpha)/mL (Fig. 5)). Electrochemical measurements
of all the redox indicators with or without the bacteria was performed by cycling from 0 to -0.8V and
concentration of the redox indicators was in all cases 5 mM. Reverse cycling was performed using cyclic
voltammetry for understanding the behavior of indicators, it shows clear oxidation and reduction peaks
(humps) during the reverse (negative) and forward (towards positive) scans respectively. Differential
Pulse Voltammetry (DPV) was performed for quantifying purposes. Characteristic reduction peaks of the
four redox indicators RS, CTC, TTC and INT are evident from Fig. 5. Cyclic voltammetry was carried out by
scanning towards negative potential in order to electrochemically reduce the indicators, demonstrated
irreversibility for TTC, CTC and INT characterized by the missing oxidation peaks. These tetrazolium salts
showed reduction peaks of different shapes and at different potentials owing to different reaction
kinetics. RS reduction, on the other hand, demonstrates two peaks (at~ 0.2V and~ 0.36V), it is first
reduced to irreversible resorufin and then reversibly to dihydroresorufin [64].

Higher activity of reduction by bacteria were observed with RS and CTC exhibiting higher activity with
peak reduction of 60.6 and 68.9% whereas TTC and INT showed lower reduction activity with only 40
and 32.1 % after incubation with live bacteria (E.Coli) on the rGO electrode surface. The electrochemical
reduction of the redox indicators showed similar behavior reported by Zhu et al where sensing was

performed using Inkjet printed CNT electrodes [63].
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Figure 5. Electrochemical detection of viable bacteria (8.3 x 10®E. coli cells (strain DH5alpha)/mL) using the rGO-based sensors
(10 L rGO) with CV (left panels) and DPV (right panels) for RS (a, b), TTC (c, d), CTC (e, f) and INT (g, h). Blanks (no bacteria) are
shown in black/solid and test solutions with bacteria after 30 min of incubation are shown in red/dashed. Experimental
conditions: lysogeny broth, CV parameters: scan rate 50 mV/s; DPV parameters: scan rate 50 mV/s, step potential 5 mV,
potential pulse 100 mV and pulse time 0.05 s.

Conclusions

A very simple and straightforward yet highly effective inkjet printing of graphene electrodes by
formulating a highly concentrated (30mg/ml), surfactant free graphene ink has been achieved. This
prudent selection of the materials solvents and parameters led to fabrication of electrodes that
demonstrated very good reproducibility, excellent and uniform prints over Kapton substrates with very

high resolutions with less time consumption. This strategy eliminates the use of harsh post treatment



steps making it applicable to variety of substrates, in turn, applicable to numerous applications.

Electrochemically, the electrodes exhibit quasi-reversible behavior with close small peak-to-peak

separations. These inks can be patterend and used for variety for flexible electrical or electrochemical

application, out of which, the sensing ability is demonstrated here by performing few preliminary

measurements for detection of live E.Coli. The work has great potential for efficient and low cost (<20

cents/ rGO/sensor) mass production of flexible electronics. Furthermore, the prepared electrodes are

not limited to just bacterial sensing, they can be used for various other electrical or electrochemical

applications that includes chemical or biosensing or energy storage applications etc.
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CHAPTER 4
Conclusions and Future Perspectives

Detailed conclusions are mentioned at the end of each work presented. In this chapter, general
conclusions, shortcomings and future perspective on the fabricated devices are discussed. Enhanced
performance characteristics of proof of concept devices have been demonstrated along with unique
strategies employed that can be used as initial trials for further research. Some shortcomings that must
be overcome for the proposed technologies to be used for commercial applications along with the

possible solutions are mentioned below:

Energy Storage

We were able to demonstrate the fabrication and working of three different supercapacitor devices

using different technologies and materials.

(i) In the first example, easiest coating method was used to develop supercapacitor device
using double hybrid technology over flexible Textile substrates. Technically, the device
showed great performance in terms of capacitance, energy and power densities and in
principle the fabrication can be done for large scale and low-cost applications .The
symmetric cell composed of rGO modified with anchored phoshotungstic acid (rGO-
H3PW,040) and combined with hybrid electrolyte (hydroquinone-doped gel electrolyte; HQ
doped PVA-H,S0,) exhibited a wide working potential of 1.6V and an ultra-high energy
density of 2.38 mWh/cm?. The self-discharge of the device for long term application due to

redox- active electrolyte might be an issue.



(ii)

(iii)

The second work presented showed a very good response and performance of the graphene
printed paper electrode supercapacitor device. In this case, we used the hybrid electrode
technology which aided the enhanced overall performance like the high volumetric
capacitance of 130 mFcm™ at a current density of 6.5 mA cm™ and maximum energy and
power density of 0.026 mMWhcm™and 13.4mWcm™, respectively of the graphene
electrode with Redox active Kl along with 97% capacitance retention after 3000
charge/discharge cycles. However, for its practical application, a lot of key factors still need
to be worked upon. Some of these factors are, (a) the self-discharge of the device was
tested to be very high (due to the solubility of Kl that led to its migration through the paper),
(b) concerning the paper substrate, conventional paper was used to demonstrate the device
performance, but the paper incorporates different additives, binders etc during its
fabrication which could give different and unwanted signals directly affecting the
reproducibility, plus the poor mechanical strength in aqueous electrolytes doesn’t make it
possible to be industrially used. For this purpose different kinds of paper substrates or solid
electrolytes can be tested as part of future work. Solid electrolytes can not only help in
maintaining the device stability but can also help in easy and leakage-free packaging.

The third work showed the use of N-doped CNPipes/Graphene composite printed through
screen printing using lonic liquid as the binder. Screen printing method was highly efficient
in preparing the micro-interdigitated patterns reproducibly and the symmetric cells of the
hybrid exhibited a high capacitance value of 95.34 mF/cm’ in redox-active aqueous
electrolyte (KI/KOH) with high energy and power densities of 19 uWh/cm? and 11.2
mW/cm? respectively with 80% capacity retention for 2000 charge/discharge cycles. In this
work, the N-doped CNTs were prepared by pyrolyzing previously synthesised polypyrrole

nanotubes, but the Polypyrrole nanotubes were not studied as the electrode material due
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to the lack of its ability to form a stable ink. Numerous efforts were made to make
polypyrrole based inks but it was extremely difficult to find a suitable solvent for its uniform
dispersion without making structural or chemical changes. Also, the use of ionic liquid
undoubtedly resulted in better performance of the device, however, its binding capabilities
compared to the conventional polymer based binders is not comparable and often the
patterns could easily be scratched off from the substrate surface. Future steps here might
include formulation of polypyrrole nanotubes inks and compare its behaviour with graphene
as well as with the N-doped CNTs along with trying different ILs and different concentrations

or perhaps the mixtures with other binders.

Electrochemical sensors

(i)

An DNA sensor fully printed in one step was demonstrated using an rGO/Au composite. The
proposed sensor promises a number of advantages like high sensititivity (reaching a
detection limit of 0.18 nM), wide concentration range (linear response in the range of
concentrations 0.01-20 uM) and integrated immobilisation technique, environmentally
friendly device fabrication and no need for post printing steps that gives us the advantage of
using any type of substrate regardless of its thermal or mechanical stability. Another major
benefit of the technique is that it is not just limited for DNA sensing, it can be applied to
make immunosenosrs, whole cell or enzymatic electrochemical sensors. The weak point of
the technique is the reproducibility. Because of the mechanism proposed, there are certain
unavoidable deviations in each transfer like the concentration or the distribution of AuNPs
can vary since the AuNPs and Graphene is not chemically bonded, which directly affects the

reproducibility. It is very important to very carefully monitor each transferring step to obtain
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(ii)

reproducible results. One way to avoid this is by transferring as many electrodes as possible
in one transferring step.

Other work is focussed on the preparation of Graphene-based inks for inkjet application.
The prepared highly concentrated ink of 30 mg/ml shows excellent and reproducible
electrochemical performance in different redox mediated electrolytes. Combination of
photonic curing gave an additional benefit to the device by making the use of different
flexible substrates like PET that do not have very high melting points possible. The ability of
the prepared electrode as a sensing platform was tested for detection of bacteria. Bacterial
detection (E. Coli; strain DH5alpha cells) at high concentrations was performed
electrochemically as a proof of concept and the results exhibited decrease in peak current
values upon incubation of the redox indicators with bacterial cells demonstrating effective
reduction by live bacteria. Additionally, the proposed electrodes can be used for other bio or
chemical sensing, especially for heavy metals detection. The ink was very stable during the
printing procedure (long hours), however, if kept idle overnight, troubles (including
aggregation, blocked nozzle, etc.) in printing later occurred. This was avoided by cleaning
the whole cartridge everytime if the ink was kept idle overnight or by using fresh ink for
each printing. Generally, enough electrodes (80 — 90) electrodes could be printed with one
filled cartridge. Another disadvantage is the use of NMP, which is a toxic organic solvent.
Although, the ink was printed with the combination of 1,2 Propanediol (Propylene Glycol),

research for other suitable solvents must be done in order to make an eco-friendly
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