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Graphene Acetic Acid-Based Hybrid Supercapacitor and

Liquid-Gated Transistor

Rafael C. Hensel, Biagio Di Vizio, Verénica Montes-Garcia, Jijin Yang, Georgian G. llie,
Francesco Sedona, Mauro Sambi, Paolo Samori, Andrea Cester, Stefano Agnoli,

and Stefano Casalini*

Supercapacitors and transistors are two key devices for future electronics that
must combine portability, high performance, easy scalability, etc.
Graphene-related materials (GRMs) are frequently chosen as active materials
for these applications given their unique physical properties that are tunable
via chemical functionalization. Up to date, among GRMs, only reduced
graphene oxide (rGO) showed sufficient versatility and processability in mild
media, rendering it suitable for integration in these two types of devices. Here,
a sound alternative to rGO is provided, namely graphene acetic acid (GAA),
whose physico-chemical features offer specific advantages. In particular, the
use of a GAA-based cathode in a zinc hybrid supercapacitor (Zn-HSC) delivers
state-of-the-art gravimetric capacitance of ~400 F g~ at a current density of
0.05 A g~'. Conversely, GAA-based LGT, supported onto Si/SiO,, shows an
ambipolar behavior in 0.1 M NaCl, featuring a clear p-doping quantified by
Dirac voltage higher than 100 mV. Such a device is successfully implemented
in paper fluidics, thereby demonstrating the feasibility of real-time monitoring.

1. Introduction

The discovery of graphene’s exceptional
mechanical, electrical, thermal, and opti-
cal properties!'™* has fuelled an extensive
research effort towards technological ap-
plications in drug delivery,®! sensing,!®”]
energy storage,l® and electronics.’! Al-
though graphene shows exceptional fea-
tures, its processability due to restack-
ing/agglomeration of the flakes and zero
bandgap limits the final performance of
graphene-based devices.[1®!!] The chem-
ical functionalization of graphene played
a key role in addressing these open chal-
lenges because its derivatization can im-
prove water dispersibility and even tune
its electronic conductivity.'>"”] One of
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the most popular examples of chemical
modification of graphene is graphene ox-
ide (GO), whose backbone bears many
oxygen groups (viz. hydroxyl, carboxyl,
epoxide, carbonyl, etc.) due to its extensive oxidation.['#1%] This
massive chemical modification determines an abrupt loss of
conductivity (i.e., GO is an insulator), but it gains ideal wa-
ter dispersibility due to the high density of hydrophilic groups.
Many physical and chemical processes allow a partial restora-
tion of the sp2-hybridized carbons, which are responsible for
the high conductivity of graphene, thereby leading to reduced
graphene oxide (rGO).12*?] Apart from GO and rGO, there are
further routes to synthesize relevant graphene-related materials
(GRMs), such as fluorographene (FG).[?®! In terms of sustainabil-
ity, fluorographite is extremely convenient (viz. it is used as a
lubricant, so it is massively produced by companies).[*”) FG af-
fords the synthesis of stoichiometric graphene derivatives such
as graphene acid (GA) compared to the ill-defined stoichiometry
of GO/rGO, which does not allow proper control of its chemical
functionalization.[3%31]

These GRMs offered scientists a materials platform for energy
storage devices and transistors due to their promising features
such as physico-chemical robustness and electrical conductivity.
Concerning supercapacitors, there are different high-performing
supercapacitors (i.e., gravimetric capacitance > 300 F g~!), whose
performances rely on GOB233 and FG functionalized by hy-
drophilic/zwitterion groups** as well as pristine rGO.[*] The ex-
ploitation of hydrophilic/zwitterion groups such as thioamide,3!
arginine,?* tri(hydroxymethyl)Jaminomethane, 32/ etc. favors
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efficient trafficking of ions inward/outward the bulk of the su-
percapacitor, whereas the pristine rGO®**! takes advantage of its
ill-defined stoichiometry along with the high content of defects,
and a satisfactory conductivity. Regarding transistors, some of the
GRMs as FG, and GO are not well-suited because of their insulat-
ing features. The sole example consists of using rGO, whose con-
ductivity and water dispersibility satisfy the basic requirement
to fabricate and operate transistors. Moreover, the fabrication of
liquid-gated transistors (LGTs) takes advantage of the aqueous
solution as gate dielectric, and this allows them to be operated
at low operational voltages (i.e., <1 V).3%] The working principle
stems from the formation of two electrical double layers (EDLs),
one placed at the interface between the gate terminal and the elec-
trolyte and the second one at the interface between the active ma-
terial and the electrolyte.[”] The research group led by W. Knoll
demonstrated the best rGO-based LGT (viz. mobility equal to 10*
cm?V~1s71), and this technology allowed the development of dif-
ferent types of sensors, e.g., pH, bovine serum albumin, urea,
and Cu®* ions.’3¥1 Despite these excellent results, such devices
needed hydrazine vapors to achieve the proper GO reduction,
hence their manufacturing poses severe problems in terms of
sustainability and throughput. According to these limitations, an
alternative and green approach has been developed by means of
electrochemical reduction. Although the performances of these
LGTs are orders of magnitude lower than the previous devices
(i.e., 107! cm?V-1s7!), they have been successfully exploited as
both sensors (i.e., analytes detected: cations and anti-drug anti-
bodies) and transducers (viz. mechanical stress, change of ionic
strength and emulated action potentials).[26:40-44]

Among GRMs, only rGO can be implemented in both su-
percapacitors and LGTs. For these reasons, we decided to pro-
vide an alternative candidate. Since such a candidate must be
conductive and easily processable, we focused our attention on
graphene acid (GA) which satisfies these mandatory require-
ments. To the best of our knowledge, GA shows poorer gravi-
metric capacitances (i.e., 40-90 F g~!) than the best-performing
GRMs-based supercapacitors,***] and no evidence for its imple-
mentation in transistor-s. For these reasons, we decided to syn-
thesize graphene acetic acid (GAA), whose synthesis is more sus-
tainable and safer than GA because it relies on an eco-friendly
nucleophilic agent, namely diethyl malonate, which replaces the
more harmful cyanide. GAA differs from GA by an additional
methylene unit (—CH,—) that acts as a spacer between the car-
boxylic groups (viz. —COOH) and the sp?-hybridized C basal
plane. Although —CH,—represents a subtle difference compared
to pristine GA, the —COOH groups benefit from better exposure
to the solvent yielding boosted water dispersibility. Furthermore,
GAA nanosheets benefit from an intrinsically increased inter-
layer distance due to the presence of this methylene unit (viz.
—CH,— means roughly 1.5 A) with respect to GA ones. Finally,
the GAA implementation in LGT architecture makes it more
straightforward in the overall manufacturing, since no reduction
steps are required like for rGO. This aspect plays a fundamental
role in the early-stage development of a new technology facilitat-
ing its scale-up.

Besides a multi-methodological characterization of the GAA
focused on morphology, surface charges, and elemental map-
ping, we first evaluated the performance of GAA in two electro-
chemical systems: i) a symmetric one and ii) zinc hybrid super-
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capacitors (Zn-HSC), in both of which it revealed state-of-the-art
performance (viz. up to 400 F g7'). These promising achieve-
ments allowed us to exploit the GAA conductivity along with
its energy storage capability to fabricate liquid-gated transistors
(LGTs).l*] Regarding the LGT fabrication, GAA is cast on top of
both working interfaces and this device exhibits clear ambipolar
behavior, like the graphene-based ones.[*’*8] As a result, the oper-
ating potential range spans from —300 mV to 300 mV, whereas a
marked p-doping is registered due to the wealth of oxygen groups
in the GAA backbone. This performance is similar to the rGO-
based LGT fabricated by using electrochemical reduction. Our
research also confirmed the GAA-based LGT’s ability to moni-
tor 0.1 M NaCl flux in real-time for at least an hour, maintaining
its potentiometric sensitivity for both p- and n-type conduction.
These outcomes suggest that not only rGO can be implemented
in supercapacitors and LGTs, but also GAA shows similar versa-
tility and performances. Conversely to rGO, GAA shows specific
advantages such as a well-defined stoichiometry, a more sustain-
able synthesis, and a more straightforward fabrication of LGT,
paving the way towards a promising scaling up of this technol-

ogy.

2. Results and Discussion

The GAA was prepared through a more sustainable synthesis
compared to that employed for GA,3% which relies on the nucle-
ophilic substitution of the fluorine of fluorinated graphite with
the diethyl malonate group, as shown in Figure 1. See more de-
tails in the experimental section.

The replacement of potassium cyanide (KCN) with diethyl
malonate group not only improves sustainability and safety but
also GAA throughput. As a result, many safety issues are avoided
by using this affordable reagent, which allows an unlimited pro-
duction of GAA compared to the synthesis based on KCN accord-
ing to the Italian safety regulations applied to our laboratories.
Furthermore, the price of diethyl malonate is six times lower than
KCN, hence the synthesis is far cheaper than the one based on
KCN.

A multi-methodological characterization has been performed,
which relies on transmission electron microscopy (TEM), ther-
mal gravimetry analysis (TGA), Fourier transform infrared spec-
troscopy (FT-IR), Raman spectroscopy, X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (Figures S1-S6 and Table S1,
Supporting Information). Morphological and elemental charac-
terizations show that GAA retains the main chemico-physical fea-
tures of GA (more details in the Supporting Information). For
instance, morphology shows single GAA nanosheets featuring
100-300 nm sizes, whereas XPS highlights a ratio of 6:1 of C sp?
with respect to -COOH and Raman spectroscopy evidences a ratio
between G and D bands corresponding to 1.03.

In view of such interesting properties, we have focussed our
attention on two different types of functional applications, i.e.,
supercapacitors and LGTs. Within this context, technological ad-
vancements require the investigation of suitable and efficient
electrode/electrolyte materials to optimize energy storage, power
density, cyclability, and safe operation. The comprehensive in-
vestigation of the GAA towards an efficient supercapacitor has
been crucial for achieving a working LGT, whose layout exploits
two GAA-based coatings, namely one onto the gate terminal and
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Figure 1. Scheme of the synthetic route for GAA.

another one onto the interdigitated electrodes (IDEs). To the best
of our knowledge, only rGO has been successfully implemented
in both supercapacitors and LGTs among the wide library of
GRMs.

2.1. Electrochemical Performance of GAA-Based Supercapacitors

The electrochemical performance of GAA is first assessed in a
symmetrical two-electrode cell by cyclic voltammetry (CV) and
galvanostatic charge/discharge (GCD), as shown in Figure S7
(Supporting Information). Since the maximum gravimetric ca-
pacitance amounts to 75.4 F g7! at 0.25 A g~! and a capacitive
decrease of less than 7% at higher current densities, we decided
to implement GAA in a more technologically relevant system,
namely aqueous Zn-HSCs, wherein a single electrode with a
mass loading of &1 mg is assembled in a coin-type cell with a
Zn anode by using zinc trifluoromethanesulfonate, Zn(OTf),, as
electrolyte. Figure 2a—c shows the CV and GCD curves of GAA
in a potential range within 0 and 1.8 V and at different scan
rates from 10 to 200 mV s~! or current densities from 0.05 to
1 A g1, respectively. In analogy to the symmetric configuration,
the CV curves of GAA display a typical quasi-rectangular shape
and the GCD curves show a distorted triangular shape, both be-
ing characteristic of pseudocapacitors. Subsequently, the gravi-
metric capacitance of GAA is calculated from the GCD analysis
between the adopted potential window, revealing that the GAA
cathode displays a state-of-the-art gravimetric capacitance as high
as ~400 F g7! at the current density of 0.05 A g~! (Figure 2d).
The excellent performance of GAA electrodes can be attributed
to their remarkable physico-chemical characteristics, high elec-
trical conductivity (12 + 1 S m™'), ionic conductivity (35.2 +
0.2 mS m™!), and the presence of —COOH groups, whose hy-
drophilicity make more efficient the ions trafficking (see Experi-
mental Section for details). A good rate capability is achieved for
GAA, where a gravimetric capacitance value of 214.4 F g1 is still
obtained at a current density of 1 A g~!. Furthermore, GAA ex-
hibits an outstanding maximum energy density of 104 Wh kg™
and a maximum power density of 2.03 kW kg~!, with a coulom-
bic efficiency of nearly 100%. The prolonged charge and dis-
charge test (Figure 2e) provides evidence for the high cyclability
of GAA cathodes at a high current density of 1 A g1, which can
retain ~94% of the initial capacity value after >2000 cycles. More-
over, the electrochemical impedance spectroscopy (EIS) data are
shown in the Nyquist plot (Figure 2f). The Nyquist plot contains
a semicircle with an offset from the origin on the x-axis. Such
offset corresponds to the resistance R, which include internal
resistances, interfacial contact resistance of the materials with
the current collector, and wires.[***] R, is the interfacial charge
transfer resistance, corresponding to the diameter of the semicir-
cle, which represents the resistance of electrochemical reactions
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at the electrode surface.’! To determine these values, a fit has
been achieved by an equivalent circuit composed of the following
parameters: R, R, Cis the geometric capacitance, CPEy; is the
constant phase element representing the electrical double-layer
capacitance (EDLC = Ypp X a);f/'&_l) as a function of Y, (viz.
admittance) and nepp (Viz. exponent related to the admittance),
wyax 1S the angular frequency for the maximum imaginary
impedance.[ Although the R, value of GAA is similar or higher
compared to other devices (Table S2, Supporting Information),
this does not affect the gravimetric capacitance of our superca-
pacitor (fixed current density 1 A g~1), indicating a good rate capa-
bility of the GAA sample. According to the literature on superca-
pacitors, the gravimetric capacitance value is only outperformed
by GO functionalized by tris(hydroxymethyl)aminomethane,?!
and a few other GRMs such as rGO®! and FG functionalized
by 5-aminoisophthalic acid®*! show similar values. The pres-
ence of the hydrophilic group (—COOH) spaced by one methy-
lene unit from the basal plane yields a gravimetric capacitance
increase of one order of magnitude with respect to GA, hence
GAA shows a slightly better performance compared to pristine
rGO (i.e., 400 F g™! versus 370.8 F g7!), whose synthesis re-
quires high power approaches to achieve the proper grade of
reduction (see Table S3, Supporting Information, for a more
detailed comparison between GAA figure of merits and other
GRMs).

2.2. Preparation and Characterization of GAA-Based LGTs

Concerning the LGT fabrication, the three terminals have been
photolithographically manufactured onto Si/SiO, chips. The
LGT layout consists of IDEs (i.e., source and drain, electrodes)
and a coplanar and square gate electrode (Figure 3a). Further-
more, such a device relies on two GAA-based coatings: the former
cast onto the IDEs and the latter onto the gate electrode (more de-
tails are provided in the experimental section). The former acts
as the active material of the LGT, whereas the latter must im-
prove the gate efficiency by increasing its capacitance.l*?] Aim-
ing at these two crucial aspects of the transistor, two different
GAA solutions have been exploited as follows: i) 5 mg mL! fea-
turing an acidic pH related to the GAA cast onto the gate and
i) 1 mg mL™! at alkaline pH corresponding to the GAA cast
onto the channel. The former GAA solution yields rougher and
thicker GAA coating since its concentration and pH favor a par-
tial GAA agglomeration.?>*] On the contrary, the latter affords
better control of the GAA coating morphology (pH-dependency
analysis by tracking the {-potential reported in Table S4, Support-
ing Information).) As a result, the SEM micrographs of the
GAA onto the IDE and the gate confirm a clear morphological
difference (Figure 3b-e), with the former being smoother and
more compact than the latter. The thickness of both coatings was
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Figure 2. Electrochemical characterization of GAA as Zn-HSCs. a) CV curves at different scan rates. b-c) overlay of the whole series of GCDs and a
magnification of the highest current densities and d) Gravimetric capacitances at different current densities. e) Cycling stability at 1A g~'. f) Nyquist

plot (e-inset) the equivalent electric circuit model used for fitting the Nyquist plots. Rs = 274 mQ, Ret =

0.705.

determined by a profilometer (Figure S8, Supporting Informa-
tion). These profiles indicate that the GAA thickness on the gate
and the channel correspond to 5(+ 1) um and 1.0(+ 0.2) pm, re-
spectively. Unfortunately, GAA shows poor adhesion, hence we
encounter severe difficulties in operating the GAA-based device
in aqueous solutions due to its extensive detachment. For this
reason, a layer of Nafion was spin-coated onto the deposited GAA,
which acts as both a physical barrier to strengthen GAA coatings,
and an electrostatic shield towards harmful anions such as chlo-
ride (i.e., CI” anions are complexing agents towards Au, hence
their presence makes the Au oxidation and delamination eas-
ier). Furthermore, it has been already demonstrated that cover-
ing (semi-)conducting materials with Nafion does not affect their
electronic features.[>=7]
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224Q, C=29.4mF, Yepp =365 S, and nepp =

We investigated the intrinsic conductivity of the deposited
GAA by means of I-V characterization. Figure 4a shows the
ohmic behavior of the GAA coating onto the IDEs in the air,
resulting in a conductivity of 1.819(+0.001) mS m~'.8) The I-
V transfer characteristics of the GAA-based LGT were investi-
gated in MilliQ water and NaCl 0.1 M, since the former allows
the least electrical stress and preliminary proof of feasibility vali-
dation, whereas the latter enables a more comprehensive charac-
terization in terms of stability and possible interferences due to
high ionic strength. Our GAA-based LGT shows a marked hys-
teresis when operated in MilliQ water (results not shown), but
its performance is improved by using 0.1 M NaCl, which confers
a higher ionic conductivity to the aqueous solution (Figure 4b
and Figure S9, Supporting Information). This significant
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Figure 3. a) Top view of the device sketch illustrating the GAA and Nafion layers onto the gate and the channel, respectively. SEM micrographs of the

GAA deposited onto the b,c) channel and d-f) gate.
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Figure 4. a) |-V measurement of the GA layer onto channel recorded in
the air. b) -V transfer characteristics of GAA-based device featuring GAA-
coated Au gate recorded in 0.1 M NaCl. The blue curve stands for the cur-
rent recorded at the P terminal (Ip), and the red one stands for the leakage
current (Ig). Vp =0V and Vyy = =300 mV; Vgp and Vg = (Vg — V)
ranges are presented as the bottom and top x-axis, respectively.
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improvement can be ascribed to more efficient EDLs that are
responsible for the electrostatic coupling of the gate terminal
with the GAA-based film.>*%! The electrical characterization is
performed by exploiting the convention introduced by Lago et
al., where the positive and negative electrodes (i.e., correspond-
ing to the source and drain terminals of the standard conven-
tion) act as sources of holes and electrons, respectively.[**¢1]
The [-V transfer shows a clear ambipolarity in 0.1 m NaCl,
in which Vi, = =300 mV, and the gate voltage (Vgp = Vg —
Vp) was swept from —300 mV to +300 mV, fixing a scan rate
to 40 mV s71. This behavior is similar to graphene- and rGO-
based transistors.[*162-%4] Indeed, in comparison to rGO-based
LGTs, we observe an improvement in the conduction of elec-
trons/holes, indicated by a clear parabolic profile centered around
Vep = 0 V14091 We use the equations that describe ambipolar
transistors to calculate the mobility and threshold voltages of
holes (uy,, Vy, p) and electrons (u,, Vi, ) from the [-V transfer
curve.[*361.66] The obtained values among the calculated mini-
mum gate voltage (Vg yy) and Dirac voltage (Vppac)'®’! are pre-
sented in Table 1. Note that the obtained (Vi + V) and (Vi
+ Vy) values indicate that the left- and right-hand side of the
parabola refer to the p-type and n-type unipolar region, respec-
tively. Although the parabolic shape is centered at Vi, = 0V,
the GAA is p-doped since Vpjpac > 100 mV and the potential
range of V is mainly focused on the injection of electrons (i.e.,
0V < Vg < 600 mV), as shown in Figure 4b. Regarding the ob-
tained field-effect mobility, both y, and p, presented values equiv-
alent to those reported for electrochemically reduced GO-based
LGT,[240-8] and lower than rGO-based LGT in which GO was
reduced by exploiting hydrazine and thermal heating, (viz. mo-
bility equal to 10* cm? V! s71).38391 As a result, the advantage
of using GAA compared to rGO, apart from the previous consid-
erations related to supercapacitors consists of developing a more
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Table 1. Threshold voltage for holes (Vy, p) and electrons (Vg ), the minimum gate voltage (Vg \n), Dirac voltage (Vpjrac) mobility of holes (uy),

and electrons (u.) calculated according to the data shown in Figure 4.

Vinpe [MV] Vi [MV] Voun!® [mV] Voirac!® [mV] pp [em? V7157 iy fem? VT s
Forward M+2 287 + 1 6+ 1 149 + 1 0.152 + 0.004 0.041 +0.001
Backward 44 + 2 313+ 1 36 +1 179 + 1 0.141 + 0.001 0.047 +0.001

straightforward fabrication, which leads to an easier scaling up
and device throughput.

2.3. Investigation of GAA-Based LGT Transient Phenomena

Apart from the quasi-static measurements, we performed addi-
tional investigations to explore transient phenomena, including
response time and potentiometric sensitivity.

The response time and potentiometric sensitivity of GAA-
based LGTs are characterized by monitoring the current I, over
time in response to gate voltage pulses (V,p) of different magni-
tudes, using 0.1 M NaCl as an electrolyte. Our results (Figures 5a
and S10a, Supporting Information) show that switching the gate
voltage from the point of minimum to the one of maximum
transconductance for electrons and holes, respectively, causes a
steep increase in the I, current followed by a decay that tends to
stabilize after one minute. The I, behavior was fitted according
to Equation (1).

1= A+Bxexp<—ri>—c><exp<—fi> 1)

in which A, B, C, 7, and r, are functions of resistances, capaci-
tances, steady-state drain current, gate voltage, and transconduc-
tance, according to the equivalent circuit proposed elsewhere.[%]
Equation (1) models the charging behavior of the LGT active
material and of the Nafion membrane cast on top by means of
two time constants 7, and 7,, respectively. By fitting the exper-
imental data to Equation (1), we obtained 7, = 34 + 1 s and
7,=025+001s,andr; =29 + 1 sand r, = 0.12 + 0.01 s
for the n- (Figure 5a) and p-type (Figure S10a, Supporting Infor-
mation) GAA-based LGT operation, respectively. Moreover, the
potentiometric sensitivity (Figure 5b and Figure S10b, Support-
ing Information) indicates that the lowest V,;; step that provides
a recordable change on I, was 3 mV with a signal-to-noise ratio
(SNR) of 5 and 12 for both n- and p-type branches, respectively.

2.4. Response to Prolonged Electrical Stress

Aiming at real-time monitoring of specific events occurring in
aqueous solution, we challenge our GAA-based LGTs to pro-
longed electrical monitoring of 0.1 M NaCl flux through paper
fluidics. Figure 6a shows that we can operate successfully the
LGT up to 1 h exploiting n-type conduction. Moreover, I, and
I decrease over time until stabilizing at 2.3 uA and 69 nA, re-
spectively. A fingerprint of stable functioning is the fact that I
is almost two orders of magnitude lower than I,. Furthermore,
this is corroborated by the potentiometric sensitivity evaluation
after the prolonged stress (Figure 6b), which maintains the low-
est recordable AV, = 3 mV. Similar behavior is obtained for the
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device operated in p-type as shown in Figure S11 (Supporting In-
formation).

3. Conclusion

In this paper, we successfully synthesize GAA, whose chemical
backbone differs from GA by an additional methylene unit be-
tween the —COOH group and the C sp? basal plane, thus of-
fering an increased spacing of the GAA nanosheets along with
better exposure of the —COOH groups, which are pivotal for fur-
ther chemical functionalization. This novel graphene derivative
is implemented for the first time in supercapacitors and LGTs. To
achieve these goals, we exploit two fundamental features of the
GAA, namely its ionic conductivity as high as 35.2 + 0.2 mS m™,
along with its excellent gravimetric capacitance (=400 F g~! in a
Zn-HSC configuration for a current density of 0.05 A g7!, retain-
ing ~94%, of the initial capacity value after >2000 cycles even at
a high current density of 1 A g71.). The energy storage behavior
of GAA allows us to fabricate an LGT by using the GAA as both
a primer to the gate electrode and as the active material bridg-
ing the positive (viz. source of holes) and negative (viz. source of
electrons) terminals. A Nafion membrane provides a more robust
architecture in terms of GAA adhesion as well as electronic tun-
ing. As a result, quasi-static measurements highlight a p-doping
of the GAA since Vyjgac > 100 mV. Furthermore, such a device
shows a potentiometric sensitivity down to 3 mV, and a response
time lower than 1 s for both conduction branches. This device
can be operated for a prolonged time (i.e., >1 h) in a media hav-
ing ionic strength comparable to real matrixes such as tap water,
seawater, or biological fluids. To the best of our knowledge, only
rGO showed satisfactory versatility to be implemented in both su-
percapacitors and LGTs. Here, we provide an alternative material
for these purposes that offers similar performances but addition-
ally well-defined advantages in terms of sustainability and device
throughput.

4. Experimental Section

Materials:  Poly(diallylammonium chloride) (PDDA), separators,
Whatman glass microfiber filters, binder poly(tetrafluoroethylene), fluo-
rographite, diethylmalonate, potassium carbonate, dimethylformamide
(DMF), hydrochloric acid (HCl), and 1-methyl-2-pyrrolidinone were pur-
chased from Sigma-Aldrich. Conductive Carbon Black Super P (H30253)
was acquired from Alfa Aesar and carbon AvCarb P75 substrate was
gained from FuelCellStore.

GA Synthesis:  As described in ref. [30], the GA synthesis relies on the
following procedure. Fluorinated graphite (120 mg, ~#4 mmol of C-F units)
was added to 15 mL of DMF and sonicated for 4 h under a nitrogen atmo-
sphere in a 25 mL round-bottom glass flask. Then 800 mg of NaCN was
added and the mixture was heated at 130 °C with a condenser under stir-
ring. The materials were then separated by centrifugation and further pu-
rified by successive washing steps using DMF, dichloromethane, acetone,
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Figure 5. a) Response time (magenta solid line represents the fit), b) po-
tentiometric sensitivity of the GAA-based LGT in 0.1 m NaCl for n-type
conduction.

ethanol, and water (all 4x). Hot (80 °C) DMF and water were also used.
HNO; (65%) was slowly added at RT under stirring to a suspension of
step 1 material in water in a round-bottom glass flask until the final con-
centration of HNO; in the mixture reached 20%. The mixture was then
heated at 100 °C under reflux with stirring for 24 h. Purified by washing
with water through centrifugation.
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Figure 6. a) I and Ip versus time plots for the prolonged electrical stress
investigation, in which Vg = =300 mV, Vp =0V, and V5 = +250 mV were
fixed. b) Potentiometric sensitivity of the GAA-based LGT after the stress
measurements. Both measurements were recorded in 0.1 M NaCl flux ex-
ploiting paper fluidics.

GAA Synthesis: 7.5 mL of DMF was introduced in a Kolben flask un-
der an inert atmosphere and purified by three vacuum/nitrogen cycles.
Then 50 mg of fluorinated graphite was added to the DMF and sonicated
for 4 h. In a 50 mL balloon, 4 g of potassium carbonate and 2 mL of di-
ethylmalonate were dissolved in 7.5 mL of DMF at 130 °C, and the result-
ing solution was stirred for 1 h at 0 °C. This solution was then combined
with the fluorinated graphite suspension and allowed to react at 130 °C
for 24 h. The resulting suspension was filtered on a PTFE membrane and
washed with 100 mL of DMF, 100 x 2 mL of acetone, and finally with 100
X 3 mL of water on a PC membrane. The product obtained is dispersed in
100 mL of water at pH ~3 with HCl and sonicated for 1 h. The resulting sus-
pension was kept at reflux for 24 h, then filtrated on a PC membrane and
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washed with water until neutrality. Finally, the obtained solid compound
was washed with 100x3 mL of acetone and left to dry.

(@

(@

—
S

Adv. Electron. Mater. 2024, 10, 2300685

Morphological and Chemico-Physical Characterizations:

Transmission electron microscopy (TEM): Transmission electron mi-
croscope (TEM) images were recorded with a FEI Tecnai G2 equipped
with a side-mounted Olympus Veleta camera and a bottom-mounted
TVIPS F114 camera.

Scanning electron microscopy (SEM): SEM imaging was performed
by using a field emission source equipped with a GEMINI column
(Zeiss Supra VP35) and micrographs were obtained with an acceler-
ation voltage of 5 or 10 kV using in-lens high-resolution detection.

Thermal analysis: Thermogravimetric analyses were carried out with
Q5000IR TGA (TA Instruments) under nitrogen by an isotherm at
50 °C for 15 min followed by heating at 10 °C min~" until 800 °C

Infrared spectroscopy: Solid-state Fourier Transform Infrared (FT-IR,
KBr disk technique) absorption spectra were recorded with a Nicolet
Nexus FT-IR spectrometer.

Raman spectroscopy: The Raman spectra were collected using a Ther-
moFisher DXR Raman microscope using a laser source with an exci-
tation wavelength of 532 nm (1 mW), focused on the sample with a
50x objective (Olympus).

X-ray photoelectron spectroscopy: The GAA samples were suspended
in 2-propanol and drop-casted on a Cu metal substrate. The chemi-
cal analysis has been carried out using a custom-made UHV system
working at a base pressure of 107'° mbar, equipped with an Omicron
EA125 electron analyzer and an Omicron DAR 400 X-ray source with
a dual Al-Mg anode. Core level photoemission spectra (C 1s, N 1s, O
1s, F 1s, and Fe 2p) were collected at RT with a non-monochromatic
Al Ka X-ray source (1286.6 eV) and using an energy step of 0.1eV, 0.5
s of integration time, and 20 eV of pass energy.

Profilometry: The GAA samples were analyzed by using a KLA Tencor
P-17 profilometer with a tip radius of 2 um.

{-Potential analysis: {-potential measurements were carried out on
Malvern Panalytical Zetasizer Nano ZS90 using 0.1 mg mL™" sus
pensions of N-Gr in water.

GAA-Based Supercapacitor:

Four-Point Probe measurements: Electrical conductivity measure-
ments were conducted on pelletized samples: 50 mg of GAA were
pressed under 10 tons with a Specac press machine. The electrical re-
sistivity was measured with Jandel, Model RM3000, featuring a limit
of detection 107 W sq~". The electrical conductivity (¢) was obtained
as:

6= — @)

where Rs is the sheet resistance and | = 0.64 mm is the thickness of
the electrode.[69.70]

Electrode fabrication: The stepwise manufacturing of the electrodes
proceeded as follows. First, a paste was prepared by fully mixing 90
wt% of the sample (18 mg), 10 wt% of polytetrafluoroethylene (PTFE)
binder (2 mg), and a certain amount of NMP using an agate mortar
and pestle. The paste was coated over the carbon paper electrode,
which was then subjected to a quick dry at 80 °C. The electrodes were
completely dried at 80 °C in a vacuum oven for 16 h. The mass loading
of the GAA was ~1 mg in each electrode.

Fabrication of symmetric supercapacitors: The electrochemical perfor-
mance of the GAA was measured in a two-electrode symmetric super-
capacitor system. Two electrodes were assembled in CR2032 stainless
steel coin-type cells with a porous cellulose membrane as separator
and 6 M KOH aqueous solution as electrolyte.

2300685 (8 of 10)
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(d) Fabrication of zinc hybrid supercapacitors (Zn-HSCs): Zinc foil was

directly used as an anode electrode after being polished with gauze
and pouched into electrodes with a 12 mm diameter. Zn foil anode and
our electrode material as cathode were assembled in CR2032 stainless
steel coin-type cells with a porous cellulose membrane as separator
and 2 M Zinc trifluoromethanesulfonate (Zn(OTf),) aqueous solution
as electrolyte.

(e) Electrochemical characterization: The devices were electrically char-

acterized by cyclic voltammetry (CV), galvanostatic charge/discharge
(GCD), and electrochemical impedance spectroscopy (EIS) employ-
ing a Metrohm Autolab PGSTAT204 potentiostat/galvanostat and the
Autolab DuoCoin Cell Holder (Metrohm AG). The frequency range for
the impedance spectra was from 0.1 Hz to 100 kHz with a sine-wave
voltage signal amplitude of 50 mV (root-mean-square, RMS). The CV
and GCD tests were carried out between 0 and 1V for supercapac-
itors and between 0 and 1.8 V for Zn-HSCs. The stability tests were
performed employing a Battery Testing System (Neware).

(f) Electrochemical calculations:

i.  Calculation of the gravimetric capacitances: The gravimetric capac-
itance was calculated using GCD with the following equation:

2.1 At
C == 3
S= AV m (3)

where, | (A) is the response current, At (s) is the discharge time,
AV (V) is the voltage window, and m (g) is the mass of GAA in a
single electrode.

ii. Power and energy density calculations: The energy density of the
device was obtained from the formula:

2
PN

E=1
2 36

4

The power density of the device was calculated from the formula:

3
P = - 3600 )

where E is the specific energy (Wh kg™"), C is the gravimetric ca-
pacitance (F/g), AV is the potential window (V), P is the power
density (W kg™") and At is the discharge time (s).

ii. Calculation of ionic conductivity (6): The ionic conductivity was cal-
culated as:

|
=RA (©)

where ¢ is the ionic conductivity (S m~"), [ is the film thickness
(m), Ais the contact area (m?), and R (Q) is the total resistance of
the electrolyte sample that was obtained from the Nyquist plot of
complex impedance measurements. The value of R employed for
the ionic conductivity calculation is equal to R, as described in the
literature.[>%71] The film thickness was determined by SEM cross-
section measurements, and it amounted to 100 um. The area of
the electrode can be directly determined from its diameter, and it
amounted to 1.27 cm?.

GAA-Based LGT:

a) Devices preparation: We fabricated liquid-gated GAA-based transis-

tors onto Au micro-electrodes prepared by standard photolithogra-
phy onto Si/SiO, substrates. These devices comprise Au interdigitated
electrodes (IDEs) with a gap of 30 um and a coplanar Au square 3x3
mm? gate.

The synthesized GAA was diluted in Milli-Q water in the proportion of

1 mg mL™" and 5 mg mL~". For the GAA deposition, we exploited the
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spontaneous adsorption of polyelectrolytes with drop-casting. As both
GAA dispersion and the Si/SiO, surface are negatively charged, before
GAA deposition, we immersed the substrate in a PDDA solution, 1%
w/w, and 0.5 M NaCl, for 15 minutes. This procedure created an ad-
hesive layer to promote GAA adhesion. After a careful rinse with bi-
distilled water, we cast a GAA droplet (10-20 pl) onto the previously
formed PDDA layer. Moreover, to increase the amount of GAA in or-
der to achieve electrical conductivity, we exploited drop-casting depo-
sition. Optimization of the deposition process proved the necessity to
control the drying process. To achieve this, the substrates were placed
in a plastic petri dish and a few droplets of 1% N-methyl-2-pyrrolidone
(NMP) solution in Milli Q water (v/v) were placed onto the Si/SiO, sub-
strates before GAA deposition. Then, the petri dish was kept closed until
the GAA droplet was completely dried. A similar procedure has already
been reported to avoid “coffee rings” formation during the inkjet printing
of gold nanoparticles,7?] and the deposition of [1]benzothieno[3,2-b][1]-
benzothiophene-peptide hydrogels.[”]

Usually, organic field-effect transistors (OFETs) are based on an ultra-
thin organic semiconductor layer onto the channel. Therefore, the GAA
1 mg mL~! at pH 10 was deposited onto the IDEs, in which the drop-
casting procedure was repeated three times. Moreover, to increase the
gate capacitance, GAA 5 mg mL~" was drop-cast onto the Au square.
Two different droplets of Nafion 117 (~ 5% in a mixture of lower aliphatic
alcohols and water) were spin-coated at 2000 rpm for 1 minute onto the
GAA channel and GAA-coated gate terminal to avoid any detachment of
the GAA layers once immersed in aqueous solution and to stabilize the
device. A sketch of the produced GAA-LGT is shown in Figure 3a.

b) LGT characterization: All measurements were performed in 0.1 M
NaCl, keeping the devices in a Faraday cage.

For the LGT characterization, an Agilent B1500 parameter analyser was
used, equipped with two high-power and two high-resolution source
measurement units (SMUs). The |-V curves were interpreted accord-
ing to the convention introduced by Lago et al.[3¢1] to describe am-
bipolar LGTs. So, each comb of the IDEs corresponds to the positive
(P) and negative (N) terminals (i.e., Vp > 0V, and Vyy < 0 V), which
act as holes-source/electrons-drain and electrons-source/holes-drain,
respectively.l*361] Consequently, I, and I are the currents measured on
the P and N terminals. In our case, the P electrode is the common ter-
minal for both gate and N ones and is always grounded, i.e.,, Vp =0 V.

To investigate the response time, high V. square pulses (i.e., |AVg|
>100 mV) were applied to the GAA-coated gate. In this configuration,
the V; potential switches from the one related to the lowest to the high-

est transconductances (%), lasting 60 s. Moreover, to assess the po-
G

tentiometric sensitivity, Vg steps lower than 20 mV were applied on the
GAA-coated gate for 60 seconds to investigate the smallest detectable
potential change in the electrolyte.

Prolonged electrical stress was investigated by using a lab paper to drive
0.1 M NaCl onto our GAA-LGT. The characterization relied on recording
the current of our GAA-LGT as a function of time by fixing Vj, =-300 mV,
Vp=0V,and V5 = +250 mV or V; = — 300 mV.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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