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A B S T R A C T   

In this work, a highly sensitive and disposable screen-printed ionic liquid-graphene electrode (SPIL-GE) was 
developed for electrochemical sensing. The paste for screen printing was facilely prepared by mixing IL with 
electrolytically exfoliated graphene in poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (GP/PEDOT/ 
PSS) and carbon paste (CP) via ball milling. The IL-GP paste was then screen printed to form working and counter 
electrodes (WE & CE) followed by screen printing of Ag/AgCl reference electrode and insulator layer on a 
polyethylene substrate. Electrode geometries were optimized for electrochemical sensing, arriving at an optimal 
design with an overall electrode length of 25 mm, and CE and WE active areas of 15.70 and 12.57 mm2, 
respectively. SPIL-GEs employing six ILs with imidazolium and pyridinium cations were assessed for electro-
chemical sensing of K3Fe(CN)6. The pyridinium-type IL, namely 3-methyl-1-propylpyridinium bis(tri-
fluoromethyl sulfonyl)imide (PMPlm), was found to exhibit the highest CV peak currents compared with other 
ILs at an optimal PMPlm content of 1.0% (w/w). Characterization with scanning electron microscopy and 
Fourier-transform infrared spectroscopy confirmed the presence of PMPlm, GP/PEDOT/PSS and CP in SPIL-GEs. 
The electrochemical performance of the optimal SPIL-GE towards the three common analytes including ferri/ 
ferro cyanide (Fe(CN)6)3-/4- redox couple, dopamine and hydroquinone were compared with the screen-printed 
carbon and graphene electrodes (SPCE & SPGE). From the results, the SPIL-GE demonstrated larger anodic 
currents with lower oxidation potentials for the three analytes than SPGE and SPCE, respectively. Therefore, the 
SPIL-GE could be a potential candidate for advanced electrochemical sensing applications.   

1. Introduction 

Advanced electrochemical sensors with high sensitivity and low 
detection limits are highly demanded for electrochemical trace analyses. 
In general, the electrochemical sensing performance depend mainly on 
the properties of electrode materials and electrode geometry. Graphene, 
a 2-dimensional (2D) nanocarbon structure, has been considered as a 
highly effective material for electrochemical applications owing to its 
large specific surface area, excellent electrical conductivity and high 
chemical stability [1,2]. It has been employed as a primary electrode 
material or an additive to promote electron transfer between a target 
analyte and electrode surface, resulting in high electrochemical sensi-
tivity [3–5]. In particular, screen-printed graphene electrodes (SPGEs) 

have been reported to exhibit considerably higher electrochemical 
response than those of screen-printed carbon electrodes (SPCEs) [3]. 
Moreover, graphene-based electrodes have been modified with various 
kinds of materials including conductive polymers [6–8], metal nano-
particles [9–12] and ionic liquids (ILs) [13–18] in order to further 
enhance their electrochemical performance. Among these, ILs are 
particularly promising due to wide electrochemical potential window, 
good solvation ability, low volatility, low toxicity and high chemical 
stability [19–22]. In addition, ILs have high electrical conductivity since 
they are liquid-state salt compounds formed by pairing positive and 
negative ions. Two kinds of ILs containing imidazolium and pyridinium 
cations have been widely used for electrochemical applications. In 
particular, SPGEs and SPCEs surface-modified with imidazolium-type 
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and pyridinium-type ILs have shown significantly improved electro-
chemical response towards multiple groups of analytes [14,18,23]. It is 
thus appealing to further develop high-performance electrochemical 
electrodes based on ILs and graphene. Generally, the characteristics of 
electrodes depend considerably on the preparation process, which shall 
also be able to fabricate electrochemical sensors productively and 
reproducibly at low-cost for industrial use. Screen printing is one of the 
practical processes that can meet most of these fabrication requirements. 
Thus, screen-printed electrodes (SPEs) have been extensively applied to 
electrochemical analyses [24–26]. However, there is no report of elec-
trodes directly fabricated by screen printing of inks containing ILs and 
GP. The electrodes prepared by screen printing from the mixtures of ILs 
and GP should be superior to IL-modified SPEs in terms of electrode 
uniformity, reusability and controllability. 

In this work, disposable screen-printed IL/graphene electrodes (SPIL- 
GEs) were innovatively fabricated using the pastes produced by 
blending ILs with electrolytically-exfoliated graphene and carbon paste 
(CP) via ball milling. In addition, one pyridinium-type and five 

imidazolium-type ILs were evaluated and IL content was varied in order 
to maximize the electrochemical sensing performance for detection of 
three common electroactive analytes including ferri/ferro cyanide (Fe 
(CN)6)3-/4- redox couple, dopamine (DA) and hydroquinone (HQ). 
Additionally, the geometries and sizes of designed electrodes were 
adjusted to attain optimal electrochemical response. 

2. Materials and method 

2.1. Chemicals and materials 

All chemicals utilized in this work were of analytical grade and used 
without further purification. Commercial poly(3,4- 
ethylenedioxythiophene) polystyrene sulfonate (PEDOT/PSS) (Clevios 
P Jet N from HC Starck, USA) solution was employed as an electrolyte 
for electrolytic exfoliation. Carbon paste (CP, Item code: C2030519P4), 
silver/silver chloride paste (Ag/AgCl, Item code: C61003P7) and insu-
lating paste (Item code: D2070423P5) were purchased from Sun 

Fig. 1. (A) Five designs of screen printed electrodes and typical photographs of (B) fabricated SPIL-GEs on a single PET substrate (190 × 210 mm2) and (C) a single 
SPIL-GE with an electrical connector. 
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Chemicals (USA). Standard solutions of potassium hexacyanoferrate (III) 
(K3Fe(CN)6), DA, HQ and phosphate buffer saline (PBS) solutions were 
acquired from Sigma (USA). ILs including 3-methyl-1-propylpyridinium 
bis(trifluoromethyl sulfonyl)imide (PMPIm), 1-ethyl-3-methylimidazo-
lium tetrafluoroborate (EMIMBF4), 1-hexal-3-methylimidazolium hex-
afluorophosphate (HMIMPF6), 1-buthyl-3-methylimidazolium 
hexafluorophosphate (BMIMPF6), 1-buthyl-3-methylimidazolium hexa-
fluorophosphate (BMIMBF4) and 1-buthyl-3-methylimidazolium thio-
cyanate (1-buthyl-3-methyl-1H-imidazolium thiocyanate) (C9H15N3S) 
were also supplied by Sigma (USA). 

2.2. Instruments 

A commercial ball mill (Retsch model Emax) was used to mix and 
homogenize screen-printing inks. A screen printer (DEK model 03ix) was 
employed to print conductive paste on PET substrates. Cyclic voltam-
metry (CV) measurements were conducted using a potentiostat 
(µ-Autolab Type III, Methrom) equipped with GPES program to inves-
tigate electrochemical performance. A scanning electron microscope 
(SEM, Hitachi model S-4700) and Fourier-transform infrared spectro-
scope (FTIR, Perkin Elmer model spectrum spot light-300) were 
employed to characterize the morphological and chemical properties of 
paste materials, respectively. 

2.3. IL-GP paste preparation 

Graphene powder was synthesized via electrolytic exfoliation by 
applying a constant voltage of 8 V between two graphite rods immersed 

in PEDOT/PSS solution (100 ml) for 20 h followed by filtering through a 
filter paper (Whatman grade 2, 8 µm pore size) to remove large aggre-
gates. IL and electrolytically exfoliated GP/PEDOT/PSS solution were 
then mixed with the commercial CP with CP:GP/PEDPT/PSS:IL weight 
composition of 100:2.5:1. One pyridinium-type IL, namely PMPIm, and 
five imidazolium-type ILs including EMIMBF4, BMIMPF6, HMIMPF6, 
BMIMBF4, and C9H15N3S were employed in this study. In addition, the 
content of IL providing the highest electrochemical response was varied 
from 0.5 to 2.0 % (w/w). The three-component mixture were unified 
into a homogeneous paste by ball milling at 1,000 rpm for 2 h. In the ball 
milling process, the ball mill jar was tightly sealed and only opened 2 h 
after ball milling to minimize solvent evaporation. The obtained IL-GP 
ink was used for screen-printing of working and counter electrodes. 

2.4. Electrode design and fabrication 

Five geometric designs of electrodes were made with different 
overall electrode lengths and working electrode (WE) and counter 
electrode (CE) active areas using Adobe Illustrator as displayed in 
Fig. 1A. The 1st and 2nd designs ((a)-(b)) comprised WEs with the same 
WE active area of 4.24 mm2 but had different overall electrode lengths 
of 50 mm and 25 mm, respectively. The 3rd and 4th designs ((c)-(d)) had 
the same WE active area of 7.1 mm2 and the overall length of 25 mm but 
distinct CE active areas of 15.7 mm2 and 4.5 mm2, respectively. The 5th 
design (e) exhibited the largest WE active area of 12.57 mm2 with the 
same overall and CE active area as those of design (c). 

For the fabrication of electrochemical sensors, CP, GP and IL-GP 
pastes were screen-printed through the first patterned stencil mesh to 

Fig. 2. Cyclic voltammograms of SPGEs with different (A) overall electrode lengths (Designs (a)-(b)), (B) CE active area (Designs (c)-(d)) and (C) WE active area 
(Designs (b)-(c) and (e)) towards 2.5 mM K3Fe(CN)6 at 50 mVs− 1. (D) Electrochemical and geometric surface areas (ESA & GSA) of SPGEs with different designs. 
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simultaneously form WE and CE on poly-ethylene terephthalate (PET) 
substrates. Ag/AgCl and insulator pastes were then successively screen- 
printed through the second and third patterned meshes under align-
ments to attain reference electrode (RE) and insulator layer, respec-
tively. The printed substrates were baked at 60 ◦C for 5 min in an oven to 
remove solvents after printing each electrode layer and finally dried at 
120 ◦C for 5 min upon printing the insulator layer. The sensors made 
from CP, GP and IL-GP were labeled as SPCEs, SPGEs and SPIL-GEs, 
respectively. The general term IL might be substituted with the name 
of a specific IL. 

2.5. Electrochemical measurement 

The printed electrodes were connected to the potentiostat via an 
electrical connector as shown in Fig. 1C and then electrochemically 
cleaned to remove contaminants on electrode surfaces in 0.1 M PBS 
solution (pH 7.4) by applying voltage between − 0.3 and + 0.6 V in 
cyclic voltammetry (CV) mode for 5 cycles at a scan rate of 50 mVs− 1. 
80 µl of analyte was dropped on the sensing area before running CV 
scans. CV measurements were conducted towards 2.5–5 mM K3Fe(CN)6, 
1 mM DA and 1 mM HQ in 0.1 M PBS solution (pH 7.4) at a fixed scan 
rate of 50 mVs− 1. The electrochemical sensors employed in this study 
included SPIL-GEs, SPGEs, SPCEs and two commercial SPEs, namely 
SPGE-E1 and SPCE-E2. SPGE-E1 comprised a graphene-modified SPCE 
as WE with a diameter of 4 mm and SPCE-E2 had a SPCE as WE with a 
diameter of 3 mm. The potential windows covering both redox peaks of 
K3Fe(CN)6, DA and HQ were found to be − 0.3 to + 0.6 V, − 0.2 to + 0.6 
V and − 0.4 to + 0.6 V, respectively. 

3. Results and discussion 

3.1. Optimization of electrode geometries 

Fig. 2A, 2B and 2C displays the effects of three geometric parameters 
including overall electrode length, and WE and CE active areas on the 
CV response of SPGEs towards 2.5 mM K3Fe(CN)6 in 0.1 M PBS solution 
(pH 7.4) at 50 mVs− 1, respectively. Apparently, all SPGEs exhibit 
reversible redox peaks due to the oxidation and reduction of (Fe(CN) 
6)3-/4- couple. The anodic and cathodic peaks exhibit similar behaviors 
and only anodic peak current will be used for subsequent discussion. 
From Fig. 2A, the baseline-subtracted anodic current density (Jp) of 
SPGE increases from 0.20 to 0.25 mA cm− 2 while the peak-to-peak po-
tential separation (ΔEp = Epc - Epaat 50 mVs− 1 and 25 ◦C) decreases 
significantly from 259 to 158 mV as the overall electrode length de-
creases from 50 to 25 mm (Designs (a)-(b)). The behaviors can be 
ascribed to the decrease of electrode resistance and potential drop with 
decreasing electrode length. For Fig. 2B, Jp decreases from 0.26 to 0.24 
mA cm− 2 while ΔEp increases slightly from 194 to 210 mV and the peak 
potentials positively shift by ~ 0.13 V as the CE active area decreases 
from 15.7 to 4.5 mm2 (Designs (c)-(d)). The observed effects can be 
described by the role of CE on supporting the redox reactions at WE. The 
CE active area of 4.5 mm2 is smaller than the WE active area of 7.1 mm2, 
resulting in limited redox current and high overpotential. In the later 
design, CE active area of 15.7 mm2 is slightly more than twice as large as 
that of WE to ensure sufficient current flow through CE. In the case of 
Fig. 2C, Jp increases from 0.25 to 0.30 mA cm− 2 when ΔEp tends to 
decrease from 158 to 122 mV as the WE active area increases from 4.24 
to 12.57 mm2 (Designs (b)-(c) and (e)). The attained results may be 

Fig. 3. Cyclic voltammograms of (A) SPCE, SPGE, and SPIL-GEs with different IL materials towards 5 mM K3Fe(CN)6 at 50 mVs− 1 and (B) corresponding Jp and ESAs. 
(C) Cyclic voltammograms of SPPMPlm-GEs with different PMPlm contents towards 2.5 mM K3Fe(CN)6 at 50 mVs− 1 and (d) corresponding Jp and ESAs. The dotted 
lines in (B) and (D) correspond to the geometric surface area (GSA) of WE. 
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ascribed to the reduced electrolyte resistance and potential drop be-
tween electrodes due to the decrease of the distance between WE and CE 
or RE from 1.5 mm to 1.05 mm with increasing WE area from 4.24 to 
12.57 mm2 [27]. The electrochemical characteristics of all designed 
electrodes are additionally compared with the theoretical ones by 
determining their electrochemical surface areas (ESAs) from the CV 
currents using the Randles–Sevcik equation (Ip = KACn3/2(Dv) 1/2, 
where K = 2.69 × 105C V− 1/2 mol− 1, A = ESA (cm2), C = concentration 
(mol⋅cm− 3), n = number of electron per reaction (=1 for Fe3+/4+), v =
scan rate (Vs− 1) and D = diffusion constant (=7.67 × 10-6 cm2s− 1 for 
K4Fe(CN)6)) as presented together with Jp in Fig. 2D. It reveals that the 
ESAs of Designs (c) and (e) are higher than their geometric surface areas 
(GSAs) while those of other designs are lower than their GSAs. It shall be 
noted that the CE active area of Design (e) is larger than the WE area but 
smaller than twice of WE area due to the physical limitation. Never-
theless, Design (e) gives superior CV peak currents and ESA to Design 
(c), indicating that the CE area is still adequate under the employed CV 
conditions. Consequently, Design (e) is considered as an optimal design 
and is chosen for development of SPIL-GEs. 

3.2. Effects of IL type and IL content on electrochemical response of SPIL- 
GEs 

The electrochemical performance of SPIL-GEs with six IL materials 
including PMPlm, BMIMBF4, HMIMPF6, C9H15N3S, EMIMBF4 and 
BMIMPF6 have been evaluated by CV towards 5 mM K3Fe(CN)6 in 0.1 M 
PBS solution (pH 7.4) and compared with SPCE and SPGE as presented 
in Fig. 3A. It shows that the addition of IL remarkably enhances the 
redox peak amplitude towards K3Fe(CN)6 with insignificant changes of 
peak potential and the enhancement depends considerably on the IL 
material. The corresponding anodic peak amplitudes along with ESAs 
calculated using Randles–Sevcik are separately plotted in order to 
compare the differences among all electrodes as shown in Fig. 3B. 
Apparently, the oxidation peak currents and ESAs of the SPIL-GEs and 
SPGE are considerably higher than those of SPCE. In addition, the SPIL- 
GE with PMPlm exhibits remarkably high anodic peak current and ESA 
compared with the SPIL-GEs employing SPHMIMPF6, SPC9H15N3S, 
SPBMIMBF4, SPBMIMPF6, and SPEMIMBF4, respectively. 

From the results, the electrochemical currents are collaboratively 
enhanced by adding small amounts of graphene and ILs into CP. The 
enhancement of electrochemical response by graphene can be attributed 
to the improvement of electrical conductivity and effective surface area 
[3,6]. The insertion of highly conductive graphene sheets between 
carbon nanoparticles can enhance local conductivity and electron 
transfer rates with electroactive species. Additionally, the graphene 
insertion can reduce agglomeration among carbon nanoparticles, 
resulting in an increase of ESA in agreement with the calculated results 
in Fig. 3B. Concerning the roles of ILs, the enhancement of electro-
chemical response may be related to three main effects including elec-
trical conductivity, electrocatalytic activity and surface wetting 
properties of ILs. Firstly, high electrical conductivity of IL materials 
distributed on graphene and carbon nanoparticles can enhance the 
electron transfer rates of redox processes [28–30]. Secondly, the wetting 
behaviors of ILs may shield graphene sheets from stacking interactions 
due to van der Waals forces [31], resulting in superior graphene 
dispersion within CP and additional electrode surface area. Lastly, ILs 
may catalyze the redox reactions of (Fe(CN)6)3-/4- couple via their 
inherent electrocatalytic activities [32–34] imparted onto graphene and 
carbon nanoparticles, leading to substantial enhancement of electro-
chemical response with small amount of ILs. From Fig. 3C, the calculated 
ESA values of SPIL-GEs are remarkably higher than the GSA value. Such 
large extra surface areas cannot be attained only by improved graphene 
dispersion in the composite via ILs because of physical limitation. Thus, 
the electrocatalytic effect of ILs is most likely the dominant mechanism 
responsible for the extraordinarily large ESAs. In particular, PMPlm may 
exhibit higher electrocatalytic activity and better wetting capability 

with graphene surfaces than those of the five imidazolium-type ILs 
owing to its unique pyridinium cationic structure containing N-doped 
benzene ring [35], providing relatively high electrocatalytic activity and 
large number of electroactive sites. 

The effect of PMPlm content ranging from 0.5 to 2.0 % (w/w) on the 
CV response and anodic signals along with estimated ESAs of SPPMPlm- 
GEs towards 2.5 mM K3Fe(CN)6 are reported in Fig. 3C and 3D, 

Fig. 4. Cyclic voltammograms of SPIL-GE, SPGE, and SPCE towards (a) 2.5 mM 
K3Fe(CN)6, (b) 1 mM dopamine (DA) and (c) 1 mM hydroquinone (HQ) at 
50 mVs− 1. 
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respectively. The results show that the anodic peak signal and ESA in-
crease considerably with increasing PMPlm content from 0.5 to 1.0% 
(w/w) but become declining when the PMPlm content increases further 
to 2.0 %, yielding the optimal PMPlm content of 1.0 % (w/w). The in-
crease of CV response with increasing PMPlm content up to 1.0 % shall 
be ascribed to the enhanced electrocatalytic and wetting effects due to 
increasing distribution of PMPlm materials. However, PMPlm materials 
may agglomerate among themselves at PMPlm contents higher than 1.0 
%, resulting in poor dispersion of PMPlm materials and reduced elec-
trocatalytic activity as well as wetting capability. It shall be noted that 
the anodic peak signal and ESA in Fig. 3C and 3D are lower than that of 
PMPlm in Fig. 3A and 3B due to the lower K3Fe(CN)6 concentration. 

3.3. Electrochemical performance of SPIL-GEs towards K3Fe(CN)6, DA 
and HQ 

The electrochemical performance of the optimal SPIL-GE with 1% 
PMPlm have been evaluated and compared with those of SPGEs and 
SPCEs by CV measurements in 2.5 mM K3Fe(CN)6, 1 mM DA, and 1 mM 
HQ solutions as shown in Fig. 4A-4C, respectively. Noticeably, the SPIL- 
GE displays higher current with lower ΔEp for all the three analytes than 
those of SPGE and SPCE. However, IL and GP provide relatively low 
enhancement of quasi-reversible redox reactions towards DA and HQ 
due likely to limited electrocatalytic activities on these large molecules. 

Fig. 5. Cyclic voltammograms of SPIL-GE and two commercial SPGE E1 and 
SPCE E2 towards 2.5 mM K3Fe(CN)6 at 50 mVs− 1. 

Fig. 6. (A) FTIR spectra of PMPlm, GP/PEDOT/PSS, CP and PMPlm/GP/PEDOT/PSS/CP. (B) SEM micrographs of SPCE, SPGE and SPIL-GE.  
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Furthermore, the optimal SPIL-GE produces higher CV peak currents 
towards 2.5 mM K3Fe(CN)6 than those of two selected commercial 
electrodes (E1: graphene modified SCPE and E2: SCPE) as demonstrated 
in Fig. 5. The superior redox peak currents of SPIL-GE over the 
commercially available graphene-modified SCPE and unmodified SCPE 
affirm the beneficial roles of IL and graphene on electrochemical 
sensing. 

3.4. Structural characteristics of SPIL-GE 

The chemical constituents of SPIL-GE with the optimal IL (PMPlm) 
have been verified using FTIR spectroscopy by comparing with the 
spectra of its components including PMPlm, GP/PEDOT/PSS, and CP as 
shown in Fig. 6A. The characteristic absorption spectrum of SPIL-GE 
exhibits the stretching vibrations of PMPlm comprising C-F band at 
1182 cm− 1, S = O bands at 1350–1382 cm− 1 and C–C band at 1506 
cm− 1, along with the characteristic peaks of GP/PEDOT/PSS and CP, 
which contain C = C band at 1634 cm− 1 and other minor bands from 
organic additives. The results confirm that the SPIL-GE is composed of 
PMPlm, GP/PEDOT/PSS and CP. 

The surface morphologies of SPCE, SPGE, and SPIL-GE characterized 
by SEM are displayed in Fig. 6B. It shows that SPCE exhibits a porous 
surface consisting of connected nanoparticles with interparticle voids 
while SPGE and SPIL-GE contain additional nanosheets inserted be-
tween nanoparticles. The nanosheets have relatively large lateral sizes 
(~500–1000 nm in width and length) but are thin enough for electrons 
to partially see through as observed in Fig. 6B: SPIL-GE, implying that 
they are few-layer graphene. 

4. Conclusions 

SPIL-GEs were developed using conductive inks produced by adding 
graphene and ILs into commercial CP. Geometries of electrodes were 
optimized by CV measurements towards (Fe(CN)6)3-/4- for SPGEs with 
varying overall electrode lengths, and WE and CE active areas. From the 
CV results, the optimal design had the overall length of 25 mm, and the 
WE and the CE active areas of 12.57 and 15.7 mm2, respectively. The 
electrochemical response of SPIL-GEs utilizing six IL materials including 
PMPlm, BMIMBF4, HMIMPF6, C9H15N3S, EMIMBF4 and BMIMPF6 were 
evaluated towards K3Fe(CN)6. PMPlm was found to yield the highest CV 
peak currents compared with those of other ILs at the optimal PMPlm 
content of 1.0% (w/w). The electrochemical response of the optimal 
SPIL-GE tested towards three common electroactive analytes including 
(Fe(CN)6)3-/4- redox couple, DA and HQ were compared with SPCEs and 
SPGEs. The results demonstrated that SPIL-GE offered larger oxidation 
currents with lower anodic potentials for the three analytes than SPGE 
and SPCE. Therefore, the SPIL-GE could be a promising candidate for 
advanced electrochemical sensing applications. 
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