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Abstract

A multi-step approach is described for the fabrication of multi-layer graphene-based electrodes without the need for ink
binders or post-print annealing. Graphite and nanoplatelet graphene were chemically exfoliated using a modified
Hummers’ method and the dried material was thermally expanded. Expanded materials were used in a 3D printed mold
and stamp to create laminate electrodes on various substrates. The laminates were examined for potential sensing appli-
cations using model systems of peroxide (H,0,) and enzymatic glucose detection. Within the context of these two assay
systems, platinum nanoparticle electrodeposition and oxygen plasma treatment were examined as methods for improving
sensitivity. Electrodes made from both materials displayed excellent H,O, sensing capability compared to screen-printed
carbon electrodes. Laminates made from expanded graphite and treated with platinum, detected H,O, at a working
potential of 0.3 V (vs. Ag/AgCl [0.1 M KCI]) with a 1.91 uM detection limit and sensitivity of 64 nA-uM '-cm 2.
Electrodes made from platinum treated nanoplatelet graphene had a H,O, detection limit of 1.98 uM (at 0.3 V), and a
sensitivity of 16.5 nA-uM '-cm 2. Both types of laminate electrodes were also tested as glucose sensors via immobiliza-
tion of the enzyme glucose oxidase. The expanded nanographene material exhibited a wide analytical range for glucose
(3.7 uM to 9.9 mM) and a detection limit of 1.2 uM. The sensing range of laminates made from expanded graphite was
slightly reduced (9.8 uM to 9.9 mM) and the detection limit for glucose was higher (18.5 uM). When tested on flexible
substrates, the expanded graphite laminates demonstrated excellent adhesion and durability during testing. These proper-
ties make the electrodes adaptable to a variety of tests for field-based or wearable sensing applications.

Keywords Nanomaterials - Nanotechnology - Biosensing - In-field sensors - Flexible electrodes - Scalable manufacturing

Electronic supplementary material The online version of this article Introduction
(https://doi.org/10.1007/s00604-019-3639-7) contains supplementary
material, which is available to authorized users.

Low-cost graphene electrodes that are flexible and/or degradable

54 Jonathan C. Claussen are important for a wide variety of applications including wear-
jeclauss @iastate.edu able health monitoring, medical implants, and environmental
sensors. However, printable inks for the scalable manufacturing

' Department of Mechanical Engineering, lowa State University, of graphene-based electrodes require the use of non-conductive
Ames, lowa 50011, USA binders and post-print annealing steps which hinders electrical

2 Department of Chemistry, lowa State University, Ames, lowa 50011, conductivity, thereby reducing sensor performance and increas-

USA ing manufacturing complexity. Electrochemical sensors are

Department of Industrial and Systems Engineering, Rochester quickly becoming an essential commodity for medical profes-
Instifute of Technology, Rochester, New York 14623, USA sionals, patients, researchers, farmers, and anyone that interacts
Science and Technology Department, Naval Surface Warfare Center,  with the modern world, as sensors have thousands of applications
Panama City, Florida 32407, USA and have become heavily integrated into daily lives [1].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00604-019-3639-7&domain=pdf
http://orcid.org/0000-0001-7065-1077
https://doi.org/10.1007/s00604-019-3639-7
mailto:jcclauss@iastate.edu

533 Page2of 13

Microchim Acta (2019) 186: 533

However, despite many promising discoveries in disease detec-
tion, foodborne pathogen sensing, as well as plant and animal
health monitoring, biosensors fail to be commercialized for many
reasons. One of these pitfalls is the cost of single-use electrodes
for electrochemical sensing [2]. Electrodes can be generated from
a plethora of pure or composite conductive materials. To lower
production costs, researchers and industry have used many scal-
able manufacturing techniques to print electrodes using conduc-
tive inks. However, the inks are often comprised of metals such
as silver, gold, and platinum [3, 4] which increases cost per test.
To reduce costs of mass production, many researchers have
turned to graphene and its derivative material graphite because
of lower costs and intrinsic physical properties that make it a
good candidate for electrochemical testing [5, 6]. Graphite is a
stack of 2D layers of planar crystalline carbon atoms, with bulk
graphite having a 3D nature. Between the planes exist weak Van
der Waals bonds that enable the formation of multi-layer
graphene (referred to as graphite). Graphitic materials are stable
at high temperatures, possess high tensile strength, are chemical-
ly inert, and are excellent conductors of both heat and electricity
[7]. These characteristics make carbon-based materials promising
candidates for electrochemical sensors, which require high con-
ductivity to maximize sensitivity during electrochemical sensing
[8,9].

Graphene, and graphene-like materials can be used for a mul-
titude of sensing applications. While it has been documented that
neither material alone is the most efficient platform for direct
detection of glucose or detection of H,O, [6], they remain im-
portant base components or scaffolds for metal-based catalysts in
electrochemical sensor applications [10—12]. As such, many
graphene- or carbon- based electrochemical sensors have been
evaluated using classical benchmark testing of HO, oxidation
and detection of glucose (typically via the breakdown of glucose)
[13, 14]. As these are critical analytes in both healthcare and
industrial applications, highly sensitive assays (down to pico-
and atto- molar concentrations) for their detection have been
widely published [14, 15]. Since the oxidation of H,O, can be
readily detected at the electrode surface, many researchers have
utilized carbon-based electrodes and/or electrodes further modi-
fied with platinum, gold, silver, nickel, and copper for monitoring
glucose or H,O, [16-19]. Additionally, a plethora of other sur-
face modification and doping strategies have been investigated
for improving detection of these analytes, and also as a means to
further detection of other targets of interest [6, 20-23].

To avoid the high-cost, low-yield nature of traditional
graphene fabrication, researchers have established numerous
techniques to print circuit patterns using graphene-based inks
[24, 25]. However, the inks typically require the use of non-
conductive binders (e.g., ethyl cellulose or nitrocellulose) in
order to increase graphene-substrate adhesion [26]. Moreover,
these printing techniques require post-print annealing (e.g.,
thermal or photonic) to improve electrical conductivity by
removing ink solvents, graphitizing non-conductive binders,
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and/or reducing graphene oxide flakes to graphene [27].
These printing and annealing techniques can be challenging
or impossible to perform on textured, degradable/
biodegradable or thermally sensitive surfaces where
solution-phase graphene cannot properly adhere to the sur-
face, or burning and degradation occurs during the annealing
process. A potential alternative to solution-phase printing of
graphene electrodes is the use of flexible, stamped multi-layer
graphene laminates.

Flexible graphene laminates or foils have demonstrated
excellent conductivity and can be molded or cut into
differentf shapes and thicknesses for a wide variety of ap-
plications [28, 29]. Laminate sheets are generally com-
prised of a few to many layers of chemically grown
graphene, followed by stacking of single sheets and rolling
compression to laminate them together [28]. Alternatively,
layers of binder-free graphene ink can be printed directly
and then subjected to rolling compression to create lami-
nates [30]. Multi-layer graphene laminates have been dem-
onstrated in many sensor applications such as strain [31],
humidity [32], and RFIDs [30]. However, use in biosens-
ing has been limited to detection of electroactive species
(ascorbic acid, dopamine and uric acid), which do not re-
quire functionalization with a biorecognition agent [33].

Stamped multi-layer graphene laminate electrodes on dis-
posable and flexible substrates for electrochemical biosensing
are a potential solution to creating graphene-based electrodes
on fragile substrates. To examine physical and electrochemi-
cal properties, two distinct laminates were synthesized from
expanded graphite (¢GR) and expanded nanoplatelet
graphene (nGN) and the electrochemical performance was
evaluated using the model systems of H,O, and glucose sens-
ing. Materials for laminates were created via chemical exfoli-
ation using a modified Hummers’ method [34], followed by
thermal expansion on a hot plate. The resulting expanded
graphitic “‘worms’ [35] were loaded into a 3D-printed elec-
trode-shaped mold and complementary stamp to create lami-
nate electrodes on various substrates. Flexible materials tested
as substrates included a heat stabilized polyethylene tere-
phthalate (PET), flexible polyimide tape, and biodegradables
(i.e. 2% chitosan films or polycaprolactone/agar composites).
The surface topography, graphitic nature, and surface func-
tional groups of the resulting laminates was analyzed using
scanning electron microscopy (SEM), Raman spectroscopy,
and x-ray photoelectron spectroscopy (XPS). The electro-
chemical behavior of bare, untreated eGR was compared to
nGN and screen-printed carbon (SPC) electrodes and evaluat-
ed using cyclic voltammetry (CV) and electrochemical imped-
ance spectroscopy (EIS) to determine the performance of the
material. The amperometric response of eGR was evaluated
using H,0, sensing at different potentials (0.2, 0.3,0.4,0.5 V)
and a working potential of 0.3 V was selected based on the
sensing results and the CV data. To improve the
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electrocatalytic nature of the laminates, platinum nanoparti-
cles (PtNPs) were electrodeposited onto electrodes prior to
testing with hydrogen peroxide (H,O,) and glucose [after co-
valent attachment of the enzyme glucose oxidase (GOx)]. The
PtNPs improved the H,O, sensing capabilities of the eGR and
SPC electrodes, but more than a 4-fold reduction in signal was
seen in the nGN electrodes. Thus, the H,O, limits of detection
(LoD) for electrodes with PtNPs was eGR < nGN < SPC, with
eGR having the lowest limit of detection (1.91 uM) and the
highest sensitivity (64.3 nA-uM '-cm ). In terms of glucose
sensing, the nGN electrodes demonstrated the best results with
a sensing range between 1.22 uM and 9.88 mM, and a limit of
detection (LoD) of 1.22 uM. These values are within the nor-
mal physiological range (5 tM — 5 mM) for glucose found in
blood [36], sweat [37], tears [38], and saliva [39]. The lami-
nates made from eGR were able to detect 18.5 uM glucose
with a sensing range up to 9.88 mM. Finally, the stability of
the eGR laminate electrodes stamped onto various substrates
was analyzed. Results demonstrated that the laminates were
highly stable on smoother substrates such as the non-
degradable PET and polyimide films, as well as the degrad-
able polycaprolactone (PCL) and agar composites, but were
unstable (delamination occurred) on hygroscopic chitosan-
based substrates. This indicates that the laminates are a good
candidate for low cost in-field applications as they can be
fabricated on a variety of materials and still exhibit good sta-
bility and sensitivity in detection assays.

Experimental details
Materials

All chemicals were sourced from Sigma Aldrich and Fisher
Scientific and were used without further purification or modifi-
cation unless otherwise noted. Bulk graphite, chitosan,
polycaprolactone, agar, glucose, 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), N-
Hydroxysuccinimide (NHS), 2-(N-morpholino)ethanesulfonic
acid (MES), potassium ferricyanide, potassium ferrocyanide
trihydrate, potassium chloride (KCl), glucose oxidase (GOx)
from Asperigillus niger, and 10x phosphate buffered saline
(PBS, catalog P5493) were sourced from Sigma Aldrich
(www.sigmaaldrich.com). 10x PBS was diluted to a working
concentration of 1x PBS (phosphate buffer [0.01 M], sodium
chloride [0.154 M]) using deionized water and then filtered
using a 0.2 pm filter. Acetic acid, hydrogen peroxide (H,0,),
sulfuric acid, potassium permanganate, and phosphoric acid were
purchased from Fisher Scientific (www.fishersci.com/us/en/
home.html). Graphene powder and nanoplatelet graphene were
purchased from ACS Material (www.acsmaterial.com).

Intercalation and thermal expansion of graphite

Graphite intercalation was performed with a modified
Hummers’ method described by Marcano et al. [34], using
excess graphite or nanoplatelet graphene (nGN) 2—-10 nm
thickness). Additional experimental details are provided in
Electronic Supplementary Material (ESM) including three
videos that show the rapid thermal expansion process of the
sulfurintercalated graphite and the nanoplatlet graphite mate-
rial. During intercalation and oxidation, the mixture was cov-
ered and refrigerated at 4 °C for 7 days, with daily stirring.
Resulting sulfur-intercalated material was thoroughly washed
until no discoloration of waste water was observed, then sub-
jected to drying for 3 h at 120 °C. A small amount of the dried
powder was placed into a pre-heated Pyrex dish on a 540 °C
hot plate and allowed to fully expand.

Biodegradable substrate fabrication

Chitosan films were fabricated by dissolving 2% w-v ™" chito-
san in acetic acid, overnight with continuous stirring. The
solution was poured in 100 mm plastic petri dishes and evap-
orated inside of a chemical fume hood. Polycaprolactone
(PCL) and agar (PCL:Agar) blends were produced by mixing
75:25 ww ' or 50:50 w-w ™' of PCL:Agar in a single-screw
extruder (Filabot EX2, www.filabot.com) at 80 °C with active
cooling as a 2.75 mm filament. The PCL:Agar substrates were
printed at 120 °C using a Lulzbot Mini (www.lulzbot.com)
equipped with a flexystruder head.

Electrode fabrication

A 3D electrode-shaped mold and corresponding stamp (Fig.
S1) were designed in SolidWorks (www.solidworks.com) and
printed on a Form2 3D printer (www.formlabs.com) using
clear resin. Multiple types of substrates, such as PET
(Kemafoil® TSL, www.coveme.com), flexible polyimide
(Kapton®, www.kaptontape.com) tape, 2% w-v ' chitosan
films, and PCL/agar composites, were investigated to deter-
mine how the stamping method and resulting electrodes
would perform on different materials. A video demonstrating
the fabrication of the electrode is located in ESM. Unless
stated otherwise, the substrate used is PET (Kemafoil® TSL
polymer), and will henceforth be referred to only as PET.
Substrates were sectioned, cleaned with ethanol (except chi-
tosan films) and a sticker paper stencil was applied to mini-
mize excess adhesive residue prior to application of a layer of
3M® multipurpose adhesive (video demonstration is seen in
File S6, www.3m.com). The 3D printed mold was aligned and
expanded graphitic materials were deposited into the mold
and manual pressure was applied to compress the stamp and
create an electrode. A nail polish resist layer was applied to
electrodes to maintain a consistent electrochemical working
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area. To measure mass of eGR used, electrodes were made
with a water-soluble glue (Elmer’s® School Glue Stick,
www.elmers.com), submerged in deionized water for 10—
15 min to dissolve adhesive, then air dried overnight and
weighed on a microbalance (Fig. S2).

Electrode surface modifications

To perform electrodeposition, electrodes were placed in a plat-
inizing solution (4 mM chloroplatinic acid and 0.5 M sodium
sulfate) using a counter platinum gauze (52 mesh, www.
beantownchem.com). A step current program on the
potentiostat (www.chinstruments.com) was set at an applied
current of 5 mA, with step time of 0.1 s, and 100 cycles.
Oxygen plasma was used to pre-treat and clean the surface
of the electrodes prior to biofunctionalization with glucose
oxidase. Conditions for treatment were 10 psi, high RF level,
for 5 min in a PDC-32G plasma cleaner with a Plasmaflo
accessory (www.harrickplasma.com).

Biofunctionalization

To evaluate efficacy as a biosensor, the electrodes treated with
PtNPs and oxygen plasma were functionalized with the en-
zyme GOx (glucose oxidase). The electrode surface was in-
cubated for 30 min with 75 mM EDC + 25 mM NHS prepared
in MES buffer, pH 6.0. The EDC/NHS mixture was removed
from the electrode via pipet, and the surface rinsed with fresh
MES buffer. 2 mg'mL ' GOx prepared in MES buffer was
incubated on the surface for 1 h, and then rinsed off with a 1x
dilution of PBS (1x PBS) pH 7.4, prior to testing.

Scanning Electron microscopy

Scanning electron micrographs were used to visualize the surface
roughness of the stamped laminate electrodes and the raw ther-
mally expanded materials. Prior to imaging, 2 nm of Iridium was
deposited using a turbo pump sputter coating device. A field
emission scanning electron microscope (FEI Quanta 250) with
a working distance of 10.0 mm, spot size of 3.0, and accelerating
potential of 10 kV was used to capture all images.

Electrochemical testing

Cyclic voltammograms were collected in a redox solution of
4 mM potassium ferricyanide, 4 mM potassium ferrocyanide
trihydrate, and 0.1 M KClI, using scan rates between 5 and
100 mV-s™'. Electrochemical impedance spectroscopy was
performed in the same redox solution, using a three electrode
setup (platinum wire counter, Ag/AgCl ref.), initial potential
of 0.0 V, amplitude of 0.005 V, and sweeping from 10° to
10% Hz. Data were plotted as real impedance versus imaginary
impedance. Amperometric testing of electrodes was
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performed using a standard 3 electrode set up. A potential of
0.3 V was applied and monitored using a Ag/AgCl reference
electrode (0.1 M KCI) with a platinum wire counter electrode
(www.chinstruments.com). All electrodes, unless otherwise
stated, were tested in 30 mL of 1x PBS, with stirring.
Increasing concentrations of H,O, and glucose were added
at 500 s intervals, unless otherwise indicated on a figure.
Concentrations are reported in the total concentration of
analyte in solution for a given time period.

Data processing

All statistical analysis and graphing was performed using
GraphPad Prism 7 software (www.graphpad.com), unless
otherwise specified. To evaluate the electroactive surface
area (ESA), the peak current values from the CV results
were used to solve the Randles-Sevcik equation. [5] The limit
of detection (LoD) of the electrodes was calculated using 3o
methods. Rct values for impedance graphs were determined
by fitting EIS data sets to an equivalent circuit model using the
Nelder-Mead algorithm in the EIS Spectrum Analyzer soft-
ware (http://www.abc.chemistry.bsu.by/vi/analyser/). Please
see ESM for further details on calculations and data
presentation and processing.

Results

Two distinct carbon-based laminate materials were produced
and evaluated for their effectiveness as stamped laminate elec-
trodes. The chemical preparation of the raw materials resulted
in an eGR material that rapidly (~10 s) expanded into ‘graph-
ite worms’, while minimal expansion was observed in the
nGN. Expansion volume of intercalated graphite during
heating has been demonstrated to be critical for generating
high quality multi-layer laminates [35, 40]. The nGN material
experienced comparably less expansion due to the starting
nano-dimensions, which left far fewer layers of material to
intercalate with sulfur during chemical exfoliation. This also
affected compression of the material during preparation of the
laminate electrodes as reduced volume in the graphitic worms
resulted in poor compression and formation of a laminate
when manual pressure was applied during the stamping pro-
cess. It was noted that incomplete washing and drying of the
eGR material resulted in slower, reduced expansion into ver-
miform structures (see movies in ESM Files S3—4). Freshly
expanded eGR or nGN was used to produce stamped elec-
trode laminates from each material. Electrodes produced on
PET with eGR with spray adhesive were of consistent quality
and maintained better adhesion to the substrate during testing,
as compared to their counterpart nGN laminates. Electrodes
made using Elmer’s School Glue Stick can be lifted off the
substrate, by dissolving the underlying glue in water (Fig. S2).
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The described method was useful for measuring the amount of
eGR used to make an electrode. The technique may also be
used to deposit electrodes on materials that are fragile and
prone to breaking under excessive pressure. Three replicate
electrodes were created using the described method and an
average mass of 8.03 mg + 0.65 eGR per electrode was deter-
mined. Due to the low tensile strength of the nGN laminates,
electrodes cannot be lifted off the substrate without
disintegrating. Therefore, the mass of nGN required to fabri-
cate an electrode was not accurately determined.

The method described (shown in Scheme 1) to produce
electrode laminates is divided into a preparatory phase, in
which the chemical treatment and wash steps are performed,
the 3D mold and stamp is printed, and adhesive stencils are cut.
The fabrication phase demonstrates the process for making the
electrode (ESM File S6), where the adhesive stencil is applied
to substrate, eGR or nGN material is used to fill the mold, and
the laminate electrodes are made by pressing with the comple-
mentary stamp piece. Using an adhesive stencil on top of the
substrate improved resolution of the electrode borders after
removing the 3D printed mold. Despite the stencil, the edges
of'the electrodes were jagged, which was a result of the material
being pressed in between the mold and the stamp. While this
created minor inconsistencies between electrodes, the stability
of the eGR electrodes in solution was excellent during testing
as no graphitic material came loose. The electrodes produced
with the nGN material had improved feature resolution as com-
pared to the eGR electrodes, but the lack of complete compres-
sion of the material caused instability of the laminate during
testing in solution. This was attributed to the flake size of the

nGN material, as smaller flakes have been demonstrated to
result in laminates with lower tensile strength [41], which ex-
plains why occasionally pieces of the nGN laminate came loose
during testing. Attempts to further improve the resolution of the
eGR electrodes resulted in smoother electrode topology after
the electrode was re-pressed in between two pieces of smooth
PET substrate. The same process of re-pressing was also tested
on the nGN electrodes to attempt to increase their stability in
solution, however, because the process presented here is limited
to manual pressure, no noticeable improvement in electrode
resolution or stability was observed. Despite this minor set-
back, the performance of both the eGR and nGN stamped
laminate electrodes is evaluated throughout, as the eGR has
better stability in solution, but the nGN had increased sensitiv-
ity to analytes. Thus, target application should be considered
before selecting one material over another. It is also likely that
the stability barrier of the nGN can be largely overcome by
increasing the pressure applied during laminate fabrication as
is done when producing large rolls of graphite foil, or by mod-
ifying the surface of the nGN electrodes with a stabilizing agent
such as Nafion™ [42].

Physical characterization methods

Post fabrication, the sheet resistance of electrodes was mea-
sured from end to end (~30 mm) to determine the quality of
fabrication, as well as the consistency between electrodes pro-
duced (Fig. S3). Numerical values of the sheet resistance mea-
surements are reported in Table S1. The eGR laminates (Fig.
S3b) had the lowest resistance and standard deviations

Chemical &
thermal treatment

3D Print mold
& stamp

Cut adhesive
stencils

§

-

N\
\

Apply stencil &
spray adhesive

Z0——>0—XW>N |ZO0——>A>VMAU

A

Align mold,
fill with Gr & stamp

Remove mold
& stencil

Scheme 1 Illustration of the process for creating compressed graphite
laminate electrodes. Preparation phase: the raw graphite or
nanographene material undergoes a series of chemical treatments and
washing. A 3D printed mold and its complementary stamp are designed
and printed, and adhesive stencils are cut out from single-sided adhesive

paper. Fabrication phase: the substrate is cleaned and adhesive stencil is
applied, followed by application of a thin layer of spray adhesive. The 3D
printed mold is then aligned on the substrate and filled with expanded
graphitic material (Gr), and the complementary stamp is pressed into the
mold. The stamp and adhesive stencil are removed to reveal an electrode.
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(8.0 Q £1.0, n = 3) while the nGN laminates (Fig. S3c) had
more than 5x higher sheet resistance than that of the eGR
laminates (42.0 €2 = 10.3). This was expected as the heterog-
enous size distributions in the nanoplatelet material cause
alignment variations and gaps during the stamping process,
whereas the large worm-like eGR pieces compressed easily
due to overlapping, thereby creating a stable laminate with
lower sheet resistance. Additionally, Reynolds et al., indicated
that the expansion volume of the graphitic materials is directly
related to the quality of the laminates produced [35].
Therefore, materials like nGN do not yield high-tensile
strength laminates [41] due to smaller flake size, which results
in reduced compression during stamping, and lower stability
in solution.

The desire to put sensors on flexible and biodegradable ma-
terials is forefront in current wearable sensing technology.
Therefore, in addition to measuring the resistance on PET sub-
strates, €GR laminates were constructed on different flexible
materials such at chitosan films (Fig. S3d-e) and polyimide
(Fig. S3f) as these are candidates for wearable sensing applica-
tions. For quality control the resistance of commercial SPC
electrodes (Zensor brand, Fig. S3g) was compared to that of
eGR and nGN laminates. While the standard deviation of the
control (SPC electrodes) measurements was only slightly ele-
vated compared to eGR electrodes, the resistance measure-
ments were significantly higher than the rest of the electrodes
measured (73.5 €2+ 1.8), indicating that the conductivity of the
laminates was an improvement over that of the SPC electrodes.

Since the flexibility of the substrate is critical for wearable
applications, the laminate material should also be flexible,
without compromising device performance. To examine the
suitability of the materials for flexible sensing applications,
the sheet resistance of electrodes on polyimide substrates
was measured before and after folding (Fig. S3f). Despite
folding the electrodes in half, no significant difference in the
resistance (Fig. S3a, pre-bend and post-bend) was observed,
indicating that the flexibility of eéGR laminates can be used for
wearable sensing technologies. Laminates produced from
nGN cannot be folded without compromising electrode con-
ductivity. The electrodes on the chitosan films (Fig. S3d-e)
were also amenable to mild bending, however, completely
folding the films in half caused the substrates to break.

SEM was used to characterize the surface topography of
the materials and electrodes (Fig. 1). The carbon-based mate-
rials, after chemical processing and thermal expansion, looked
markedly different (Fig. 1a,d) as the difference between the
eGR and nGN materials was visible to the naked eye. The
difference on the microscale was evaluated using SEM to
view the loose materials (Fig. 1b,e) as well as the material
after it had been stamped into an electrode laminate (Fig.
lc,f). The thermally expanded (exfoliated) eGR flakes were
vermiform in appearance, as previously described [35], with
the typical eGR worm measuring between 1 and 3 mm across
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(Fig. 1b). The nGN worms were not prevalent, and measured
less than ~500 pwm (Fig. 1e). While the majority of the eGR
had expanded into the worm shapes, the nGN material was
comprised mostly of small pieces of graphitic material. Upon
closer inspection (Fig. 1b,e insets), it was confirmed that the
eGR worms as well as the smaller pieces of nGN were made
up of sheets of graphene. When the expanded eGR materials
were pressed together into laminate sheets, they maintained
many of the desirable properties of their base single-layer
graphene such as high conductivity and flexibility, combined
with the desirable properties of laminates which enable them
to be formed or cut [33, 43].

Spectroscopic characterization

To analyze the structure of the materials as well as the surface
molecular groups, the electrodes were evaluated with Raman
spectroscopy and XPS. The results from Raman spectroscopy
(Fig. S5a) revealed the classic peaks between 1000 and
3000 cm™' that are associated with primary carbon systems
[44]. The lack of broadening of the 2D peak into 2D sub-peaks
commonly associated with graphite also indicates that the
graphite was of high quality [44], which was confirmed by
the sharp peaks seen in x-ray powder diffraction analysis (Fig.
S5b). The I/l ratios provide a sensitive measure of disorder,
and the corresponding values were determined to be 0.05 +
0.02 and 0.15+0.07 for the nGN and eGR samples, respec-
tively. Interestingly, the relatively low Ip/Ig ratio in both sam-
ples indicates a low number of structural defects in the sam-
ples. As Raman images were collected at two different regions
on each sample, it is important to note that this was most likely
not a localized effect as minimal variance was noted between
the distinct locations on the electrodes. XPS was used to de-
termine surface functional groups (Fig. S4) on the eGR lam-
inates. The eGR analysis indicated that the most prominent
peak was that of 1 s graphitic carbon, present at 285 eV, as
anticipated [45]. The additional peaks present between 286
and 289 eV, represent carboxyls, epoxides, and carbonyl
groups, which are functional groups amenable to covalent
modification with biorecognition agents.

Electrochemical characterization

The suitability of these materials for electrochemical testing
was further evaluated by calculating the electroactive surface
area (ESA) from CV peak currents, performed at 5 mV-sin
the presence of'a 4.0 mM ferro/ferricyanide redox couple (Fig.
S6). CVs were also performed for electrodes over two ranges
of applied potentials and five different scan rates to assess
shifting of the oxidation peaks (Fig. S7). The CV of the eGR
electrodes exhibited good performance over the range of
—0.2 V to 0.6 V with very little shifting of the oxidation and
reduction peaks at increasing scan rates (Fig. S7a,d).
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Fig. 1 Analysis of thermally expanded and compressed graphitic
materials. Top row: eGR material a Loose eGR material. The size
difference in the expanded materials is evident to the naked eye, as
individual pieces of eéGR can be readily discerned. b Scanning electron
micrographs of loose eGR material, scale bar = 500 pm. Graphitic worms
are quite large, extending over 1.0 mm in some cases. Inset shows a
magnified view (5000x, scale bar =2 pm) of the loose material where it
becomes possible to see the graphene layers that make up the bulk
material. ¢ SEM of a stamped eGR laminate electrode, scale bar
5 =um. Overlapping edges of the compressed material can be
visualized in the image. Bottom row: nGN material d Bulk expanded
nGN loose material. nGN particles are too small to readily differentiate

However, shifting and broadening of the peaks was seen in the
CVs of nGN (Fig. S7b,e) indicating poor reversibility of the
reaction on these electrodes. Additionally, multiple peak
shapes were noted in the nGN CV which may be an effect
of permanganate-oxidized graphene, indicating that a reduced
potential range should be used during testing [46]. To evaluate
all electrodes under the same conditions and calculate the
ESA, a range of —0.4 to 1.0 V was selected, which also
allowed for ESA analysis of the SPC electrodes. Using this
method, it was determined that the nGN electrodes had the
greatest average electroactive surface area (249 mm?, calcu-
lated from peak 1) followed by the eGR electrodes (61.8 mm?,
calculated from peak 2), and the screen-printed carbon elec-
trodes (13.2 mm?). The CVs of the eGR and nGN electrodes
were also recorded after treatment with PtNPs [(+) or (—)
PtNPs on Fig. S6]. In both cases the treatment with platinum
resulted in activity of the electrode over a larger range of
current (dotted lines on Fig. S6). Calculations of the ESA also
yielded higher values after treatment with PtINPs (nGN =
359 mm?, eGR =87.4 mmz). The nGN laminate had the
highest ESA due to the increased number of nanoscopic flakes
present in the material, which resulted in more edge planes
and faster heterogenous charge transport. The highly com-
pressed eGR laminate had less surface area exposed to the
redox solution and therefore had a lower ESA. However, the
eGR had a charge transfer resistance (Rct) (Rect=68.5) very
similar to that of the nGN (Rct=65.25) electrodes. SPC

from each other except on the periphery of the bulk material. ¢ SEM of
expanded nGN loose material, scale bar =500 um. Inset shows a
magnified view (5000x, scale bar=2 pm) of the loose material. The
edges of graphene sheets that make up the bulk material are visible,
along with residual contaminants from the chemical processing steps,
indicating that washing does not completely remove chemicals such as
phosphorous and potassium. f SEM of stamped nGN laminate electrode,
scale bar =5 pum. Small particles appear more frequently in the SEMs of
stamped nGN as the material does not compress to the same degree as
eGR, and the efficiency of the washing step is compromised by the small
particle sizes

electrodes had a significantly high Rct value of 107. Very
minimal diffusion limiting behavior was noted in the eGR
and nGN electrodes, but the SPC electrodes had significant
limitations due to diffusion. After treatment with platinum the
Ret of eGR significantly decreased (down to 49.9), but the
nGN remained the same. The diffusion limited region of the
plot was also diminished for the eGR electrodes which sup-
ports the theory that the PtNPs increased the active surface
area of the laminate. The lack of ESA increase in the nGN
electrodes can be explained by the degradation of the elec-
trodes during the platinum treatment. During electrodeposi-
tion, it is possible to see the nGN laminate physically degrade
due the physical effects of oxygen bubbling at the surface.
This degradation of some superficial graphene particles ap-
pears to improve the ESA with relatively no change in Rct.

Peroxide and glucose testing

To investigate the potential sensing capability of the eGR lam-
inate materials, two different surface treatments were used
(deposition of platinum nanoparticles and covalent modifica-
tion with glucose oxidase). Peroxide sensing of untreated eGR
electrodes was first measured at four potentials (0.2 V, 0.3V,
0.4V, and 0.5 V) to determine the best balance between signal
response and background noise (Fig. S8). Higher or unpredict-
able levels of noise can limit the ability to accurately discrim-
inate signal changes. A potential of 0.3 V (vs. Ag/AgCl)

@ Springer
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yielded the best balance between electrode sensitivity and
lowest overall background noise (Fig. S8). The amperometric
response of untreated (no PtNPs, plasma, or GOx) eGR, nGN,
and SPC electrodes was then evaluated using H,O, detection
as a model benchmark test (Fig. 2a and b). Response to in-
creasing H,O, concentrations, with H,O, additions occurring
every 500 s, was plotted as current (LLA) versus time. Values
for the total cumulative concentrations of analyte at each time
point are available in Table S2. Sensitivity of the electrodes
was determined by plotting current versus analyte concentra-
tion and identifying the slope of the linear sensing range of the
data and dividing by the ESA. Out of the two laminates, the
nGN electrodes had the highest signal amplitude at the higher
concentrations of H,O, (sensitivity =29.2 nA-uM -em 2,
LoD =1.96 uM), which was most likely a result of the high
surface area of the material [13]. Laminates produced from
eGR had a comparably attenuated signal at high H,O, levels
(sensitivity 34 nA-uM ' -cm?) with a similar LoD =

1.95 uM. The SPC electrodes exhibited very poor sensitivity
to H,05 (7.2 nA-uM " -cm2) and a significantly higher LoD
(235 uM). As platinum is known to catalyze the oxidation of
H,0,, it is often used to increase the sensitivity of HO, and
GOx-based sensors [47-49]. Electrodes were thus subjected
to electrodeposition of PtNPs, and H,O, sensing was

w/o PtNPs

w/ PtNPs

repeated. The eGR electrodes had the greatest overall im-
provement in signal at higher concentrations, though the
LoD was only slightly improved from (1.95 pM to
1.91 uM). However, the sensitivity of the electrode nearly
doubled (64.3 nA-uM '-cm ?). This indicates that the addi-
tion of PtNPs to eGR may not be beneficial for detection of
low levels of H,O,_ but increases in signal step sizes at higher
concentrations are dramatically improved. Contrary to antici-
pated results, the overall amplitude decreased for the nGN
electrodes after PtNP deposition (Fig. 2b) and sensitivity of
the electrode was halved (16.55 nA-uM ' -cm 2 and LoD =
1.98 uM). These effects were further investigated using SEM
(Fig. S9g, red arrows) to visualize the surface. SEMs revealed
that portions of the nGN surface material had flaked off during
treatment with PtNPs or during testing. Thus, reduced sensing
capability was most likely a direct result of the lower tensile
strength of the nGN laminate which caused the material to
degrade during electrodeposition. As mentioned previously,
increased amounts of platinum, or modification with a stabi-
lizing polymer such as Nafion™ [42] would most likely sta-
bilize the nGN structures on the surface. However, increased
surface modification may compromise (or improve) attach-
ment of biomolecules such as GOx. Alternatively, increases
in surface modification may negatively affect background
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Fig. 2 Amperometric response of eGR, nGN, and SPC electrodes to
H,0, and glucose spikes at a potential of 0.3 V vs. ref. Ag/AgCl
[0.1 M]. Increasing concentrations of H,O, or glucose spikes were added
every 500 s. a Time dependent response of electrodes to H,O, without
electrodeposited platinum nanoparticles (w/o PtNPs). Inset displays the
response at lower levels of H,O,. Arrows 1-5 correspond to the total
concentration of analyte in solution. 1.95, 5.85, 13.6, 29.2, 60.3 uM
H,0,, respectively. These concentrations are also documented in
Table S2. b Response of electrodes to H,O, after electrodeposition of
PtNPs. Analyte concentrations indicated by arrows correspond to those
reported in (a). ¢ Amperometric response of electrodes to glucose when
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Peroxide [uM]

Glucose [uM]

functionalized with PINPs and GOx. Inset: shows the response of elec-
trodes at low levels of glucose concentrations. Increasing glucose con-
centrations correspond with increasing numerical arrows values. (1.22,
3.66, 8.52, 18.25, 37.69 uM respectively). Signals in plot ¢ have been
offset to allow for better visualization. d-f Linear calibration plots of
current vs. concentration of analyte. Plots were generated from graphs
a-c using the method described in the ESM. Calibration plots for, d-e
H,0, between 1.95-500 uM H,O,, and f 1.22 uM- 2.5 mM glucose.
Linear regression analysis with 95% confidence interval of slope for each
calibration plot is available in Table S3
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noise of the electrode and delay stabilization in the testing
solution. Despite this, the H,O, sensing response of the elec-
trodes was less than 10.0 s for both eGR and nGN and dem-
onstrated good adherence to a linear trend between 2 and
500 uM H,0, (R*>0.99, see calibration plots in Fig. 2d-f,
and linear regression analysis in Table S3). Of note, was the
improvement in detection capability of the SPC electrodes
(LoD from 235 uM down to 1.94 uM) after deposition of
PtNPs. Since the geometric and electroactive surface area of
the SPC electrodes was quite low (13.2 mm?), the attachment
of PtNPs actually serves to increase the effective surface area,
and the LoD was improved. This significant increase in H,O,
sensitivity was not observed in the laminates as they had sig-
nificantly higher starting ESA(s) than the SPC electrodes.
The final surface treatment of the electrodes investigated
the potential use of these laminates as a platform for biosens-
ing applications. To detect glucose, the enzyme GOx was
attached to the working surface using covalent EDC/NHS
amine-linker chemistry. Initially, this was tested in the absence
of PtNPs or oxygen plasma treatment (Fig. S12), but results
suffered from instability of signal and unpredictable noise.
Since, plasma treatment is a recognized method for increasing
the efficacy of covalent modification with biomolecules [20],
PtNP-treated electrodes were exposed to oxygen plasma to
enrich the surface with oxygen groups, prior to attachment
of the enzyme GOx. The nGN laminates detected the lowest
changes in glucose concentrations between 0 and 2.5 mM,
with a LoD = 1.22 uM. Beyond 2.5 mM, the performance of
the sensor was no longer linear, as larger amplitudes in step
increases resulting from increasing levels of glucose (up to
9.88 mM), quickly took the shape of an exponential function.
As the normal range for blood glucose is roughly <5 mM for
healthy individuals [36, 50], and up to 33.3 mM in patients
with hyperosmolar syndrome [51], the nGN laminates may be
better suited to fluids with lower physiological levels of glu-
cose. This includes fluids considered to be collected non-
invasively, such as sweat (1-5 uM) [37], tears (75 uM) [38],
or saliva (75 uM) [39]. These sample types have been dem-
onstrated to have significantly lower glucose levels, but are
still indicative of a diseased state [39, 52, 53]. The amplitude
of signal response for eGR laminates to glucose was attenuat-
ed as compared to nGN electrodes, with a limit of detection of
18.5 uM glucose, and a linear trend between 0 and 5 mM (Fig.
2f, and Fig. S10), which demonstrated improvement over that
of SPC. SPC electrodes lack the basal and edge planes of
graphene that are inherently rich in oxygen and epoxide
groups [54], and despite treatment with oxygen plasma, the
attachment of GOx was compromised as a result. This caused
a higher LoD for glucose (29.3 uM), and indicated that the
laminate electrodes allow for improved glucose detection ca-
pability over the SPC electrodes both because of their higher
surface area, as well as the surface oxygen moieties after treat-
ment with plasma. This is also they reason why despite

decreased sensitivity, nGN electrodes still had better glucose
detection capability than eGR laminates. The nanoplatelet
graphene has much more surface area made up of graphene
edge planes which facilitates improved attachment of GOx.
However, this was not tested due to the low stability of the
electrode in testing solution.

While the detection range of the eGR laminates falls within
the target concentrations found in healthy donor blood (5 mM for
healthy, and ~10 mM for metabolic disorders), the linear operat-
ing range of the eGR (and nGN) limits capability to determine
higher concentrations found in diabetic patients. Though the goal
was to create a process for rapid production of eGR electrodes,
there are several steps that could be taken to improve detection
limits and range for analytes. These include investigation of high-
pressure compression to produce uniform laminates, as well as
precision cutting of electrode shapes to minimize surface area
and edge variation. Also, varying conditions for plasma treatment
would require extensive experimentation with concomitant iden-
tification of the best metal oxide for optimal catalytic activity, and
finding the appropriate pH range for enzyme activity. It is also
important to note that the commonly accepted practice for deter-
mining LoD still encourages the notion that a linear trend is
superior compared to non-linear results. Therefore, calculations
for sensitivity and LoD that use linear regression models should
be subject to the parameters for these functions. However, the
ideal conditions that govern biochemical models are often not
followed in real testing applications. Thus, models such a
Michaelis-Menten, Lineweaver-Burk, Hanes-Woolf, and Eadie-
Hofstee are frequently being replaced by non-linear regression
[55-58], particularly as computers become smaller and more
powerful, and regression software more readily available. By
incorporating these types of calculations and curve fitting, the
sensitivity of these electrodes along with many other sensors
could be dramatically improved. Though a caveat of parametric
functions that use extrapolation to determine concentrations out-
side the known operating range require extensive calibration to
reliably define the upper and lower maximums of operation [56,
59]. Beyond sensing applications, enzymatic conversion of bio-
fuel is also a potential application for these laminates, as in-
creased surface area facilitates increased concentrations of at-
tached enzyme to allow for higher rates of conversion and energy
production. Furthermore, the baseline capabilities of H,O, sens-
ing of the materials lends them to industrial applications of sens-
ing, as H,O, is now heavily used as a disinfectant in pharmaceu-
tical, medicinal, cosmeceutical and household cleaning products
[60].

Peroxide testing on flexible substrates
To verify the performance of eGR and nGN laminates on
biodegradable substrates, the multi-layer graphene electrodes

were fabricated on substrates with two different ratios of PCL/
Agar [1:1 ratio, (1.9 mm and 1.1 mm thick) and 3:1 ratio,
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(0.7 mm and 0.5 mm thick)], treated with platinum (Fig. 3)
and tested with H,O,. The performance of electrodes on 2%
w-v_ ! dried chitosan, and polyimide films was also investigat-
ed. The eGR electrodes on PCL/Agar and chitosan substrates
yielded promising signals, but the variability of the signal
(nearly 70 pA at the highest concentration of H,O;) on the
PCL/Agar films between different compositions of substrate
indicates that method of creating the films may affect surface
roughness and potentially the fabrication method. The films
made from the 3:1 ratio of PCL/Agar were 3D printed, and
thus had more surface roughness than those of the 1:1 ratio
which were melted into a smooth mold. Interestingly enough,
the melted materials had an increased response compared to
the 3D printed materials, but the background noise on these
electrodes was greater, therefore decreasing signal to noise
ratios. Since the PCL/agar substrates where not perfectly
smooth and level, an alternative method to put laminate elec-
trodes on these materials would be to fabricate them via the lift
off method and simply adhere them to the substrate using a
water-insoluble glue. Out of the flexible substrates examined,
the eGR electrodes on chitosan had the best response, but
individual tests also demonstrated high noise levels, which
was attenuated in the presented plot (Fig. 3) by the averaging
of multiple runs. However, it was speculated that the increased
signal in the chitosan electrodes was due to delamination of
the chitosan film away from the eGR laminate (Fig. S11f). As
the chitosan absorbs water from the testing solution, the film
expands and peels away from the eGR, thereby leaving two
sides of the electrode exposed, which increases the ESA, but
also the signal variability between tests. Despite being
suspended in solution agitated with a stir bar, the eGR that
delaminated away from the chitosan remained intact with no
observed physical degradation during testing, which has im-
portant implications for increasing surface area and improving
sensitivity. The eGR electrodes on flexible polyimide tape
performed the best out of the electrodes on alternative
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Fig. 3 Performance of eGR laminate electrodes on flexible and
degradable substrates at an applied potential of 0.4 V. a Examination of
the H,O, sensing response of eGR electrodes on different substrates.
Electrodes are treated with PtNPs. Substrates are 2% w-v—" chitosan
substrate (n =4), PCL/Agar substrates of varying compositions and thick-
ness (n =1 for each substrate), and polyimide films, (n = 3). The descrip-
tion for fabrication of the substrates is described in the methods section.

@ Springer

substrates, with an average (n=3) of ~50 pA increase over
that of the highest PCL/agar electrode. However, the sensors
had reduced adherence to linear sensing trends (as compared
to PET substrates) between 0 and 2 mM H,O,, with the lowest
R?>0.83 (for chitosan). The chitosan substrates yielded high
variability between tests due to delamination of the electrodes,
which resulted in high standard deviations and low R? values.
As flexible substrates are increasingly important to the grow-
ing wearable sensing market, stability of the eGR laminates on
polyimide is a promising step towards decreasing the cost of
sensors. Moreover, the adaptation of the laminates onto ro-
bust, inexpensive, and degradable substrates is a key advance-
ment for translating sensors to fieldable applications, such as
environmental monitoring or animal health assessment, espe-
cially as society moves away from the use of plastics.

Conclusions

Low cost electrodes are critical components for sensing.
Current techniques for producing low cost carbon-based elec-
trodes utilize conductive inks for high throughput printing.
However, the inks require the use of binders and surfactants
to suspend the materials in solution, and then post-print an-
nealing at high temperatures to remove the binder compo-
nents. By using chemically exfoliated graphite followed by
thermal expansion, the high yield of expanded materials
makes it possible to fabricate hundreds of electrodes at low
cost with a stamping method, as opposed to purchasing inkjet
printers or compression rolling devices necessary for other
methods of laminate or electrode fabrication. Furthermore,
the stamping method allows for the utilization of temperature
sensitive and flexible substrates such as paper or plastic,
which is economical and amenable to wearable sensing appli-
cations. For fragile and degradable substrates, electrodes can
be generated using soluble glues and then lifted off to be later
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Thicknesses of the PCL:Agar laminate (1.1 mm, 1.9 mm, 0.5 mm,
0.7 mm) is indicated in the legend. Increasing concentrations of H,O,
were added every 100 s. Time dependent concentrations of H,O, can be
found in Table S2. b Linear trends of the averaged signals in plot a, with
95% confidence intervals plotted as dotted lines. Error bars indicate the
standard deviation of the mean for each data set. Linear regression data
for the slope of each line is available in Table S3
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adhered to a backing of choice. As the need to create inexpen-
sive disposable sensors is realized, the resulting waste from
single use sensors should be a concern. This work helps ad-
dress this issue by demonstrating performance of electrode
laminates on inexpensive, 100% biodegradable substrates
which can be thrown away, or left in the field after a test is
completed. Finally, the ability to quickly synthesize the lami-
nates to construct stamped electrodes with minimal equipment
(3D printed mold is perhaps the most sophisticated part)
means these electrodes can be produced in nearly any setting.
The laminate electrodes performed well in baseline H,O, and
glucose testing models, though their linear range (1.22 uM —
2.5 mM) did not extend far enough to facilitate detection of
higher levels of glucose in blood. As a result, the laminate
electrodes may be best suited for research purposes or for
non-invasive detection of low levels of glucose, such as those
found in sweat, tears, or saliva. However, due to the endoge-
nous peroxide sensing capabilities of untreated electrodes, the
laminates can be used for industrial-based applications of per-
oxide detection, or other situations such as glucose-based fuel
cells or detection of other low concentration target analytes. In
summary, the presented techniques are a complete method for
the production and testing of stamped multi-layer graphene
laminate electrodes, which can be applied to virtually any
substrate and used in a variety of research-grade sensing
applications.
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