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How the origin of graphene influences interfacial behaviour once it is formulate and screen-printed has
been unclear. Herein, we fabricate four graphene screen-printed electrodes (commercial, combustion-
derived, exfoliated, and CVD-grown) using an identical ink and printing protocol and combine
conventional electroanalysis with step-potential electrochemical spectroscopy to obtain assumption-
light differential capacitance C(E) and charging timescales t. All electrodes show U-shaped C(E) with
tightly clustered PZCs (0.35-0.40 V vs. Ag/AgCl), indicating that the charge-neutral potential is set
primarily by surface chemistry and electronic structure, rather than morphology. However, the extent
and speed of interfacial charging vary. The double-layer capacitance (Cq4) scales with wetting and
mesoporosity, while the charging time (t = 15-25 ms across the set) reflects the trade-off between ionic
access resistance and capacitance. For the partially inner-sphere redox couple [Fe(CN)gl*~/3,
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heterogeneous electron transfer follows edge, defect, and oxygen functionality, rather than film
conductivity, with k° spanning (0.76-1.99) x 107> m s~%. These interfacial electrochemical metrics, both
capacitive and faradaic, map directly onto physical features such as porosity, defect density, and interfa-
cial chemistry, providing initial criteria for selecting graphene precursors in sensing, catalysis, and energy
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1 Introduction

Screen-printed electrodes (SPEs) have emerged as indispensa-
ble components in electrochemical sensing and energy tech-
nologies, owing to their low production cost, high throughput,
and suitability for miniaturized, disposable, and flexible
platforms.”” Among carbon-based materials, graphene has
garnered considerable attention for SPE fabrication due to its
excellent electrical conductivity, large specific surface area, and
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tunable surface chemistry.? Despite these advantages, a funda-
mental and unresolved question persists regarding the extent
to which the method of graphene synthesis dictates its electro-
chemical performance when integrated into printed devices.

Graphene can be synthesized by a wide range of approaches,
from bottom-up chemical vapour deposition (CVD) to top-down
exfoliation and even low-cost combustion-derived routes.* Each
method yields materials with distinct structural, chemical, and
morphological features e.g. layer number, defect density, oxy-
gen functionality, and stacking order that are known to influ-
ence double-layer charging and heterogeneous electron transfer
(HET).” Notably, several studies report that single- and few-layer
graphene do not necessarily outperform graphite in electroa-
nalytical measurements as the higher edge density and inter-
layer defects in multilayer/graphite systems provide abundant
active sites, stronger analyte adsorption, and lower noise/ohmic
artifacts.®

Beyond layer count, porosity alters the apparent kinetics by
creating thin-layer or confinement conditions. Overlapping
diffusional fields in pores increase local residence time and
near-surface concentration, which can sharpen peaks, reduce
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peak-to-peak separation (AE,), and lower overpotentials, even
when the intrinsic electron-transfer barrier is unchanged.”
Defects such as vacancies, Stone-Wales motifs, and sp*/sp*
discontinuities introduce localized electronic states that
enhance electronic coupling and adsorption for partially
inner-sphere probes. However, excessive oxidation or disorder
can increase charge-transfer resistance and promote site
blocking.®° Surface functionalization tunes work function,
wettability, potential of zero charge (PZC), and specific adsorp-
tion; for example, oxygenated groups improve hydrophilicity
and ion access but can form passivating surface complexes (e.g.
with [Fe(CN)s]>/*7), thereby slowing HET.'**? The edge-to-
basal-plane ratio further governs density of states at the Fermi
level and chemisorption propensity, with edge-rich carbons
generally exhibiting faster HET than basal-plane-dominated
materials."*"*

However, existing reports on graphene SPEs remain frag-
mented, often focusing on a single graphene source or
emphasizing only either capacitive behaviour for supercapa-
citors or faradaic responses for redox probes, without system-
atically linking the two regimes. As a result, there is no unified
understanding of how the intrinsic properties of graphene,
dictated by its synthesis method, affect both the baseline
capacitive properties and the electron transfer kinetics when
integrated into practical SPE platforms. Furthermore, the
dynamic evolution of electrode surface wetting under electro-
lyte exposure, which directly affects electrochemical
responses, is rarely considered in the context of printed
graphene electrodes. This knowledge gap carries important
implications for both fundamental understanding and prac-
tical deployment.

Herein, we present a systematic assessment of the electro-
chemical behaviour of SPEs fabricated from four distinct
graphene sources, combustion-derived, electrochemically exfo-
liated, CVD-grown, and commercial graphene, using an iden-
tical ink formulation and printing process. These sources
reflect the range of graphene materials commonly used in
printed electrochemical devices, including (bio)sensors, where
ink formulation and graphene type affect sensitivity and
reproducibility,®'® and energy devices such as flexible conduc-
tors and micro-/planar supercapacitors, where accessible sur-
face area and interfacial resistance govern capacitance and rate
performance.'®® Prior studies have further highlighted that
graphene source can introduce significant variability, through
factors such as binder interactions and residual metal impu-
rities, which impact electron-transfer kinetics and capacitive
behaviour in SPEs.>’

By combining structural/chemical characterization with
electrochemical analyses and contact-angle measurements in
water and concentrated electrolytes over repeated use, our
study links microscopic material features and wettability
evolution to macroscopic electrode descriptors relevant to
practical printed devices (e.g. ion access, double-layer char-
ging, and redox kinetics), providing guidance for selecting
graphene sources for sensing and energy-related SPE
applications.

This journal is © the Owner Societies 2026
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2 Experimental
2.1 Chemical reagents

All chemical reagents were used as received without further
purification: potassium chloride (KCl, >99.0%, Sigma-Aldrich),
potassium hexacyanoferrate(u) trihydrate (K,[Fe(CN)¢]-3H,0,
>98.5%, Sigma-Aldrich), potassium hexacyanoferrate(u)
(K3[Fe(CN)g], >99.0%, Sigma-Aldrich), silver/silver chloride ink
(C61003P7, Sun Chemical), carbon paste ink (C2030519P4,
Sun Chemical), insulator ink (D2070423P5, Sun Chemical).
Deionized water (18.2 MQ cm) was obtained from an Elga
Purelab Ultra system (Elga Labwater, UK). All experiments were
conducted at 25 °C unless stated otherwise.

2.2 Graphene sources and synthesis

Four distinct types of graphene were investigated: commercial,
combustion-derived, electrolytically exfoliated, and CVD-grown.
Commercial graphene powder was purchased from UC Bacon
Co. Ltd and used as received. Combustion-derived graphene
was synthesized following an adaptation of Chen et al.>" Briefly,
3.00 g of magnesium ribbon was placed on a slab of solid CO,
(dry ice), ignited, and immediately covered with a second slab.
Combustion in CO, produced MgO and a carbonaceous by-
product. The black solid was collected and stirred in 100.0 mL
of 1.00 M HCI at room temperature overnight to remove Mg/
MgO, then filtered and rinsed with deionized water to neutral
pH. The purified carbon was dried under high vacuum at
100 °C overnight to yield the combustion-derived graphene.>*

Exfoliated graphene powder was prepared by one-step elec-
trolytic exfoliation.”> Two graphite rods served as electrodes in
aqueous polystyrene sulfonate (PSS). A constant 8.0 V bias was
applied for 24 h to exfoliate graphite into graphene sheets. The
dispersion was washed with ethanol and deionized water to
remove excess PSS/ions, then dried at 80 °C for 2 h.?

CVD graphene was grown on FeNi catalyst in a thermal CVD
reactor. The FeNi catalyst was prepared by impregnation and
reduced at 500 °C for 1 h under 1500 sccm H, to convert the
oxide to its metallic form. The catalyst and a triglyceride-based
lipid feedstock (used as the carbon source) were then loaded
into a quartz tube furnace and heated to 800 °C at 10 °C min "
under 1500 sccm N, flow. Growth proceeded for 1 h at 800 °C,
after which the system was cooled to room temperature under
1500 sccm N,. The resulting graphene was collected as powder
for ink formulation (see below).

2.3 Fabrication of graphene screen-printed electrodes (SPEs)

A conductive graphene ink was prepared by blending 2.50 g of
each type of graphene powder (commercial, combustion, exfo-
liated, or CVD) with 10.0 g of carbon paste ink in a ball mill
(Retsch model Emax, Germany) at 1000 rpm for 60 min.
Graphene screen-printed electrodes (SPEs) were fabricated on
polyethylene terephthalate (PET) substrates using a screen
printer (DEK model 03ix, USA). First, Ag/AgCl ink was screen-
printed and dried at 60 °C for 5 min to form the reference
electrode (RE). The formulated graphene ink was then printed
and dried at 60 °C for 5 min to produce the working (WE) and
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counter (CE) electrodes. Finally, an insulator ink was printed to
define the active electrode area and dried at 120 °C for 5 min.
For each batch, a total of 600 SPEs were printed. The corres-
ponding graphene loading is 4.17 mg per SPE.

2.4 Characterization

Surface morphology was imaged by field-emission scanning
electron microscopy (FE-SEM, AURIGA, Zeiss; 3.0 kV). Crystal-
linity and stacking order were assessed by powder X-ray diffrac-
tion (XRD, D8 ADVANCE, Bruker; Cu K., 4 = 1.5406 A). Graphitic
and defect signatures (D, G, 2D) were evaluated by Raman
spectroscopy (VERTEX 70 with RAM II, Bruker). Surface com-
position was determined by X-ray photoelectron spectroscopy
(XPS, PHI 5000 VersaProbe II, ULVAC-PHI; Al K,,, hv = 1486.6 V)
at the SUT-NANOTEC-SLRI Joint Research Facility (SLRI, Thai-
land); spectra were processed in PHI MultiPak with Shirley
backgrounds and mixed Gaussian-Lorentzian line shapes,
using the C 1s peak at 284.8 eV for charge referencing. Textural
properties were obtained from nitrogen adsorption-desorption
at 77 K (Autosorb 6100, Anton Paar). The specific surface area
was calculated by Brunauer-Emmett-Teller (BET) analysis. The
pore volume was obtained by non-local density functional
theory (NLDFT) physisorption analysis, a statistical-mechanics
adsorption model in which the experimental isotherm is repre-
sented as a linear combination of theoretical adsorption iso-
therms computed for pores of different widths.>*> The
mesopore size distribution was evaluated using the Barrett-
Joyner-Halenda (BJH) analysis (desorption branch). Samples
were degassed at 250 °C for 5 h before measurement.

2.5 Electrochemical measurements

Electrochemical studies were performed with an Autolab
PGSTAT302N potentiostat (Metrohm, Netherlands). All poten-
tials are reported vs. the on-chip Ag/AgCl unless stated other-
wise. Electrochemical impedance spectroscopy (EIS) was
performed in a 5.0 mM solution of [Fe(CN)]**~ containing
0.10 M KCl. Measurements were conducted across a frequency
range of 1-10° Hz with an applied AC amplitude of 5 mV.
Nyquist spectra were fitted to a Randles equivalent circuit to
extract the charge-transfer resistance R;.

Time-resolved analysis of double-layer charging employed
step-potential electrochemical spectroscopy (SPECS). Prior to
measurements, electrodes were conditioned by 50 cyclic vol-
tammetry (CV) cycles in 1.0 M KCl within a non-faradaic
window.?® A staircase of +10 mV potential steps was then
applied, and the resulting current-time transients were
recorded for all steps and used to determine the double-layer
capacitance (Cyq) and the differential capacitance C(E) over the
window range. The potential of zero charge (PZC) was identified
as the potential at which C(E) reached its minimum value.

Faradaic behaviour was evaluated by CV in a 1.0 mM
[Fe(CN)g]*~ solution with 0.10 M KCl as the supporting electro-
Iyte at scan rates of 10-200 mV s '. Peak current-scan-rate
(Randles-Sevéik) analysis provided the electroactive area. The
kinetic parameters were obtained from Nicholson analysis of
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AE, for k” and mass-transport-corrected Tafel slopes for 8, as
detailed in the Results and discussion section.

3 Results and discussion

The graphene synthesis route imprints a distinct combination
of structural order, defect density, surface chemistry and
mesoscale connectivity, and these features jointly govern the
electrochemical behaviour of SPEs. To resolve these links, we
representative  materials, commercial,
combustion-derived, exfoliated graphene, and CVD-grown gra-
phene formulated and printed under identical conditions. By
integrating materials characterization and electrochemical ana-
lysis, we map how layer stacking, defect/edge architecture and
oxygen functionality affect electrolyte wetting and accessibility,
the magnitude and potential-dependence of interfacial capaci-
tance, and heterogeneous electron-transfer rates.

examined four

3.1 Structure, defects, and surface chemistry

3.1.1 Morphology. Commercial graphene (Fig. 1a) presents
thin plate-like sheets with moderate wrinkling and relatively uni-
form restacking, consistent with partially reassembled graphitic
domains. Combustion-derived graphene (Fig. 1b) shows a highly
porous surface, typical of high-temperature carbonization.”” Exfo-
liated graphene (Fig. 1c) forms stacked sheets with frequent folds
and exposed edges. CVD graphene (Fig. 1d) exhibits planar basal-
plane-dominated domains with low edge density and regions of
loosely stacked fragments.

3.1.2 Crystallographic analysis. XRD patterns (Fig. 2a)
resolve differences in out-of-plane stacking and in-plane order
across the samples. In graphitic carbons, the (002) reflection
reports interlayer spacing and stacking of the basal planes,
whereas the (100) reflection arises from the hexagonal in-plane
lattice of sp” carbon and is sensitive to in-plane coherence.?®
Commercial graphene shows a peak at 26.4° (002) and a small
peak 43.7° (100), consistent with multilayer stacking. The
combustion-derived sample exhibits features at 26.0° (002)
and 42.8° (100); the relatively stronger (100) peak compared
with the commercial sample suggests moderate in-plane order.
Exfoliated graphene shows only the 26.6° (002) peak, consistent
with stacked multilayers and limited in-plane coherence. CVD
graphene shows a 26.3° (002) peak together with a modest 44.4°
(100) feature, indicative of moderate in-plane ordering. Broad-
ening and shifts of the (002) peak (e.g. 26.0° for combustion-
derived vs. 26.6° for exfoliated) reflects slight variations in
interlayer spacing (dos), which can arise from oxygen func-
tional groups or stacking disorder.

3.1.3 Raman spectroscopic analysis. Raman spectra
(Fig. 2b) of all graphene SPEs exhibit the characteristic D, G
and 2D bands, where the G band arises from the in-plane
vibrational stretching of sp” carbon, the D band is a defect-
activated ring-breathing mode, and the 2D band is the second-
order (double-resonant) overtone of the D band which can
indicate layer number. The commercial graphene gives v =
1278.7 em ! and vg = 1602.7 cm ™~ '. The combustion-derived

This journal is © the Owner Societies 2026
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Fig. 1 SEM images of graphene from different synthesis routes: (a) commercial, (b) combustion-derived, (c) exfoliated, and (d) CVD-grown graphene.

sample is modestly upshifted in D and slightly downshifted in
G with vp = 1284.5 cm™ " and vg = 1600.8 cm ™. The exfoliated
sample shows the largest D upshift with a G downshift with
vp =1296.1 cm™ " and vg = 1595.0 cm ™ '. CVD graphene exhibits
vp=1290.3 cm ™, vg = 1593.1 cm ™ *. These trends are consistent
with variations in strain and stacking order across the series,
where a higher v corresponds to fewer layers, and a lower vg is
associated with multilayer graphene. The 2D band is sharper
and more symmetric for the combustion and CVD samples,
consistent with few-layer domains, whereas the commercial
and exfoliated samples exhibit broader, less intense 2D bands
consistent with multilayer stacking, supporting the interpreta-
tion from G-band shifts. The D/G intensity ratio (Ip/I;) follows
the trend: commercial (1.33) > combustion (1.18) ~ CVD
(1.16) > exfoliated (1.08), suggesting the highest defect density
in the commercial sample and the lowest in the exfoliated
sample, despite its multilayer structure.

3.1.4 Surface chemical composition. XPS (Fig. 2c) empha-
sizes route-dependent surface chemistry. Commercial
graphene shows moderate sp® (75.36%) and oxygen (15.81%
C-0, 3.03% C=0, 0.15% O-C=0).>° Combustion-derived gra-
phene retains high sp® (80.95%) with notable oxygen (10.98%
C-0, 2.80% C = O, 5.27% O-C—O0) and a distinctive O 1s
feature (~531.0 eV) consistent with quinone-like groups.*
Exfoliated graphene shows lower sp> (73.23%) with substantial
oxygen functionalities (17.96% C-O, 3.07% C—O, 5.74%
0O-C=0O0), consistent with partial oxidation. CVD graphene
exhibits the highest sp* carbon fraction (85.38%) and minimal

This journal is © the Owner Societies 2026

oxygen (12.70% C-0, 1.92% C=0, 0% O-C—=0).*" These data
therefore indicate how synthesis governs functional group
distribution, which are the key determinants of interfacial
and electrochemical behaviour.

3.2 Surface area and porosity characteristics

The surface area and porosity of the graphene SPEs were
characterized by nitrogen adsorption-desorption at 77 K. Spe-
cific surface areas were determined using the Brunauer-
Emmett-Teller (BET) method, total pore volumes from density
functional theory (DFT) analysis, and mesopore size distribu-
tions from the Barrett-Joyner-Halenda (BJH) method. The
resulting parameters are summarized in Table 1.

The combustion-derived graphene exhibits a Type IV iso-
therm, two orders of magnitude larger Aggr, and an order-of-
magnitude larger Vioa than the other samples, consistent with
a mesoporous network created by disrupted stacking and inter-
flake voids during high-temperature formation. In contrast, the
commercial, exfoliated, and CVD materials show Type II iso-
therms with low Aggr and small Vi, indicative of largely
nonporous or macroporous solids with limited accessible
mesoporosity.

Across all samples, BJH returns similar mesopore radii
(Table 1). For the combustion material, this reflects a dense
population of small mesopores distributed throughout the
network (hence high Aggr and Viee). For the Type II samples,
the comparable 1, should be interpreted as sparse slit-like
gaps between restacked flakes. Although the radius is similar,

Phys. Chem. Chem. Phys., 2026, 28, 2294-2308 | 2297
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Fig. 2 (a) XRD patterns, (b) Raman spectra, (c) C 1s and (d) O 1s XPS spectra of commercial, combustion-derived, exfoliated, and CVD graphene.

the density of such features and therefore the accessible surface
is much lower, as captured by Aggr and Vigtar.

However, only a fraction of Aggr contributes to the electro-
chemically active area, as access is limited by electrolyte pene-
tration, wetting state, and electronic percolation to the current-
carrying network. In concentrated electrolytes (e.g. 1.0 M KCl),
the electrical double layer is sub-nanometer in thickness,
enabling efficient charge storage in mesopores. In contrast,
micropores are often underutilized in aqueous media owing to
desolvation barriers and steric constraints. Studies have

Table 1 Specific surface area, pore volume, and pore size of different
graphene samples

Isotherm  Aggr” (mz gfl) Vtotalb (cm3 gil) rporeb (nm)

Commercial Type II 29.2 + 0.4 0.088 3.725
Combustion Type IV 383.6 £ 2.4 0.856 3.838
Exfoliation = Type II 5.8+ 0.1 0.012 3.789
CVD Type 11 14.3 + 0.2 0.036 3.773

“ Aggr reported as mean =+ standard deviation. b Viora and T'pore Teported
as modal values.

2298 | Phys. Chem. Chem. Phys., 2026, 28, 2294-2308

reported a threshold potential at which partial desolvation
enables ion adsorption in these pores, which increases the
capacitance Cq.>*** The potential-dependent capacitance is
further discussed in Section 3.4.

3.3 Wetting behaviour and contact-angle evolution

All graphene SPEs exhibited similarly large water contact angles
(0,0 = 118-121°, Fig. 3), essentially independent of graphene
type, indicating that initial wettability is dominated by the
binder-rich surface which limits water affinity. Exposure to an
electrolyte alters this interfacial state rapidly. In 1.0 M KCl, the
apparent contact angle (0xcj) decreases upon reuse for every
material, with cumulative first-to-second-use changes of 38.5°
for combustion-derived ((118.1 + 1.0)° — (79.6 £ 3.4)°), 34.5°
for exfoliated graphene ((118.8 &+ 1.3)° — (84.3 £ 3.9)°), 34.1°
for commercial ((119.4 £+ 0.6)° — (85.3 + 1.8)°), and 25.5° for
CVD graphene ((118.5 + 2.0)° — (93.0 £ 5.6)°), refer to Fig. 3. In
contrast, 0y o changes only marginally between the first and
second use, highlighting that wettability is governed primarily
by ion-surface interactions rather than water.

This journal is © the Owner Societies 2026
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Fig. 3 (a) Representative images of DI water and 1.0 M KCl droplets on combustion-derived graphene SPEs. (b) Contact angle as a function of use

number for all graphene SPEs measured with DI water and 1.0 M KCL

The dependence of the macroscopic angle on interfacial
tensions is given by Young’s equation,

Ysv — VsL = yLveos Oy, 1)

where ysy, ys1, and ypy are the solid-vapour, solid-liquid, and
liquid-vapour interfacial tensions, and 0y is the intrinsic
(Young) angle. Electrolyte exposure lowers ys;, through specific
ion adsorption and rearrangement of interfacial solvation, so
that cos 0y increases and the apparent angle decreases.®>* In1:1
electrolytes such as KCl, the electrostatic screening (Debye)
length is extremely short (k™' ~ 0.3 nm at 1.0 M KCl and
298 K), which promotes close approach of ions/water to polar/
oxygenated sites and thus further reduces ys;.. In addition, the
intrinsic roughness and inter-flake voids of printed films favour
capillary infiltration. As trapped air is replaced by liquid, the
real solid-liquid contact fraction increases, and the macro-
scopic angle falls accordingly.***¢

The material-dependent ranking in changes in contact angle
(AOkcy) is consistent with their structural and chemical attri-
butes. The combustion-derived graphene combines abundant
oxygenated sites with a dense, accessible mesopore population,
enabling extensive electrolyte infiltration and therefore most
effectively increases the true solid-liquid contact fraction.
Exfoliated and commercial graphene, which are oxygen-rich
and edge-dense, provides numerous polar sites (C-O, C=O0,
0O-C=0) that lower the solid-liquid interfacial free energy via
hydrogen bonding and specific adsorption of hydrated ions
(particularly K* at negatively polarized/oxygenated sites), there-
fore also producing a large drop in fkc. In contrast, CVD
graphene, dominated by cleaner basal planes with minimal
oxygen functionality and fewer capillary pathways, offers fewer
sites for ion-surface interactions and exhibits the smallest
wetting response, and hence the most angle-stable.

To isolate ion-identity effects beyond graphene type, we
further measured contact angles for additional 1: 1 electrolytes
using the combustion-derived graphene SPE. The first use
yields similarly high contact angles across all salts (0 = 119-
121°), reinforcing that the initial state is binder-dominated.

This journal is © the Owner Societies 2026

Upon reuse, however, the wetting evolution becomes strongly
ion-specific. In the cation series at fixed Cl~ (LiCl, NaCl, KCl,
RDCl), the cumulative decrease over repeated use is modest for
Li" (AG = 24.5°) and Na* (A0 = 25.0°), but becomes larger for K
(A0 = 38.5°) and Rb" (A0 = 47.8°), consistent with enhanced
specific-ion contributions for larger, more weakly hydrated and
more polarizable cations that can more effectively lower the
effective y5;, and promote greater penetration into interflake
voids during repeated wetting. In the anion series at fixed K"
(KCl, KBr, KI), the corresponding decreases follow ClI™ (A0 =
38.5°) > Br~ (A6 =24.5°) > I" (A0 =5.9°), indicating that anion
identity also strongly controls how readily the interface transi-
tions to a more wetted state upon reuse. Notably, prior studies on
hydrophobic interfaces emphasise that specific-ion trends can be
system- and mechanism-dependent and may not follow a single
universal ordering, reflecting a combination of ion-specific inter-
facial affinity and dynamic interfacial processes. Practically,
these data show that while the initial contact angle is set by
the printed binder layer, the evolution of wetting with reuse is
governed by ion-specific interactions and interfacial partitioning
previously reported for hydrophobic/aqueous interfaces.>”>°

3.4 Electrical transport

Four-point probe measurements establish a clear conductivity
hierarchy for the printed graphene films: combustion (6.50 +
121 kS m™") > CVD (4.46 + 1.65 kS m~ ') > commercial
(3.42 £ 1.34 kS m™") > exfoliated (2.72 + 1.18 kS m™"). These
values are in the same order of magnitude with other reported
graphene/carbon inks.'®*°™** The high conductivity of the
combustion graphene suggests an efficient percolation network
with strong interflake coupling, likely aided by broad flake sizes
and partial graphitization that maximize lateral contacts and
minimize resistive junctions. CVD graphene, although intrinsi-
cally highly conductive, shows lower conductivity possibly due
to folds and grain boundaries interrupt long-range pathways.
The mesoscale assembly and interflake contact quality there-
fore dominate macroscopic transport in printed films,*® out-
weighing the intrinsic properties of the graphene source.
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Fig. 4 (a) EIS spectrain 5.0 mM [Fe(CN)g>~/4~ in 0.10 M KC; frequency range 1 to 10° Hz, AC amplitude 5 mV for all graphene SPEs. (b) CV in blank 1.0 M
KCl for all graphene SPEs; scan rate 25 mVs~*. SPECS dataset in 1.0 M KCl showing a staircase of +10 mV potential steps and the corresponding /-t
transients of (c) commercial, (d) combustion-derived, (e) exfoliated, and (f) CVD-grown graphene.

Commercial and exfoliated graphene deliver moderate conduc-
tivities, consistent with smaller lateral domains, limited
n-conjugation, higher edge fraction, and oxygenated groups
that raise tunneling barriers.

3.5 Charge transfer resistance

Electrochemical impedance spectroscopy (EIS) of graphene
SPEs was recorded in 5.0 mM [Fe(CN)6]>~/*~ with 0.10 M KCl
(AC amplitude 5 mV; 1-10° Hz). Nyquist plots (Fig. 4a) show a
small high-frequency intercept (solution resistance, Rg), a

2300 | Phys. Chem. Chem. Phys., 2026, 28, 2294-2308

semicircle at intermediate frequencies associated with inter-
facial charge transfer, and a low-frequency diffusional tail.
Spectra were fitted with a Randles-type equivalent circuit
(Fig. 4a, inset). The extracted charge-transfer resistances (R.)
are 295 + 14 Q for combustion, 354 + 6 Q for commercial,
368 £ 36 Q for exfoliated, and 474 + 13 Q for CVD graphene.

Two points follow directly from these data. First, there is no
direct correlation between R.. and the bulk film conductivity
(Section 3.4). For example, the CVD electrode exhibits relatively
high electrical conductivity yet the largest R, indicating that
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through-film transport does not dictate interfacial charge-
transfer rates. Second, the R, ranking mirrors trends in wetting
behaviour and porosity (Section 3.3), with the combustion-
derived sample showing the lowest R, due to a combination
of high mesoporosity, good electrolyte accessibility, and a sur-
face enriched in edge and defect sites. In contrast, the CVD
sample, composed largely of smooth basal planes with low
oxygen functionality and minimal capillary infiltration, dis-
plays the highest R.

These observations therefore indicate that charge-transfer
performance in printed graphene electrodes is governed by
interfacial site chemistry and electrolyte accessibility rather
than bulk conductivity. Related parameters such as double-
layer capacitance (Section 3.6) and kinetic constants (Section 3.7)
further quantify these interfacial effects.

3.6 Capacitive behaviour

The electrochemical double-layer (EDL) behaviour of the gra-
phene SPEs was evaluated by CV in 1.0 M KCI across a non-
faradaic window. After 50 consecutive scans to stabilize the
interfacial structure, the voltammograms retained an ideal rec-
tangular shape (Fig. 4b), confirming that double-layer charging
dominates under these conditions. These CV data provide an
overview of the interfacial capacitance and motivate a transient
analysis to resolve how charge is stored in space and time.

To deconvolute the interfacial processes, we employed step
potential electrochemical spectroscopy (SPECS), where a stair-
case of small potential steps (£10 mV) yields current-time
transients, each fitted to ref. 26

Ip=1Iq+Iq+ 1, (2)

where Iy is the total current, Iy is the capacitive (double-layer)
current, I is the mass-transport current arising from ionic
diffusion/migration in the electrolyte, and I, is the residual/
background current, covering small offsets for slow, quasi-
steady processes not captured by the two terms above e.g. trace
impurities, instrument leakage, etc.

The double-layer term captures capacitive charging imme-
diately after each step, and is described by:

AE t
1 = exp (1), 3
dl Rdlexp z 3)

T = RaiCa, (4)

where AE is the step amplitude, ¢ is time, Ry is the effective
double-layer charging resistance, t is the charging time con-
stant, and Cg is the interfacial double-layer capacitance.
Although porous carbons can exhibit bi-exponential capacitive
decays (outer-surface vs. pore-confined charging), introducing a
second exponential here did not improve the fits and led to
poorly identifiable parameters. In 1.0 M KCI the diffuse layer is
ultrathin, so outer-surface charging is effectively single-time-
constant at our time resolution; the slower relaxation is cap-
tured by the mass-transport term I4, while I accounts for any
residual offset.
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The slower relaxation of the near-surface concentration field
is captured by a semi-infinite diffusion term:

Ii=a (l + 2iexp(k2a2t)>, (5)
=1

_ FDAc

ai b (6)
2D
ay = 2 (7)

where F is the Faraday constant, D the diffusion coefficient, Ac
the interfacial concentration gradient, and % the effective
diffusion layer thickness (k = 1).

A direct comparison of the It transients in Fig. 4(c)-(f)
provides insight into how each printed graphene electrode stores
and releases charge under identical perturbations. The initial
current immediately after each step reflects the magnitude of
interfacial charging (i.e. electrolyte-accessible capacitance/area),
while the decay rate reflects the longer-range charging/ion-access
and hence how rapidly the interface stabilizes, which is relevant to
rate performance in energy storage and response times in sensing.
Any persistent offsets or drift indicate non-ideal background
contributions that can compromise baseline stability in low-
signal sensing. These qualitative differences motivate the quanti-
tative fitting described below to extract Cq;, Rq;, and 7 (and their
potential dependence) for comparison across graphene sources.

Analyzing the measured charging current with eqn (2)
results in fitting parameters that are used for surface charge
calculation in the following procedure. The surface charge of
the jth potential step can be determined by

’/
9 =J (Lo + La)ds, (8)
0
where ¢’ is the step duration (30 s).
The cumulative summation of the surface charge at each
potential step yields the potential-dependent surface charge:

o(E) =Y o, 0
J

Differentiating the charge vs. potential directly gives the differ-
ential capacitance defined as

c®=(5z), - (10)

where E is the electrode potential, T'is temperature, and p is the
chemical potential.** This method provides an assumption-free
differential capacitance unlike EIS or CV, where the obtained
capacitance values strongly depend on the designed equivalent
circuit models and appropriate assumptions.

The differential capacitance curves C(E) are shown in Fig. 5.
These capacitance values are reported as measured from SPECS
transients and are not normalized by surface area; both
BET-derived area and electroactive surface area metrics are
provided in Table 2 for reference. The overall appearance of
the curves in most cases is U-like shape, which can be expected
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Fig. 5 Interfacial double-layer capacitance as a function of potential extracted from SPECS in 1.0 M KCl for (a) commercial, (b) combustion-derived, (c)

exfoliated, and (d) CVD-grown graphene.

from carbon/aqueous electrolyte sy

the electrode potential in both cathodic and anodic directions

to observe whether the hysteresis
tems. It is clear from the plots that

identical, similar trend for both scan directions in all cases,

stems. Note that we scanned

occurs in our studied sys-
our C(E) data exhibits, if not

indicating very small hysteresis. It must also be noted here that
the measured capacitance is the total capacitance of the series
combination of the electrolyte double layer capacitance and the
electrode capacitance. Since carbon, unlike perfect metal, is
known to have limited density of states. This gives rise to the

Table 2 Summary of physicochemical and interfacial electrochemical properties of different graphene SPEs

Surface functionality

Graphene type Morphology Edge exposure Layers Defect level sp® C (%) C-O (%) C=O (%) O-C=0 (%) Aggr (m>g ")

(A) Structural and chemical properties

Commercial Stacked sheets High Multi-layer High 75.36 15.81 3.03 0.15 29.2 + 0.4

Combustion Mesoporous High Few-layer =~ Moderate 80.95 10.98 2.80 5.27 383.6 £ 2.4

Exfoliation Stacked sheets High Multi-layer Low 73.23 17.96 3.07 5.74 5.8+ 0.1

CVD Sheet Low, mostly basal Few-layer =~ Moderate 85.38 12.70 1.92 0.00 14.3 £ 0.2
Oxar ()

Graphene type ¢ (kSm™") 1st 2nd PZC (V) Car (UF) R (Q) Acvrey (107°m?) K°(107°ms™ ") B

(B) Electronic, wetting, and interfacial electrochemical properties

Commercial 342 +£1.34 1194+ 0.6 853 +1.8 0.40+ 0.06 0.83 £0.02 354+ 6 8.02 £ 0.08 1.03 £+ 0.06 0.86 £ 0.01

Combustion 6.50 £1.21 1181 +1.0 79.6 £3.4 0.38+0.01 2.47 £0.17 295+ 14 8.71 £ 0.03 1.20 £ 0.09 0.83 £ 0.01

Exfoliation 2.72 £1.18 118.8 £1.3 84.3 £3.9 0.39£0.01 1.14 +0.03 368 £36 8.43 £0.10 1.99 £ 0.26 0.81 £ 0.01

CVD 4.46 £ 1.65 1185+ 2.0 93.0£5.6 0.35+0.04 0.64 +0.02 474 +13 7.82 £ 0.04 0.76 £+ 0.03 0.76 £ 0.01

Note: All SPE types have the same graphene mass loading per electrode (4.17 mg graphene per SPE).
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penetration of an electric field into the materials, generating
the space charge polarization. With this in mind, if one of the
capacitances of the two components is considerably smaller
than another one, it will be pronounced in the total
capacitance.

From the C(E) profile, the potential of zero charge (PZC) is
located at the minimum of C(E). PZCs cluster narrowly at 0.38-
0.40 V vs. Ag/AgCl for all the graphene SPEs (commercial 0.40 +
0.06 V, exfoliated 0.39 + 0.01 V, combustion 0.38 + 0.01 V, CVD
0.35 £ 0.04 V). The relatively invariant PZC reflects the fact that
it is primarily dictated by the surface chemical composition,
such as functional groups and specific ion adsorption.

Although the PZC varies modestly, the capacitance at the
PZC differs markedly: commercial 0.83 £ 0.02 pF, combustion
2.47 £ 0.17 uF, exfoliated 1.14 + 0.03 pF, and CVD 0.64 + 0.02 pF.
Normalized by the electroactive surface area (determined using
[Fe(CN)e]* ™~ in the next section), the average specific capaci-
tances are 10.3, 32.3, 13.5, and 8.3 uF cm 2 for commercial,
combustion, exfoliated, and CVD, respectively, typical of well-
wetted carbons in aqueous electrolyte.*> The commercial and
exfoliated electrodes show comparable capacitance, consistent
with their similar surface structures, whereas combustion
graphene exhibits over two-fold increase in capacitance,
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indicating a distinct surface structure that enhances electrolyte
accessibility, and this result may indicate the role of surface
structure in modulating capacitive behaviour in carbon
materials.*®

In the high-ionic-strength limit (Debye length « pore size),
pores larger than a few nanometres host non-overlapping
double layers. Under these conditions, Cq4 scales with the
electrolyte-accessible surface area rather than with the total
surface area measured by gas adsorption (ABET).47 Improved
wetting increases the contact area between electrolyte and
electrode but does not alter the intrinsic surface potential at
which net charge vanishes. Consequently, significant changes
in Cq can occur without appreciable shifts in PZC.

The charging resistances at the PZC further differentiate the
electrodes: Ry (PZC) = 6.1 + 0.4 kQ (combustion), 22.1 + 0.6 kQ
(exfoliated), 28.6 £ 0.7 kQ (commercial), and 30.5 £ 0.9 kQ
(CVD). Therefore, the combustion graphene couples high Cq
with low Ry, indicative of a percolated, well-wetted pore net-
work, whereas the CVD film combines the smallest C4; with the
largest Ry, consistent with limited electrolyte accessibility and
high access resistance.

The corresponding charging time constant (z) lies in the 15—
25 ms range across electrodes (Fig. 6), explaining why CVs
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Fig. 6 Charging time constant (z) as a function of potential extracted from SPECS in 1.0 M KCl for (a) commercial, (b) combustion-derived, (c) exfoliated,

and (d) CVD-grown graphene.
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appear nearly rectangular at relatively slow scan rates (¢ >» 7).
7(E) exhibits shallow U-shaped profiles that mirror C(E) with
minima occur near the PZC. Considering C(E) alongside t(E)
separates how much charge is stored from how fast it is stored.
Combustion graphene exhibits high Cq4 with the smallest Ry
and 7, consistent with rapid, well-accessed charging. Thus,
porosity does not necessarily slow charging. While microporous
or poorly wetted carbons can produce long, multi-exponential
relaxations, a mesoporous, well-wetted architecture, as in this
combustion material, can reduce R4 enough to shorten t even
as Cq increases. Commercial and exfoliated electrodes show
intermediate 7, consistent with comparable surface structures
and moderate Rg;. CVD graphene with the smallest Cyq; but the
largest Rq; shows comparatively slow charging due to limited
accessibility.

3.7 Faradaic behaviour

The [Fe(CN)g]* >~ redox couple, while formally reversible, is
well recognized to proceed via a partially inner-sphere electron
transfer pathway on carbon-based electrodes, rendering its
kinetics highly sensitive to surface chemistry and local
microstructure.'™'® This property makes it an ideal probe for
elucidating interfacial differences among printed graphene
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electrodes. Representative cyclic voltammograms collected at
50 mV s~ (Fig. 7a) revealed subtle but reproducible variations in
peak shape and separation across the different types of gra-
phene, suggesting differences in their ability to facilitate electron
exchange. Further investigation of the scan rate dependence
(10-200 mV s™'), illustrated in Fig. 7b for the combustion-
derived system, showed linear increases in peak current with
the square root of the scan rate (Fig. 7b, inset), confirming a
diffusion-controlled process for all electrode types.

The electroactive surface area (A) was initially estimated
using the reversible Randles-Sevéik relationship (eqn (11)),*®
giving comparable values across the electrodes: (8.02 + 0.08) x
10~° m? for commercial, (8.71 & 0.03) x 10~° m” for combus-
tion, (8.43 & 0.10) x 10~° m? for exfoliated, and (7.82 % 0.04) x
10~° m? for CVD graphene. Estimates using the totally irrever-
sible limiting form (eqn (12), with f§ = 0.5) are larger in all cases:
(1.44 4 0.01) x 107> m” for commercial, (1.57 #+ 0.01) x 107>
m? for combustion, (1.52 # 0.02) x 10~°> m? for exfoliated, and
(1.41 £ 0.01) x 10~° m” for CVD graphene. To evaluate these
limiting assumptions, we performed numerical simulations
(refer to SI) and found that the experimental response lies
between the reversible and totally irreversible limits, consistent
with quasi-reversible behaviour of [Fe(CN)s]*~"*~. Therefore,
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Fig. 7 (a) CV of 1.0 mM [Fe(CN)el*~ in 0.10 M KCl recorded at a scan rate of 50 mV s~ for all graphene SPEs. (b) Representative scan-rate studies for a
combustion-derived graphene SPE. (inset: Randles—Sev¢ik linearity of i With /). (c) Nicholson analysis and (d) mass-transport-corrected Tafel analysis

for all graphene SPEs.
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neither limiting form is appropriate for accurate determination
of A. Nonetheless, applying a single expression consistently
across all electrodes provides a useful comparative (‘apparent’)
electroactive area for benchmarking between SPE types.

nFDvy
; (11)
RT

I, = 0.446nFAc*

FuD
I, = 0.496\/n + pnFAc* /%, (12)

where I, is the peak current, n is the total number of electron
transfer, A is the electroactive surface area, c¢* is the bulk
concentration, v is the scan rate, F is the Faraday constant
(96485 C mol ), D is the diffusion coefficient, R is the
universal gas constant (8.314 J K~' mol™"), T is the absolute
temperature, n’ is the number of electron transfer before the
rate-determining step, and f is the anodic transfer coefficient
of the rate-determining step.

To quantify kinetic differences, the apparent heterogeneous
electron-transfer rate constant (k°) was extracted using Nichol-
son’s approach:*%>°

W =(—0.6288 + 0.021AE,)/(1 — 0.017AE,), (13)

where AE,, is the peak-to-peak separation, which is utilized to
determine  in:

¥ = k°[nDnvF/RT] 7, (14)

where i is a kinetic parameter, n is the number of electrons
process, D is the diffusion coefficient (D = 6.67 x 10" ** m* s "
for [Fe(CN)s]*"),”" F is the Faraday constant (96485 C mol %),
v is the potential scan rate, R is the universal gas constant
(8.314 ] K™ mol™"), and T is the temperature.

The exfoliated graphene electrode exhibited the highest rate
constant, at (1.99 & 0.26) x 10~> m s~ ', significantly outperform-
ing the CVD-based electrode, which showed the lowest value of
(0.76 + 0.03) x 10> m s '. The combustion-derived and
commercial electrodes demonstrated intermediate behaviour,
with £° values of (1.20 4 0.09) x 107> m s~ " and (1.03 + 0.06) x
107> m s, respectively. These values fall within the established
range for graphene-based electrodes and are consistent
with prior reports demonstrating that electron transfer kinetics
for [Fe(CN)s]* >~ vary significantly with graphene type and
structure.>*>>* Notably, literature comparisons show &° values
of 1.81 x 107>, 3.25 x 10" >,19.3 x 10>, and 53.2 x 10 >m s '
for monolayer graphene, quasi-graphene, basal-plane pyrolytic
graphite (BPPG), and edge-plane pyrolytic graphite (EPPG),
respectively."® This well-established trend confirms that k° scales
with the abundance of edge sites and surface defects that
facilitate inner-sphere pathways.

The superior performance of the exfoliated and combustion-
derived graphene electrodes can be rationalized by their struc-
tural features: both materials comprise multilayer graphene®”
with a high density of exposed edge planes, defect sites, and
surface functionalities; factors known to enhance electronic
coupling and enable more facile redox interactions.>* In con-
trast, CVD-grown graphene predominantly consists of few-layer
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structures with extensive basal-plane coverage and minimal
edge exposure. This leads to significantly slower kinetics, as
basal planes are intrinsically less reactive toward partially
inner-sphere redox couples like [Fe(CN)e]* />~.

The underlying reason for the kinetic trends lies in how
activation energy for electron transfer is modulated by the
electrode’s surface features. According to Butler-Volmer and
transition state theory, the activation energy for the anodic
process of [Fe(CN)g]* >~ (n = 1) under applied overpotential

() is:
AG* = AG§ — fBFy, (15)

where AG} is the activation energy at equilibrium and f is the
transfer coefficient, which reflects the symmetry of the energy
barrier. A high &° indicates both a low intrinsic AG§ and
favorable surface coupling. The exfoliated and combustion-
derived electrodes, rich in edge and defect sites, are structurally
primed to lower the activation barrier and facilitate electron
exchange.

We also estimated f using mass-transport-corrected Tafel
analysis:*®

I*I
Oln P ) ,
(Ipfl :2F(n +B) (16)
OE RT

This analysis was performed on the rising edge of the first
anodic wave (10-48% of the peak current (I,)), a region where
capacitive and diffusional contributions are minimal and the
faradaic process dominates. E is the electrode potential, n’ is
the number of electron transfer before the rate-determining
step (7’ = 0 for the [Fe(CN)e]* >~ system), f§ is the anodic
transfer coefficient of the rate-determining step, R is the molar
gas constant (8.314 ] K~' mol "), F is the Faraday constant
(96485 C mol™'), and T is the absolute temperature.

The apparent anodic transfer coefficients () derived from
this treatment were 0.86 & 0.01 for commercial, 0.83 =+ 0.01 for
combustion, 0.81 + 0.01 for exfoliated, and 0.76 + 0.01 for CVD
graphene. However, the experimental voltammograms are
highly symmetric and simulations that reproduce the peak
positions and overall wave shape are best described by f ~
0.5 for all electrodes (refer to SI). We therefore treat the Tafel-
derived f values as apparent parameters, noting that surface
heterogeneity, uncompensated resistance, and deviations from
the ideal assumptions can bias the extracted slopes. In con-
trast, the observed variation in £° is robust and is attributed
primarily to differences in electronic coupling and the density/
distribution of electroactive sites, rather than changes in f.

Table 2 consolidates the structural, wetting, capacitive, and
kinetic parameters for the four graphene SPEs, enabling direct
comparison of trends discussed in Sections 3.3-3.7 and Fig. 3-7.
This synopsis highlights the co-variation of interfacial electro-
chemical metrics with porosity, edge and defect density, and
surface chemistry.
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4 Conclusions

Using a common ink formulation and printing protocol, we
have shown that the graphene synthesis route dictates route-
specific electrochemical behaviour in SPEs. All materials exhi-
bit U-shaped C(E) with narrowly clustered PZCs (0.35-0.40 V vs.
Ag/AgCl), indicating that surface chemistry and electronic
structure, rather than morphology, sets the charge-neutral
potential. Nevertheless, the magnitude and kinetics of charging
diverge: combustion-derived graphene combines the highest
Cq; with the lowest, Ry, yielding the fastest interfacial charging,
whereas CVD shows the opposite, consistent with limited
electrolyte accessibility. In sufficiently supported electrolyte
(Debye length <« pore size), Cq scales with electrolyte-
accessible area rather than Aggr, and improved wetting
increases Cq; without shifting PZC. For the partially inner-
sphere couple [Fe(CN)e]* ">, heterogeneous electron transfer
follows edge and defect abundance: exfoliated = combustion >
commercial » CVD, while bulk film conductivity is a poor
predictor of interfacial kinetics. Overall, C(E) and t(E) quantify
charge storage and charging timescales, and k° captures
kinetic facility, providing rigorous criteria to prioritize open,
well-wetted mesoporosity for rapid charging and edge-rich,
moderately functionalized surfaces for inner-sphere sensing,
principles directly transferable to printed carbon electrodes
for sensing, energy storage, and electrocatalysis.
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