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a Jožef Stefan Institute, Jamova cesta 39, Ljubljana, Slovenia
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• Electrochemical response of screen-
printed graphite films is tailored using
the processing temperature.

• Graphite undergoes fragmentation due
to decomposition of the organic phase.

• Graphene layers order above 650 ◦C.
• Ordering of graphite films enhances the

electrical conductivity and electro-
chemical response.
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A B S T R A C T

Graphite thick films have been considered as an effective integrated working electrode in disposable electro-
chemical sensors for the on-site detection of pollutants in remote locations. The processing conditions of graphite
thick films are not well documented, which hinders progress in their use. By combining profilometry, optical
microscopy, X-ray powder diffraction, and Raman spectroscopy, we show that the structural development of
graphite thick films strongly depends on the processing temperature. After thermal annealing of the screen-
printed paste, the arrangement of the graphene layers improved and the organic components from the paste
facilitated the fragmentation of the graphite grains. The resulting sheet resistance of the thick films decreases and
contributes to a higher electron-transfer rate and thus to faster redox processes at the electrode surface. The
elucidation of the relationship between processing and properties offers new opportunities to customise the
properties of graphite thick films for a variety of applications requiring defect engineering.
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1. Introduction

Disposable electrodes made by thick-film technology enable the min-
iaturisation of electrochemical sensors and the on-site detection of pol-
lutants at remote locations with good selectivity and sensitivity [1–4]. The
demand for the efficient monitoring of emerging pollutants in the envi-
ronment and food requires disposable electrodes that allow a rapid and
selective analysis, canbe adapted to different analytical requirements, and
take into account the complexity and compatibility of the analytes [4].
Thick-film technology is well established, and the so-called screen-printed
electrodes, composedofworking (WE), (quasi-)reference (RE) andcounter
(CE) electrodes together with electrical interconnections integrated onto a
substrate, are commercially available. The RE is usually made from Ag or a
mixture of Ag and AgCl, while CE and WE are made from metals such as
silver, platinum and gold or from carbon-based materials. The WE is an
important component of the disposable device, since the materials of the
WE affect the kinetics and thermodynamics of the electron-transfer re-
actions. The processes at the electrode surface depend on each specific
reaction, are complex, and often insufficiently understood. Therefore, the
WE materials are frequently selected empirically. A pristine WE has often
been modified with nanomaterials and/or biomolecules to improve the
analytical signal, and thus the efficiency of the reactions, selectivity and
sensitivity [5]. However, the analytical reproducibility of modified elec-
trodes is uncertain and difficult to control and remains the main limitation
for their use [6]. It is, therefore, necessary that the analytical signal is
already large in the pristine WE.

Carbon-based materials are already well established and applied in
WEs as they offer a large specific surface area, a high electrical con-
ductivity, a wide electrochemical window for the electrochemical
detection of various analytes and a low cost. Graphite is a unique and
important material for the electrochemical detection of organic com-
pounds, thus it is frequently used for processing pristine screen-printed
WE. The first step includes the preparation of a paste for screen printing,
which comprises the dispersion of graphite particles in an organic
vehicle and adjusting its rheological properties to the screen-printing
technology. The paste is then deposited onto the substrate, dried and
heated at an elevated temperature to remove the organic vehicle and
develop the desired microstructure and functional response [7,8]. For
carbon-based materials, the post-annealing step of the as-deposited
layers is of paramount importance. It must be performed in an
oxygen-free atmosphere using the optimal temperature regime to pre-
vent the oxidation and the decomposition of the material as well as the
delamination of the thick film from the substrate. In thick-film pro-
cessing, the adhesion of the material to the substrate may not be suffi-
cient due to the thermal expansion mismatch between the carbon-based
material and the substrate. In particular, graphite consists of carbon
atoms arranged in layers in a hexagonal crystal structure with a distance
between the planes of ~0.335 nm and with an in-plane interatomic
distance of 0.142 nm [9,10]. This unique, layered structure results in
anisotropic properties. For example, its thermal expansion coefficient
(TEC) originates from very distinct bonding interactions between the
carbon atoms in this crystal structure. In the temperature range from
room temperature to ~400 ◦C, the TEC parallel to the c-axis (out-of--
plane) of the hexagonal lattice is large and positive, while parallel to the
basal planes (in-plane) it is relatively small and even negative. For
example, upon heating to 225 ◦C, the graphite is expanding out-of-plane
(TEC of 20 × 10− 6 K− 1), while it shrinks parallel to the basal planes (TEC
of 1− 2 × 10− 6 K− 1) [11,12]. These values are different than those of an
alumina substrate with an isotropic TEC of 8.1 × 10− 6 K− 1. To minimise
the formation of defects and prevent delamination of the graphite from
the alumina, the processing conditions such as the as-deposited layer
thickness, processing temperature, time, heating and cooling rates must
be precisely controlled. The electrical conductivity of graphite is also
anisotropic. It is significantly larger in the in-plane than the out-of-plane
direction because of the delocalised electrons between the graphite
layers. The electrical conductivity of the graphite, however, depends on

many parameters, such as the thermal annealing, density and particle
size of the material, as well as the number of adjacent graphite layers,
their orientation and the contact resistance between them [12–14].

The widespread use of graphite in advanced devices, including elec-
trochemical sensors, results in an investigation of the graphite-powder
targeting to improve selected properties with the processing conditions.
This includes, for example, improving the electrical properties using
techniques such as exfoliation [15]. Numerous studies have reported the
modification and/or functionalisation of commercial, integrated
graphite working electrodes with nanomaterials [16–18], but little is
known about the processing of thick-film, pristine graphite electrodes. A
better understanding of the processing of the screen-printed electrode
would also lead to better reproducibility of this type of electrodes.
Reproducibility is an issue and presents a key challenge for the wide-
spread and long-term application of disposable electrochemical sensors.

Here, we report on the pristine graphite thick films on alumina pro-
cessedby screenprinting and subsequent heating at elevated temperatures
in a controlled argon atmosphere. We focus on the effect of annealing of
graphite thick films at different temperatures on the thickness, roughness,
crystal and defect structure and their sheet resistance. We relate these
properties of the graphite thick films to their electrochemical response in a
model fluid. We demonstrate the ability to tailor the electrochemical
response of graphite thick films by processing temperature in a repro-
ducible and simple manner, thus extending their application as reliable
working electrodes in disposable electrochemical sensors.

2. Experimental

The graphite thick films were prepared from graphite powder
(graphite flake, 99.8 %, Alfa Aesar, Karlsruhe, Germany) dispersed
in an organic vehicle, consisting of 60 wt% α-terpineol, 25 wt%
[2− (2− butoxyetoxy)ethyl] acetate and 15 wt% ethyl cellulose. Graphite
powder exhibits a log-normal particle size distribution with a median
particle size of 15 μm (Fig. S1). The paste with 15 vol% of powder was
screen printed on alumina (96 % Al2O3, Rubalit 708S, CeramTec) with a
screen printer (P-250AVF, KEKO Equipment, Žužemberk, Slovenia), as a
square with sides of 8 mm. Geometrical area of the graphite thick film
WE is therefore 0.64 cm2. A stainless steel mesh with 200 openings per
inch was used for the screen printing. Two layers were deposited, and
each layer was dried at 120 ◦C for 15 min in air. Based on the TG analysis
of the paste (Fig. S2), the samples were subsequently fired in a tube
furnace at 450 ◦C for 1 h with a heating rate of 2 K min− 1, or further
heated to 650, 850 or 1000 ◦C for 30 min with a heating rate of
5 K min− 1 and then cooled to room temperature with cooling rate of
5 K min− 1 in an argon atmosphere. During the annealing process the
oxygen content at the outlet was monitored with an oxygen analyser
(Rapidox 2100-Z, Cambridge Sensotec, UK). The resulting samples are
denoted as G_450, G_650, G_850 and G_1000, respectively.

The thickness of the films was measured using a contact stylus pro-
filometer (DektakXT Advanced System, Bruker, Billerica, MA, USA).
From the measurements the root-mean-square surface roughness (Rq)
was determined after high-pass filtering of the profile using Gaussian
regression with a cut-off wavelength of 0.8 mm.

The sheet resistance (Rs) of the films was measured using a four-point
probe technique and a high-voltage source-measure unit (SMU, Keithley
237, Cleveland, Ohio, USA) [19]. A geometric correction factor of 0.795
was used for the calculation of Rs. Details of experimental setup and used
equation are given in Supplementary information.

The X-ray powder diffraction (XRD) patterns were collected at room
temperature in the 2θ range from 20◦ to 60◦ with a step of 0.01◦ and
0.12 s/step using Benchtop Powder X-Ray Diffractometer (MiniFlex 600-
C, Rigaku, Tokyo, Japan). The phases were identified using X’Pert
HighScore Plus 3.0e (PANalytical) and the PDF− 4+/Web 2022 data-
base. The number of graphite layers (N) was calculated by dividing the
crystallite size in the out-of-plane direction (Lc) by the interlayer spacing
(d) of the (002) diffraction peak. The value of Lc was calculated using
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equation [20] Lc = K λ
FWHM cos θ, where λ is the X-ray wavelength of 0.154

nm; K is the shape factor of 1; θ is the Bragg angle of the 002 diffraction
peak and FWHM is its full width at half maximum.

Room-temperature Raman spectra were measured on a dispersive
Raman spectrometer (Senterra II, Bruker, Billerica, Massachusetts, USA)
equipped with a confocal microscope (Olympus BX53 M, Olympus Cor-
poration, Tokyo, Japan SA).A 532-nmexcitation line at 5mWwas focused
on the samples through a 50× long-working-distance microscope objec-
tive (N.A. 0.5). Spotmeasurementswith50 scans and a1 s integration time
were collected over a 50–4250 cm− 1 spectral range with a resolution of 4
cm− 1. Measurements on 15–20 different spots for each sample were
averaged, baseline corrected andnormalized. Bruker’sOPUS softwarewas
used for the data acquisition and the spectral pre- and post-processing.

Electrochemical measurements were performed in a 50 mL electro-
chemical cell using Ag/AgCl RE, platinum sheet CE (both from Metrohm),
and G_450, G_650, G_850 and G_1000 as the WE. Prior to the measure-
ments of the graphite thick films, the electrical contacts were made from a
colloidal silverpaste (TedPella Inc,Redding,California,US),driedat room
temperature and covered with a nitrocellulose-based coating to prevent
their contacts with water solutions. Cyclic voltammograms (CVs) were
measured using potentiostat-galvanostat (Multi Autolab M 204, Metrohm,
The Netherlands) controlled by Nova 2.1.5 software. The measurements
were performedat 25 ◦Cbetween − 0.2Vand+0.6V, starting at 0.0V in an
initial positive scan with a potential step of 2.44 mV using different
scan rates of 20, 30, 40, 50 and 100 mV s− 1 for films annealed at 1000 and
850 ◦C and 2, 5, 7, 10, 15 and 100 mV s− 1 for films annealed at 650 and
450 ◦C, respectively.

The samples were characterised in a 0.1 M phosphate buffer solution
(PBS) at pH = 7. The PBS was prepared from NaH2PO4 (99.0 %) and
Na2HPO4 (>99.0 %), both from Merck, Darmstadt, Germany, dissolved
in ultrapure water (resistivity ≥18 MΩ cm). The electrochemical re-
sponses of the samples were also measured in 5 mM hexacyanoferrate
PBS solution (HCF) with an equimolar concentration of Fe2+/Fe3+ pre-
pared from K4[Fe(CN)6]•3H2O (≥98.5 %) and K3[Fe(CN)6] (99 %), both
from Carlo Erba, Val-de-Reuil, France.

3. Results and discussion

The graphite thick films on alumina substrates were fired at 450,
650, 850 and 1000 ◦C in an argon atmosphere (denoted as G_450, G_650,

G_850 and G_1000, respectively). Due to the inert atmosphere with an
oxygen content below 5 ppm during the whole annealing process, the
degradation of the samples was negligible. All the samples had similar
thicknesses, a uniform surface and were well adhered to the substrate.
The average values and standard deviations of the thick-film thickness,
surface roughness and sheet resistance measured on 8 samples prepared
at each processing temperature (Tp) are listed in Table 1. The repre-
sentative images of the surface of the G_450, G_650, G_850 and G_1000
by optical microscopy are shown in Fig. S3.

The XRD diffraction patterns of G_450, G_650, G_850 and G_1000 are
shown in Fig. 1a. The diffraction peaks at ~26◦ and ~55◦ belong to
graphite with a hexagonal crystal structure (PDF 00-56-0159). Addi-
tionally, we observed diffraction peaks originating from the alumina
substrate (PDF 00-010-0173), which are associated with the X-ray
penetration depth in the graphite. X-rays can penetrate several hundreds
of micrometres into the graphite, a distance much greater than the
thickness of the graphite layer, i.e., ~30 μm. Therefore, the signal from
the alumina substrate cannot be disregarded in the graphite films re-
ported here. By analysing the position and width of the 002 diffraction
peak of graphite, we determined the crystallite size Lc and the corre-
sponding number of carbon layers. For all the samples, the maximum
of the 002 diffraction peak was consistently found at a d-spacing of
0.335 nm. However, the intensity and FWHM of the 002 diffraction peak
showed opposite trends with increasing Tp. As the temperature rose, the
intensity increased while the FWHM decreased, which implies an
increase in the crystallinity. This can be interpreted as an increase in the
volume fraction of the well-ordered graphite phase with increasing Tp,
which corresponds to an increase in Lc (002) and the number of gra-
phene layers in graphite thick films (Fig. 1b). These results indicate that
upon heating the graphite thick films, the structure of the graphite is
better ordered, but partially fragmented. Previous reports suggest that
introducing inorganic molecules between the graphite layers can cause
the layers to expand, separate, and exfoliate [21]. In this study, we
screen printed the graphite paste composed of graphite flakes, terpineol,
butoxy-ethoxy-ethyl acetate and ethyl cellulose. Thermal analyses
revealed that the organic additives were removed from the paste up to
~450 ◦C in an argon atmosphere [22]. Thus, during the heating of the
screen-printed layers up to 450 ◦C in argon, the organic components
decompose and can probably penetrate between the layers of graphite,
allowing the fragmentation of the graphite [23,24].

To test this hypothesis, we compared the crystallite size and the
number of graphene layers in the as-received graphite powder, and in
the graphite powder heated to 850 ◦C in argon. Surprisingly, the Lc (200)
and the number of layers were similar for both powders, ~45 nm and
~130. However, when examining the graphite thick films processed at
the same temperature of 850 ◦C, G_850, the Lc (200) and the number of
layers were much larger, 88 nm and 262, respectively (Fig. 1b). This
suggests that the organic components in the paste play a key role in more
efficient ordering and fragmentation of the graphite at elevated tem-
peratures. An improvement in the ordering has also been observed in

Table 1
Thickness (t), surface roughness (Rq) and sheet resistance (Rs) of graphite thick
films on alumina fired at different Tp in argon atmosphere (N = 8).

Sample t [μm] Rq [μm] Rs [Ω/sq]

G_450 39.0 ± 1.9 4.2 ± 0.8 122.2 ± 5.6
G_650 39.2 ± 1.0 4.2 ± 0.4 65.7 ± 4.4
G_850 39.2 ± 1.5 4.1 ± 0.5 8.7 ± 1.0
G_1000 39.1 ± 1.9 4.2 ± 0.7 7.2 ± 1.1

Fig. 1. a) XRD patterns of G_450, G_650, G_850 and G_1000 (●: graphite,✕: Al2O3). b) Number of graphene layers and out-of-plane crystallite size Lc (002) in
graphite thick films as a function of temperature.
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other carbon-based samples and attributed to the presence of organic
compounds, such as ethanol or ethylene. These compounds decompose
upon heating and contribute to the effective restoration of the graphe-
ne’s structure and the higher electrical conductivity of the material [23,
24].

The temperature-induced changes in the graphite structure, the
bonds and the degree of disorder were investigated by Raman spec-
troscopy. The Raman spectra of the as-received graphite powder and the
graphite powder heated to 850 ◦C, collected at room temperature, are
shown in Fig. S4. Both spectra are similar and show characteristic fea-
tures of disordered graphite [25], which remain essentially unaffected
by the thermal treatment. On the other hand, the representative Raman
measurements of the G_450, G_650, G_850 and G_1000 thick films,
shown in Fig. 2a,b, exhibit spectral differences.

The Raman spectra of all the analysed thick films and graphite
powders are dominated by three well-defined bands found at charac-
teristic wavenumber positions (for visible excitation) of the graphitic
materials [9,10,25,26], i.e., the D band at ~1350 cm− 1, the G band at
~1560 cm− 1 and the 2D band at ~2700 cm− 1. The G band is Raman
active for all sp2 carbon networks and represents the in-plane stretching
vibration of the sp2 carbon bonds, both in rings and chains. The D peak is
a disorder-induced band that has been assigned to the breathing modes
of the sp2 atoms in the rings and does not occur in defect-free graphite
samples [9,27–29]. In contrast to the D band, its second-order overtone,
the 2D mode, is always allowed (hence it is often referred to as G’) and

no defects are required for its activation.
The extent of the defects and disorder in the samples can be esti-

mated from the intensity ratio of the D and G bands, ID/IG [30,31]. The
largest ID/IG values (Fig. 2c) of 0.18 and 0.20 are observed for G_450 and
G_650, respectively, which also have the D′ band at ~1600 cm− 1 as a
shoulder on the high frequency side of the G peak. These features
indicate the highest degree of disorder in the thick films mentioned
above [27,32,33]. The ID/IG ratio and the full width at half maximum
(FWHM) of the G band (Fig. 2c) decrease with a further increase in Tp,
while the D’ shoulder gradually disappears. These results indicate a
larger phase order and/or a reduction in the number of defects at tem-
peratures above 650 ◦C [29,34]. The arrangement of the (002) planes in
G_450 and G_850 can indeed be seen in the TEM images (Fig. S5),
confirming improved alignment of (002) planes at higher temperatures.

Moreover, the average in-plane crystallite size (La) of the thick films,
estimated according to the modified Tuinstra-Koenig relation La =

(
2.4 × 10− 10)λ4

l

(
Id
Ig

)− 1
, where λl is the laser wavelength in nm units [9,

27,35], increased at temperatures above 650 ◦C, rising from 94 nm to
150 nm for G_450 and G_1000, respectively (Fig. 2c). Similarly, the
out-of-plane crystallite size (Lc), as determined by the X-ray diffraction
(XRD) analysis, also showed an increase with higher Tp (Fig. 1b).

A presentation of the graphite thick films as a function of Tp is
schematically shown in Fig. 3. In the as-deposited, unannealed thick

Fig. 2. Normalized Raman spectra of G_450, G_650, G_850 and G_1000 and as-received graphite powder a) full spectral range, b) the magnification of the
1100–1800 cm− 1 spectral region; c) FWHM of the G band, ID/IG ratio and La as a function of temperature.

Fig. 3. Schematic presentation of graphite thick film. a) graphite paste for screen printing, b) fragmented graphite thick film at ~450 ◦C, c) ordered graphite thick
film above 650 ◦C.
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film, the graphite powder with randomly orientated grains is dispersed
in an organic phase (Fig. 3a). When heated to 450 ◦C, the organic phase
decomposes and the resulting products penetrate both between the
graphite grains and between the interconnected graphene layers of the
graphite structure. In the graphite structure, the connections between
the graphene layers become weaker and lead to a partial separation of
the layers. The resulting graphite thus consists of a disordered, twisted
stack of graphene layers (Fig. S5b), while the graphite grains in the thick
layer are still randomly orientated (Fig. 3b). This is reflected in a locally
less ordered structure compared to that of the graphite powder (Fig. 2),
and a larger crystallite size in the c-direction (Lc) (Fig. 1). As the tem-
perature increases further, the graphite structure becomes more or-
dered. The graphene layers are ordered in the a-b direction (Fig. S5d),
which is reflected in an increase of La (Fig. 2), and in the c-direction
reflected in a larger Lc (Fig. 3c). Consequently, the ordering in the c-
direction leads to an apparent increase in the number of graphene layers.
We assume that the graphite partially fragments up to 450 ◦C when the
organic phase decomposes, after which it remains constant. The
ordering of the graphene within the graphite stack influences the elec-
trical conductivity. The more ordered the structure is, the better it
conducts electricity (Table 1).

The concerted contribution of all these parameters, although they
have opposite effects on the electrical conductivity, led to a decrease in
the sheet resistance of the graphite thick films with increasing Tp. It is
known that the electrical conductivity of graphite is high along its basal
planes, 500–1700 S cm− 1, and lower in the out-of-plane direction,
3–25 S cm− 1. The high in-plane electrical conductivity is related to the
sp2 hybridized carbon atoms, which enable high electron mobility, while
weak interlayer interactions in the out-of-plane direction limit their
mobility [12,36]. The electrical conductivity of graphite has also shown
to be affected by the microstructure of the layer, including the grain size,
density and impurities. The graphite grains are highly anisotropic and
their orientation, distance and the contact between them affect the
electrical conductivity of the layer. However, in this study all the thick
films were processed from identical powder and paste with identical
solids loading. Since the thickness and the roughness of all the studied
graphite thick films were similar, we assume that the density of the layer
did not vary significantly with Tp. Also, the grain size and the contact
between the grains were similar for all the samples, as is evident from
the optical microscopy images (Fig. S3). These findings suggest that the
magnitude of the electrical conductivity of graphite thick films depends
greatly on their local structure. Presumably, the graphite consists of
well-ordered graphene layers separated by disordered regions at low Tp.
With the increasing Tp the structure still contains the disordered regions
but in lower amounts, the number of graphene layers increases (Fig. 1,
Fig. S5). This facilitates more effective electron mobility and thus

contributes to the higher electrical conductivity of the graphite thick
films. Our results clearly indicate that the electrical conductivity of
graphite thick films is correlated with the organic phase in the
screen-printed paste and Tp, which both have an important effect on the
resulting structure of the graphite.

The Tp of the graphite thick films is also reflected in their electro-
chemical response. Fig. 4a shows CVs of the background 0.1 M PBS with
a pH of 7 and of 5 mM HCF measured at a scan rate of 0.1 V/s at 25 ◦C
using the G_450, G_650, G_850, and G_1000 as WE. The average values
and standard deviations of the electrochemical parameters determined
for graphite thick-films prepared at each Tp are listed in Table 2. The
absence of peaks in the recorded potential range in PBS (dashed lines)
suggests that no species undergo oxidation or reduction on these elec-
trodes, and neither does the electrode material itself within the scanned
potential window. The capacitive currents show no significant trend
with Tp and appear to be similar within the uncertainty. In HCF, the
reduction and oxidation peaks at ~0.15 V and ~0.3 V, respectively, are
well defined, but the cathodic and anodic peak currents (ipc, ipa) and the
peak-to-peak separation (ΔEp) were affected by the Tp between 450 and
850 ◦C, while similar values were measured for 850 and 1000 ◦C
(Fig. 4b). The absolute values of ipc and ipa increased with the increasing
Tp; however, their ratio, ipc/ipa, did not vary significantly with Tp and
was close to unity for all the samples. It is also evident that ΔEp decreases
with increasing Tp, while the half-wave potential (E1/2) is similar for all
the samples. The decrease in ΔEp is consistent with the decrease in the
uncompensated resistance (Ru) determined with a positive-feedback
method. The OCP values obtained in the presence of HCF were ~205
mV vs Ag/AgCl for all investigated electrode materials. When the
potential is recalculated to the normal hydrogen electrode (NHE, E0(Ag/
AgCl/3 M KCl) = 0.209 V vs NHE [37]), the obtained potential of 0.414
V vs NHE correlates well with the values reported by O’Reilly et al. [38].
The OCP values are in good agreement with the CVs in Fig. 4 as they are
aligned close to the values of half-wave potential in all cases, confirming

Fig. 4. Graphite thick film. a) CV curves of the PBS and HCF at G_450, G_650, G_850 and G_1000 measured at a scan rate of 0.1 V/s and at 25 ◦C. b) ΔEp, cathodic (ipc)
and anodic (ipa) peak currents as a function of Tp.

Table 2
Dependence of selected electrochemical parameters on Tp for the G_450, G_650,
G_850 and G_1000.

G_450 G_650 G_850 G_1000

OCP [mV] in PBS 81 ± 27 84 ± 9 73 ± 26 87 ± 18
OCP [mV] in HCF 210 ± 5 202 ± 8 205 ± 2 213 ± 3
Ru [Ω] in PBS 116.7 ± 44.6 90.3 ± 17.2 46.8 ± 5.6 41.0 ± 1.4
ipc/ipa 0.94 ± 0.01 0.96 ± 0.01 0.97 ± 0.01 0.95 ± 0.01
ΔEp [mV] 271 ± 78 275 ± 54 157 ± 17 167 ± 9
Aecsa [cm2] 1.14 ± 0.14 1.60 ± 0.14 2.20 ± 0.15 2.62 ± 0.05
k◦ [10− 3 cm/s] 1.07 ± 0.16 1.62 ± 0.33 4.57 ± 0.71 5.31 ± 1.12
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the potential is dictated by the [Fe(CN)6]3− /4− redox couple according
to the Nernst equation. On the other hand, the OCP values obtained in
the absence of the redox couple were significantly lower, i.e., ~80 mV,
and showed a higher standard deviation due to the lack of redox couple
in the electrolyte. Therefore, the OCP values represent the so-called
corrosion potential of the WE material itself in PBS, which is most
likely controlled by the adsorbed oxygen (adsorbed during the electrode
preparation) and/or the redox couple of carbon and carbon-oxygen
species on the surface of the electrode materials [39]. No significant
differences were found between OCP values of the studied WEs, indi-
cating that the increasing annealing temperatures do not chemically
affect the WE surface (e.g. oxidation etc.) but rather the ordering of the
electrode material as discussed above.

The CVs of G_450, G_650, G_850, and G_1000 measured in HCF
collected at different scan rates (ν) revealed that ipa and ipc increased and
Epa and Epc shifted to more positive and negative potentials, respec-
tively, with increasing ν. The absolute values of ipa and ipc increased
linearly with the square root of ν over the investigated ν range for all the
samples. The electroactive surface area (Aecsa) was determined from the
ipa and the ipc vs ν1/2 curve slope (Fig. S6) using Randles Ševčík equation
for a quasi-reversible one-electron transfer process [40–42]. The
electron-transfer rate constant k◦ was determined using the Nicholson
method from the slope of the kinetic parameter ψ vs ν− 1/2 curve (Fig. S7)
[41,43]. Details about the equations and methods used for the calcula-
tion of Aecsa and k◦ are described in Supplementary Information. It is
evident that the electrochemically active surface area for the electro-
chemical reaction, Aecsa, and the standard rate constant, k◦, increased by
a factor of 2.2 when Tp increased from 450 ◦C to 1000 ◦C (Table 2).

It seems that the most resistive thick film, G_450, possessed the
smallest Aecsa, the most sluggish electrochemical reaction and the largest
ΔEp, which suggests the largest ohmic resistance. All these parameters
improved with a higher Tp, although we have not observed any signif-
icant changes in the thickness and surface roughness of the thick films.
However, a more effective fragmentation of the graphite suggested by
XRD and Raman spectroscopy, contributes to a higher electrical con-
ductivity of the thick films. We, therefore, hypothesise that the electrical
conductivity of the thick films plays an important role in their electro-
chemical response. Our results are consistent with a previous study,
which showed that thermal annealing of the glassy carbon electrodes
increases the electrical conductivity, decreases the ΔEp and improves
electrochemical reactivity [14]. Grennan et al. [44] also showed that
higher annealing temperatures ranging between room temperature and
200 ◦C for the preparation of screen printed graphite-based WE using
commercially available carbon paste resulted in a larger surface area,
attributed to the decomposition of the polymeric binder. Compared
to screen-printed graphite WEs (4 mm diameter) on a polyester substrate
cured at 90 ◦C for 60 min in air [41], which exhibited Aecsa of
0.0331 ± 0.0035 cm2 and k◦ of (0.401 ± 0.022) × 10− 3 cm s− 1, the
graphite thick films reported in this work demonstrate both a larger
electroactive surface area (normalized with the geometric area) and
faster electron transfer. Graphite thick films were also prepared from
graphite powder at room temperature by aerosol-deposition and had a
Rs of 27 Ω/sq [45]. Its electrochemical response in HCF, ΔEp of 176 mV,
Aecsa of 1.94 cm2 and k◦ of 1.9 × 10− 3 cm s− 1, is higher than that of
G_650 with an Rs of 65.7 ± 4.4 Ω/sq, but lower than that of G_850 with
an Rs of 8.7 ± 1.0 Ω/sq. An alternative, reasonable explanation, draws
on the difference between the electrochemical response of the unmod-
ified and modified WEs. For example, Bottari et al. [46] reported that
upon modification of the screen-printed graphite electrode with o-phe-
nilenediamine, the peak current decreased and the ΔEp increased with
the number of cycles performed in HCF. This was assigned to the lower
conductivity of the electrodes upon cycling, measured by

electrochemical impedance spectroscopy (EIS). It is also known that the
shape, size and chemical composition of the WE affect the mass trans-
port, the thickness of the linear diffusion layer and thus the rate constant
k◦ of the redox process. For sluggish processes, characterised by low k◦,
the concentration of the reactant at the electrode surface is not negli-
gible. It is larger than those of the products, which might affect the mass
transport of reactant towards the electrode [47]. Our experiments,
performed with identical starting material and under identical condi-
tions, but with WEs of different sheet resistances, imply the lowest k◦

value and thus the slowest electrode kinetics for Tp 450 ◦C. The k◦ values
increase with Tp. These differences demonstrate the impact of the Tp of
the graphite thick film on the electrochemical response.

4. Conclusions

We have demonstrated that the temperature annealing of screen-
printed graphite thick films results in a decreased sheet resistance and
improved electrochemical reactivity. After the thermal treatment of the
screen-printed graphite layers at 450, 650, 850 and 1000 ◦C, we ob-
tained ~40-μm-thick films, well adhered to an alumina substrate, with a
surface roughness Rq of 4 μm, regardless of the processing temperature
Tp. However, with increasing Tp the formation of additional graphene
layers with a lower fraction of disorder regions could be related to the
decomposition of organic phase in the screen-printed paste. When an
organic phase is decomposed upon heating, the graphite partially frag-
mented. The fragmentation and ordering of the carbon atoms are
essential for decreasing the sheet resistance of graphite thick films from
122 Ω/sq to 9.4 Ω/sq for the samples processed at 450 ◦C and 1000 ◦C,
respectively. Lowering of the sheet resistance is also reflected in the
improved electrochemical characteristics of the graphite thick films
with larger cathodic and anodic peak currents, a smaller peak potential
separation distance ΔEp, a larger rate constant k◦ and thus a faster redox
process. The elucidation of the relationship between the WE material
processing and the properties offers new opportunities to customise the
properties of graphite thick films for a variety of applications requiring
defect engineering.

Declaration of generative AI and AI-assisted technologies in the
writing process

The authors did not use generative AI and AI-assisted technologies in
the writing process.

Funding

This work was supported by the Slovenian Research and Innovation
Agency [grant numbers P2-0105, J2-3049, P1-0153, N1-0225];
Research Agency’s Young Researchers Programme [grant numbers
56886 and PR-11483]; and Ministry of Higher Education, Science and
Innovation of Republic Slovenia [grant number C3360-23-252004, M-
ERA.NET].

CRediT authorship contribution statement
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