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Electrochemical paper-based analytical devices represent
an important platform for portable, low-cost, affordable, and decentralized
diagnostics. For this kind of application, chemical functionalization plays a
pivotal role to ensure high clinical performance by tuning surface
properties and the area of electrodes. However, controlling different
surface properties of electrodes by using a single functionalization route is
still challenging. In this work, we attempted to tune the wettability,
chemical composition, and electroactive area of carbon-paper-based
devices by thermally treating polydopamine (PDA) at different temper-
atures. PDA films were deposited onto pyrolyzed paper (PP) electrodes
and thermally treated in the range of 300—1000 °C. After deposition of
PDA, the surface is rich in nitrogen and oxygen, it is superhydrophilic, and
it has a high electroactive area. As the temperature increases, the surface
becomes hydrophobic, and the electroactive area decreases. The surface
modifications were followed by Raman, X-ray photoelectron microscopy (XPS), laser scanning confocal microscopy (LSCM),
contact angle, scanning electron microscopy (SEM-EDS), electrical measurements, transmission electron microscopy (TEM), and
electrochemical experiments. In addition, the chemical composition of nitrogen species can be tuned on the surface. As a proof of
concept, we employed PDA-treated surfaces to anchor [AuCl,]” ions. After electrochemical reduction, we observed that it is possible
to control the size of the nanoparticles on the surface. Our route opens a new avenue to add versatility to electrochemical interfaces
in the field of paper-based electrochemical biosensors.
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possibilities to select the proper carbon-based material for the
final application.

Most of carbon-based electrodes are prepared on paper
using conductive inks combined with patterning routes such as

20 1 6
screen-printing”™ and inkjet printing.” These routes have been
pushin§ the field with remarkable applications in the last
2022 . . .

years. In terms of the carbon source, there is an increasing
interest in obtaining high-conductive carbon micronanopar-

Electrochemical paper-based analytical devices (ePADs) have
gained a lot of interest in many areas since 2009 when the first
patterning routes for electrode fabrication were described on
paper substrates."”” Such devices can be compact, flexible, easy-
to-use, and affordable and have been successfully demonstrated
for the preparation of electrochemical biosensors,” sensors,”

supercapacitors,” and batteries.” In addition, the porosity of
paper is a key advantage when compared to conventional
subtrates, allowing a capillary flow of supporting electrolytes’
or precursors”'”'" for the fabrication of three-dimensional
circuits and electrochemical cells on paper. Among the many
materials available for electrode fabrication, carbon is a
remarkable example due to its low cost, high chemical stability,
high electrical conductivity, and large availability. In addition,
carbon present itself in many different forms like carbon
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fullerene,
18,19

12,13 14
black, “° carbon nanotubes,
16,17

graphene and

derived forms, and graphite,

giving rise to many
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ticles using sustainable precursors. For example, lignocellulosic
biomass can be converted into conductive particles by
pyrolysis at high temperatures”>** and used for the preparation
of conductive tracks on paper.”® Lignocellulosic materials
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contribute as a source of carbon, while pyrolysis converts the
carbons from sp® to sp” hybridization. Another possibility is to
directly pyrolyze substrates that are based on cellulose for the
fabrication of electrical and/or electrochemical devices.”® This
process can be performed by using two main routes. First,
photothermal pyrolysis performed using laser engraving
systems, e.g. CO,, locally converts cellulose into highly
conductive carbon-based material. The process is fast and
enables the patterning of conductive tracks on a variety of
lignocellulosic substrates.”” The second alternative relies on
the use of a tubular furnace in a controlled inert atmosphere
that converts the entire cellulosic material into carbon. Such
route allows the control of the temperature during the process
and several sheets of cellulose can be pyrolyzed in a single

n.”*7*! The resulting material is hydrophobic since most of
the oxygen-rich chemical groups are lost after pyrolysis. Thus,
to tune the surface properties of paper-based carbon
electrodes, a further functionalization step is mandatory.

In 2007, inspired by the facility of mussels to adhere in all
kinds of surfaces in water, Messersmith et al. described a very
interesting route for the fast preparation of simple,
biocompatible, and versatile coatings on many different types
of surfaces.”” The polymerization occurs in a buffered solution
in the presence of dopamine resulting in the formation of PDA
coatings on all objects immersed, independent of their surface
chemistry.”** Thus, PDA formation adds nitrogen and
oxygenated groups to the interface and converts hydrophobic
surfaces into hydrophilic.***® These remarkable features have
been explored in the field of electrochemical sensors through
the functionalization of carbon electrodes.'®***”** PDA-
functionalized carbon electrodes have been designed to detect
organic molecules,® biomarkers,” and viruses.”' In addition,
the combination of PDA with 2D materials,” conductive
polymers,*” and nanoparticles”® has been demonstrated to
improve the sensitivity of electrochemical sensors and
biosensors. However, it is still very challenging to tune
multiple surface properties of PDA without adding additional
chemical reagents. Thus, inspired by the chemical changes that
occur in cellulose after pyrolysis, e.g., loss of chemical groups,
we attempt to tune the surface properties of electrodes
modified with PDA by performing pyrolysis steps at different
temperatures. This feature is particularly important to allow
capillary-driven aqueous solutions in hydrophobic and porous
pyrolyzed carbon electrodes. By controlling the flow-through
in these electrodes it is possible to tune the area of
electrodes,®”** filtrate samples, and fabricate three-dimensional
(3D) devices by stacking multiple sheets of paper.”> These
features were recently studied by dropping isopropanol** or
surfactants’ before the analysis and by using O, plasma to
allow capillary-driven of aqueous solutions.”> Although
interesting, these strategies present limited wettability or
require a hydrophilic material to assist the capillary flow.
Thus, PDA has the potential to meet such challenges and
expand interfacial features of porous carbon electrodes by
exploring nitrogen-based surface chemistry. To the best of our
knowledge, pristine and carbonized PDA were not systemati-
cally studied to tune many surface properties of porous
electrode materials. In particular, the control of size,
distribution, and distribution of gold nanoparticles (AuNPs)
along the thickness of the electrodes due to the surface
chemistry of pyrolyzed fibers was not reported so far.***°

In this work, we reported for the first time the tuning of
wettability, surface chemistry, coating thickness, and area of the
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electrodes by pyrolysis of PDA on PP. First, we obtained PP
electrodes using a route described in the literature.””**~*
Next, PP electrodes were incubated in the presence of
dopamine at pH 8.5 until complete evaporation of the solvent
resulting in the formation of PDA film of approximately
3.0 um. The presence of PDA was confirmed by spectroscopy
analysis. Thermally treated PDA up to 1000 °C showed surface
transitions from superhydrophilic to hydrophobic and thick-
ness reduction from micro to nanometer, and tunable N-based
groups were observed. The abundance of nitrogen is reduced
as the temperature increases. However, we confirmed the
presence of the N-based group in all temperatures by
performing spectroscopic analyses of the surfaces. Electro-
chemical experiments also revealed that the area of the
electrodes can be tuned, and the charge transfer resistance
(R.) decreased. Finally, as a proof of concept, we explored the
tunable surface chemistry of the electrodes to prepare AuNPs.
The size, concentration, and position (volume or outer face) of
AuNPs can be changed by the appropriate temperature in the
pyrolysis process.

Whatman #1 chromatographic paper was pyrolyzed in a tubular
furnace (Lindberg/Blue M from Thermo Fisher Scientific, USA).
First, strips of paper (10.0 X 2.5 cm) were cut and placed between
alumina plates to avoid wrinkles after thermal treatment. After placing
the substrates inside the tube, a purging step with nitrogen gas (N,)
(99.99%) was conducted at S L min~" for S min to remove oxygen
from the alumina tube. The furnace was heated from 25 to 1000 °C at
a rate of 20 °C min™". The furnace was kept at 1000 °C for 1h and
then it was allowed to cool at room temperature. During the pyrolysis
process, we kept N, at a flow rate of 20 L min~" flowing through the
tube to remove gases produced.

PP strips were functionalized with PDA using the chemical route®
reported. Dopamine hydrochloride (Sigma-Aldrich) was dissolved in
10 mM Tris buffer (Sigma-Aldrich) pH 8.5 to prepare a solution of 2
mg mL™". PP strips were immersed in this solution for 24 h in a
closed bath to minimize evaporation of the solution. After, the lid was
removed, and the solution was allowed to dry in the reservoir. After
the functionalization of PP with PDA (PP + PDA), we performed a
second stage of pyrolysis at different final temperatures of 300, 400,
500, 700, and 1000 °C using the same heating rate in all cases.

Electrochemical measurements were done using an AutoLab
potentiostat, model PGSTAT302N, from Eco Chemie, Netherlands.
We employed a three-electrode system with Ag/AgCl (3.0 mol L™
KCl, Metrohm), glassy carbon plate (SynLectro) and PP as reference
(RE), counter-electrode (CE), and working electrode (WE),
respectively. To fabricate the WE, 1 X 1 cm square sheets of PP
were cut and attached to a glass slide by using double-sided tape.
Next, electrical contact tracks were patterned using silver ink (SPI
Supplies, USA). The active area of WE was isolated by attaching an
adhesive layer containing a hole (d = 2.0 mm) on PP. Finally, we
attached a second adhesive layer to isolate the silver layers, as
schematically shown in Figure SI1. Cyclic voltammograms were
obtained in the presence of the redox probe 5.0 mM [Fe(CN),]>~/4~
or [Ru(NH;)4]Cl; (Sigma-Aldrich) in KCl 0.5 M (Merck) as the
supporting electrolyte at 30 mV s™'. For the scan rate tests, the
variation was from 10 to 300 mV s™". The electrochemical impedance
spectroscopy (EIS) experiments were conducted by applying the
open-circuit dc potential, 10.0 mV ac voltage, 2 s integration time, and
frequencies from 1 to 10° Hz at room temperature.

For the functionalization with gold using PP and PDA-modified
samples, the electrodes were incubated in a S mM HAuCl, (Sigma-
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Figure 1. (a) Schematic illustration of the functionalization and pyrolysis process. (b) SEM images of PP modified with PDA at different
temperatures (°C) for (i) 25, (ii) 300, (iii) 400, (iv) 500, (v) 700, and vi) 1000. (c) Single-point EDX spectra. (d) Thermogravimetric curve for

paper, PP, and PDA-coated PP.

Aldrich) solution for 30 min and then washed with deionized water.
Next, adsorbed [AuCl,]” ions were electrochemically reduced by
scanning the potential at 30 mV s™' in the rage of 0.0 to —1.3 V vs
Ag/AgCl electrode in 0.1 M acetate buffer (Sigma-Aldrich) at pH 4.0.

Electrical measurements were performed by placing a sheet of the
pyrolyzed sample between two glass slides. The bottom glass slide
contains patterned gold conductive tracks, as schematically shown in
Figure S2. Electrical resistance was measured by placing the probes on
the gold conductive pads using a Minipa multimeter, model
ET-2082C. Resistivity values (p) were obtained from the slopes of
resistance (R) versus distance graphs. An Attension TheTa L
tensiometer with readings in the OneAttension software was used
to measure the static contact angle of the samples. Thermogravimetric
analyses were run using a Jupter Netzsch equipment model STA F3.
To evaluate the mass loss, the samples were heated from 25 to 1000
°C using a heating rate of 20 K min'. For morphological analysis of
the material, scanning electron microscopy (SEM) images were taken
at 5 kV operating voltage using the Thermo Fisher Scientific
microscope, model Inspect F50 with an energy dispersive X-ray
spectrometer (EDS) from Oxford System. Assisted pyrolysis was
performed by SEM in situ heating stage, as shown in Figure S3, using
the HT-GSED detector, energy 20 kV, heating rate 18 °C min™"
(from SO to 600 °C images were taken at an increasing rate of 50 °C,
then from 600 to 1000 °C at 100 °C and pressure of 120 Pa). X-ray
photoelectron spectroscopy (XPS) from Thermo Scientific containing
a monochromatic microfocused Ka source with a resolution of
0.100 eV, energy transfer of 50 eV, spot size of 300 ym, and 10 scans
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was used to study the surface chemistry of the samples. A laser
scanning confocal microscope (LSCM) from Keyence, model VK-
X200, was used to obtain the roughness of the electrodes in large
areas. PDA film thicknesses were obtained by atomic force
microscopy (AFM) using equipment from Park Systems, model
NX10. The measurements were done using a FMR probe (Nano-
World) with a nominal spring constant of 2.8 N/m, 10.0 nm tip end
radius, and resonance frequency of 75 kHz. Si substrates were partially
coated using AZ5214 photoresist, and after PDA formation, the
sample was washed with acetone. The PDA adhered on Si was
pyrolyzed, and the thickness of PDA was measured using AFM.
Raman spectra were obtained with equipment from Renishaw, model
Via Micro-Raman, with a 633 nm laser and power of 50% to
determine the degree of graphitization of the PP. Data were treated
with the software FityK.

Transmission electron microscopy (TEM) and scanning trans-
mission electron microscopy (STEM) were used to analyze the PDA
layer on the top of PP and PDA isolated before and after the heating
process. TEM and STEM images were acquired using a microscope
with a Field Emission Gun source and operating a 200 kV voltage.
Thickness and morphology of the PDA layer on the top of PP before
and after the heating process were analyzed using TEM and STEM
images. Compositional maps of the interface were obtained by energy
electron loss spectroscopy (EELS). The samples for these analyses
were prepared by an ultramicrotomy process; the samples were
embedded in an Eponate 12 resin with benzyldimethylamine. This
resin was infiltrated with propylene oxide for 1 h at different
concentrations. Finally, the samples were cut using a Pelco
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Figure 2. (a) LSCM images of PP and PP+PDA samples. (b) Raman spectrum and (i) PP, PP+PDA and pyrolyzed PDA samples at different
temperatures. The blue arrow indicates the temperature increase from top to bottom. (ii) Deconvoluted spectrum. (c) Relation of the degree of
structural disorder in carbon samples in PP, PP + PDA, and pyrolyzed PDA at different temperatures. (d) Relative chemical abundance of the
atoms on each surface. (e) High-resolution XPS spectra in the C 1s for PP and PP + PDA sample and N 1s region for PDA. (f) Relative chemical
abundance of the different carbon species on PP + PDA and thermally treated PDA. (g) Relative chemical abundance of the different nitrogen
species on PP + PDA and thermally treated PDA. (h) Contact angle of PP, PP + PDA, and thermally treated PDA. Figure S$ highlights the region
of low chemical abundance of panels (d) and (f) for a better visualization.

122-MT-30 diamond knife under room conditions in an RMC
Boeckeler PowerTome XL ultramicrotome, resulting in a thin slice.
The structural and morphology analyses of isolated PDA before and
after heating process were analyzed by TEM images, selected area
electron diffraction (SAED), and electron pair distribution function
(ePDF). The samples for these analyses were prepared by dropping
small pieces of PDA onto a TEM grid used for Cyro EM with holes of
1 ym, and the EDs were taken on the holes.

The electrical characteristics of PP samples containing PDA were
evaluated by different methods, namely, four-probe sheet resistance
(R,), current—voltage (I-V), and Hall effect measurements. The
measurements were carried out in a four-probe configuration to
minimize the contribution of contact resistance, which may represent
ca. 20% of the overall sample resistance. The four-probe R
measurements were carried out using an Ossila four-point collinear
probe system as a function of the temperature of the sample pyrolysis.
I-V curves were recorded as a function of the temperature (T) using
a Keithley 4200 SCS coupled with an LTS420E Linkam cryogenic
probe station. The sample temperature varied from 78 to 303 K, using
a 15 K min~' ramp, and held for 3 min at each temperature for signal
recording. For the I-V(T) and Hall effect measurements, the
electrical connections were established by employing Ag ink and Al
(or Au) wires on each edge side of the PP strips. For the Hall effect
measurements, the samples were connected on each vertex of the PP
squares (size of 1 mm?). The charge carrier density (1) and mobility
(u) in PP samples were evaluated using a Physical Property
Measurement System (PPMS) DynaCoolTM from Quantum Design.
Both the longitudinal (R,,) and Hall resistances (ny) were measured
at 30 K in the presence of a perpendicular magnetic field (B) varying
from —3 to 3T. The n and p values were calculated from the angular
coefficient (a) of R, as a function of B, whereas a = Vy;/IB, where Vy
is the Hall voltage and I is the current, and using the sample
dimensions, viz., width (W), length (L), and thickness (t). Here, Hall
effect measurements were performed to evaluate the impact of PDA
addition on the electronic properties of the PP samples. The
application of an external magnetic field perpendicular to the current
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flow in the sample generates a transverse Hall voltage that allows the
calculation of the carrier concentration and mobility.

Figure 1a displays a scheme on the functionalization process of
PP using PDA. First, we thermally treated cellulose sheets at
1000 °C to convert the entire paper into a conductive material.
Such a condition has been explored for the fabrication of many
electrochemical devices due to the high conductivity and
porosity of the resulting pyrolyzed cellulose sheet.”*™*" The
inset SEM image in Figure la(i) illustrates the presence of
intertwined pyrolyzed fibers and pores. The pyrolysis process
decreases the diameter of the fibers, but the material remains
porous. The porous structure of PP is a key factor to fabricate
3D electrochemical devices.** Next, the PP sheets were
immersed in a solution containing dopamine for PDA
deposition, as shown in Figure la(ii). In such conditions,
dopamine autoxidizes in the presence of dissolved oxygen and
generates biocompatible films.”>** The PDA film deposited
onto PP can be visualized in Figure la(iii). In this SEM image,
it is possible to observe that PDA is molded by the roughness
of the fibrous surface, forming a continuous coating that
occupies the regions between pores. Finally, in order to tune
the chemical composition of PP—PDA interface, we treated the
functionalized material at different temperatures as shown in
Figure 1a(iv). Our hypothesis is that it is possible to tune the
chemical composition and the area of the electrodes due to the
thermal treatment, thus demonstrating a new method that
allows capillary through of aqueous solutions into the porous
and hydrophobic PP.

The morphological changes that occur after each thermal
treatment step can be viewed in Figure 1b(i-vi). At 300—
400 °C, the morphology of a fibrous material starts to become
evident, indicating a reduction in film thickness. The thickness

https://doi.org/10.1021/acsmeasuresciau.3c00063
ACS Meas. Sci. Au 2024, 4, 188—200


https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00063?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00063?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00063?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmeasuresciau.3c00063/suppl_file/tg3c00063_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00063?fig=fig2&ref=pdf
pubs.acs.org/measureau?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.3c00063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

measurements will be shown ahead. As the temperature
increases, it is possible to notice the presence of a fibrous
morphology similar to the surface of the PP. In addition, we
performed in situ SEM imaging while heating PDA-coated
sample up to 1000 °C. Video S1 clearly shows the thickness of
the film being reduced as the temperature increases. In
addition, the formation of microcracks on the PDA film can be
observed. To confirm the presence of PDA on thermally
heated materials, energy-dispersive X-ray spectroscopy (EDX)
measurements were performed, as shown in Figure lc. By
tracking the presence of nitrogen on the surface, it was possible
to follow the functionalization process since this chemical
element is not present on cellulose. Nitrogen was detected at
all temperatures, thus confirming the functionalization process
in all conditions investigated. To gain more information about
the mass loss occurring during pyrolysis, Figure 1d shows the
thermogravimetric analysis of paper, PP, and PDA-modified
samples. In the PP sample, a mass loss of approximately 10%
up to 185 °C was observed that was attributed to the loss of
adsorbed water and degradation of lignocellulosic that did not
decompose after pyrolysis.*” For PDA samples, after an initial
mass loss of up to 100 °C due to the presence of adsorbed
water molecules, a significant drop was observed at around
250—450 °C due to the pyrolysis-induced building of blocks
from PDA.>%'Thus, the morphologic changes observed in
SEM images at 300—400 °C are consistent with the mass loss
observed in TGA curves. The TGA of bare paper was also
inserted for comparison.

The roughness of the electrodes was investigated by using
LSCM after each heat treatment. The color maps illustrated in
Figure 2a clearly illustrated the height variation of PP and
PDA-functionalized electrode. The mean roughness of all
conditions is around 5.6 + 0.9 ym due to the roughness of PP,
as shown in Figure S4. Thus, the changes observed in the
morphology in Figure 1b for each treatment step barely affect
the roughness of the electrodes. To study alterations in the
carbonaceous structure, we monitored D, D2, D3, D4, and G
bands in Raman spectra®”* for the thermally treated samples,
shown in Figure 2b. The D band (~1335 cm™) is related to
aromatic clusters with more than six (6) rings, while the D2
(~1500 cm™), D3 (~1200 cm™'), and D4 (~1620 cm™)
bands are attributed, respectively, to disordered graphene
surface layers, functional groups, and small aromatic clusters
and ethers. The G band (~1580 cm™) is attributed to the in-
plane vibration of the sp® graphitic structure. The Raman
spectrum of the control sample (PP) shows D and G bands
located at 1336 and 1594 cm™, respectively, suggesting the
presence of disordered carbon and graphitic structures. The
broad D band reveals incomplete removal of oxygen from
cellulose after pyrolysis.

After PDA functionalization, we observed a slight narrowing
of the G band at high temperatures that indicates an
improvement of the carbonization process. In addition, the
structural disorder was estimated by Ij/I; ratio, as illustrated
in Figure 2c. The D2, D3, and D4 bands were fitted under all
conditions investigated to obtain the Ip/Ig ratio. As the
temperature increases, higher I,/ ratios were observed. Our
results are in agreement with studies reported by Messersmith
et al. that obtained a higher I/I; ratio for laser treated PDA
onto substrates with increased laser fluence.*® This result may
be related to the lower size of graphitic domains that were
reported to have higher I,/I; ratios.”*
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By variation of the temperature of pyrolysis, it is also
possible to tune the chemical composition of the interface.
Figure 2d displays the relative abundance of the species
obtained at each temperature by XPS. It is possible to note the
predominance of carbon in all samples. For the control sample,
i.e, PP, the amount of oxygen observed was lower than 5%,
indicating that most of the oxygen content was removed during
the heat treatment. For example, the glucose molecule, which
is the monomer of cellulose, has a theoretical C/O ratio equal
to 1, while PP presented an experimental C/O ratio of
approximately 40, thus confirming the significant oxygen
removal in the sample. After the modification with PDA, it is
possible to verify the insertion of N and O atoms that are
present in the dopamine molecule (CgH;;NO,). The presence
of Cl in the PDA film is due to the salt form of dopamine
(3-hydroxytyramine hydrochloride) employed in this study. By
increasing the temperature, a decrease in the percentage of
nitrogen on the interface was observed. Thus, to understand
the chemical environment of the interface, we next present
high-resolution XPS spectra for carbon and nitrogen.

Figure 2e presents the high-resolution XPS spectra in the C
Is and N 1s regions for PP and PP + PDA samples,
respectively. For the control sample (PP), it is observed that
approximately 50% of the carbon is in sp® hybridization
(~284.3 eV). This result is indicative of the formation of x
bonds that give rise to the high conductivity of PP.”” In
addition, the presence of carbon with sp-type hybridization
(~285.0 eV) was verified, referring to defect-like carbon. The
C—0 and C=O0 bonds (~286.3 and ~288.3 eV, respectively)
and the satellite peak 7z z* (~290.6 €V) complete the
composition of carbon. The observed satellite peak 7 7* is a
characteristic of conjugated systems.”> After functionalization,
in addition to sp2 and sp3 carbon, C—N and C=C-0 at
~286.3 and ~288.3 eV were observed, respectively, indicating
the presence of PDA groups on the surface. In the case of
nitrogen species, the PP sample did not show N in its
composition, as expected. The high-resolution spectra in the
N 1s peak reveal that the N atoms are composed of R—NH,),
R,—NH and =N-R (401.1, 400.0, and 398.6 eV,
respectively) as shown in Figure 2e. The primary amine is
derived from dopamine,”® while the secondary amine is
derived from the intramolecular cyclization products of
dopamine to 5,6-indolquinone and $,6-dihydroxyindole.***”
Imines are also formed in the process of dopamine oxidation,
as products for the formation of $,6-dihydroxyindole.’”
Furthermore, the quinone formed is susceptible to reacting
with amines via Schiff base reaction, forming imine groups.””

The main composition of the interface after each thermal
treatment can be observed in Figure 2f,g. While the abundance
of sp” and sp® carbon remains high, it was noted that C—O and
C—N decrease as the temperature of pyrolysis increases, as
shown in Figure 2f. The amount of nitrogen decreases.
However, it is possible to tune the chemical environment of
the N species. For instance, freshly deposited PDA has the
largest amount of primary amines among the other temper-
atures investigated. As the temperature increases, the relative
abundance of R—NH, is kept around 8—15% on the interface.
Most primary amine groups decay at 300 °C and this result
may be attributed to the presence of a significant amount of
monomeric (dopamine) and noncyclized oligomeric species
that undergo new polymerization due to dehydration, leading
to reorientations of structures.”” One of the key aspects of the
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thermal treatment is the possibility of tuning the
R,—NH/=N-—RH ratio at the interface.

As demonstrated in the XPS results above, there is a
significant change in the chemical composition of nitrogen and
oxygenated species that can alter the wettability of the samples.
Thus, contact angle measurements were performed to assess
the impact of the functionalization on the PP, as shown in
Figure 2h. First, the PP sample is hydrophobic since its major
chemical composition is composed of sp* and sp® carbon. The
functionalization with PDA promoted an ultralarge drop in the
contact angle, from hydrophobic (>90°) to superhydrophilic
(<15°). The remarkable increase of C—O and C—N groups
when compared to PP is responsible for this change. Videos
S§2—3 show the hydrophobic and superhydrophilic surfaces.
From 300—1000 °C, the contact angles are in the hydrophilic/
hydrophobic region. Thus, the functionalization has an
enormous impact on the wettability of the interface, changing
from hydrophobic to superhydrophilic after PDA introduction
and then superhydrophilic to less than 1% away from the cutoff
hydrophilic/hydrophobic region with the increase of temper-
ature up to 1000 °C.

We also evaluated the electrical characteristics of the
samples. Figure 3a shows the room-temperature R, values of
PP strips as a function of the pyrolysis temperature (T,). The
R, of PP containing PDA pyrolyzed at 1000 °C is also
indicated (PP + PDA). We observe the logarithmic values of R,
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Figure 3. (a) Room-temperature R, of PP samples as a function of the
T, The curve fitting corresponds to the equation In(Ry) = 1.3 X
10*e™57P 4 3 1. The sample containing PDA pyrolyzed at 1000 °C
is also indicated. Inset: Four-point probe setup. The standard
deviations of the means R, are smaller than those of the markers.
(b) I-V curves as a function of the sample temperature (T) for PP
+PDA pyrolyzed at 1000 °C. (c) Arrhenius plot (In I vs 1000/T) of a
representative PP + PDA sample (T, = 1000 °C) and respective E,
values. The data were obtained from the I-V(T) curves in panel (b).
The average E, for a set of two PP + PDA samples are E,; = 6.6 & 4.6
meV, E,, = 2.2 + 0.86 meV, and E;= 0.9 + 0.3 meV. (d) Simplified
band diagram of PP samples. Ext, Loc, and Def are, respectively, the
extended states (red), localized states (green), and defect states
(blue) in the sample.
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decay exponentially as T, increases. Higher T, increases the
electrical conduction by boosting the carbon sp*/sp® ratio™”
and/or the percolation between the nanosized sp> clusters in
the paper matrix, with the delocalization of 7 electrons being
ultimately favored. Here, no significant differences in R, have
been found between nonmodified and PDA-functionalized PP
(both pyrolyzed at 1000 °C). We found R, = 8.6 (+0.3) and
7.2 (+£0.6) Q Sq'~ for neat PP and PP + PDA samples. Such a
small reduction in R; suggests that PDA contributes little to the
electrical conductivity of the matrix, likely by acting as an
additional source of sp* carbon moieties that increase electron
delocalization.

To gain further insight into the electrical properties of the
PP sample, we evaluated their temperature-dependent I-V
characteristics. Figure 3b shows the I-V curves of PP+PDA
(1000 °C) for temperatures ranging from 78 to 303 K. PP
samples absent of PDA and pyrolyzed at different T, values
were also evaluated, as shown in Figure S6. All samples
exhibited linear I-V curves where the sample resistance
decreases as the temperature increases, indicating a semi-
conducting behavior. Due to the high current signals registered
for the samples pyrolyzed at 1000 °C (both neat PP and
PP + PDA), here we limited the current values to 100 mA to
avoid Joule heating effects.

The sample I-V(T) response can be expressed using a
simple Arrhenius relationship I = I,e™®/*T where kg is the
Boltzmann constant, I, is the pre-exponential factor, T is the
absolute temperature, and E, is the charge transport activation
energy. Figure 3c depicts the In I vs 1000/ T Arrhenius plot for
PP + PDA samples at +0.5 V. Three temperature regimes,
namely, 303—183, 163—133, and 123—78 K, have been
identified. Similar temperature regions have been observed
for PP samples absent of PDA and pyrolyzed at different T,
Each region in the Arrhenius plot of all samples was fitted by a
linear regression exhibiting a coefficient of determination (R?)
> 0.98. The respective E, values were determined from the
curve slope for the three regimes, resulting in values within the
meV range and E,; > E,, > E; for all samples, as shown in
Figure S7.

The three E, values found for all PP samples decay
exponentially as T, increases, following a trend similar to
that of log R, as shown in Figure S8 and Figure 3a,
respectively. Three temperature regimes characterized by E,; >
E, > E; in the meV range and associated with charge
transport governed by extended, localized, and defect states,
respectively, have also been observed for other carbon-based
semiconductors.” At high temperatures carriers are excited
into delocalized or extended states (E,;), at intermediate
temperatures carriers access localized states (E,,), and at low
temperatures conduction occurs via defect states close to the
Fermi level (Eg) with energy E,;. The respective regimes are
depicted by the red, green, and blue lines in Figure 3¢ and in
the illustrative band diagram in Figure 3d.

In the presence of PDA, we found that E,, E,,, and E
reduced by 20—30% in comparison with the activation energies
found for the nonmodified PP obtained at 1000 °C. Hall effect
measurements show that holes are the majority carriers. We
found ¢ = 0.4 + 0.1 cm?Vstandn =43+ 0.5 % 10 m™ for
neat PP and 4 = 0.6 + 02 cm® Vs  and n = 44 + 0.5 X
10%® m™ for PP + PDA, as shown in Figure S9, suggesting that
no doping occurs in the PP matrix upon PDA addition.
Instead, the addition of PDA contributes to the conductivity of
the PP matrix mainly as a supplier of energy states for charge
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Figure 4. (a) Cyclic voltammograms (n = 3) obtained for PP, PP + PDA, and thermally treated PDA at different temperatures (300—1000 °C) in
the presence of 5 mM [Fe(CN),]>~/#" as a redox probe. Note that PDA remarkably increases the current. (b) Variation of I, and AE,; as a function
of the T,. (c) Schematic illustration of the cross-sectional view of the electrodes for hydrophobicity of PP and PP + PDA (d) Scheme of the
experlmental steps to prepare the PDA on a substrate with low roughness. (e) Area measured at the interface Si and Si + PDA. (f) Thickness of the

PDA as a function of the temperature (n = 3).

transport, likely as an additional source of sp® that increases the
level of electron delocalization. In other words, PDA acts more
like a surface modifier than a dopant or an additional phase in
the PP matrix. It is worth emphasizing that Hall measurements
performed in porous materials may be subjected to variations
of the normal component of the magnetic field due to the
nonuniform conducting surfaces within the sample. This can
lead to carrier mobilities 10—50 times lower than that of
nonporous materials® and consequently to higher carrier
concentrations. Here, Hall effect measurements were per-
formed to evaluate the effect of PDA addition on the electronic
properties of the PP samples, which revealed no doping effects.
We employed cyclic voltammetry to investigate the influence
of PDA functionalization on the electrochemical measurements
of the electrodes, as shown in Figure 4a. The PP electrode
showed a well-defined shape with a peak-to-peak separation
(AE ) around 100 mV measured in the presence of a
Fe(CN)g]>/*" redox probe. After PDA functionalization,
two main changes can be observed: (i) a large current increase
and (ii) high AE, values, as shown in Figure 4a. By
systematically increasing the temperature from 300 to
1000 °C one can note that AE, decreases, and peak current
(I,) values increase, but they are lower when compared to
PDA. We also performed cyclic voltammograms using
[Ru(NH,)4]Cl; as a redox probe, as shown in Figure S10.
Figure 4b summarizes the variation of I, and AE, as functions
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of the temperature. The results can be explained in the
following way. The large current observed after PDA
modification, e.g., ~10X higher, is due to the hydrophilicity
of the interface promoted by the addition of N and O groups.
As demonstrated in contact angle measurements, the electro-
lyte penetrates into the bulk region of PP promoting an
increase of the area of the electrodes that ultimately results in
the large currents obtained.***7*8 However, since PDA is not
conductive, the AE, values are high in such conditions. Figure
4c shows a schematic illustration of the cross-sectional view of
the electrodes. Since PP is hydrophobic the electrolyte is
confined at the top face of the electrode. The addition of PDA
promotes the capillary flow of the electrolyte into the bulk
structure of the paper and consequently increases the area of
the electrodes, as shown in Figure 4c.

The fundamental process that allows the electrolyte to
advance into the bulk of PDA-coated electrodes can be
described by the classical Lucas—Washburn equation (eq 1),
which has been used to describe the fluid flows in paper
substrates,®'

L(t) = \/}/Co—sert
24 (1)

where L is the penetration length of the fluid front in the
material, y is the fluid surface tension, cos 0 is the liquid—fiber
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contact angle, r is the effective pore radii of the paper, u is the
fluid dynamic viscosity, and t is the time. The pristine PDA
coating remarkably reduces the contact angle between the
fibers and the electrolyte, thus contributing to the increase in L
as predicted in eq 1.

A systematic increase of the temperature improves the
electrochemical process, e.g, AE, is lower, occurring at the
interface due to the reduction of PDA thickness. Figure 4d
shows a scheme of the experimental steps to prepare the PDA
on a substrate with low roughness. PDA was deposited on Si
substrates using the same experimental conditions employed
on PP to allow one to measure the variation of thickness as a
function of the temperature. Figure 4e shows the area
measured at the interface of Si and Si + PDA. The same
process was used to obtain the thickness as a function of the
temperature, as demonstrated in Figure 4f. The thickness
decreases from approximately 1.5 pm to 350 nm. The
thickness of PDA is not uniform over the entire area and
some thicker regions also occur on the surface.””

TEM techniques were performed to obtain the thickness,
morphology, compositional, and structural information on
PDA on the top of PP. EELS analyzes reveal and confirm the
interface between PP and PDA observed in the HAADF image,
Figure S. As expected, it is difficult to distinguish the interface

200 nm

PP

b ~ - o
£

Figure S. (a) HAADF image with the EELS analysis region marked
by a blue rectangular box. (b) HAADF image with the EELS analysis
region marked by a red rectangular box. Carbon, nitrogen, and oxygen
maps are displayed for the PP + PDA pristine sample and at 1000 °C.

based on the carbon signal since both PP and PDA contain this
chemical element. However, we can clearly distinguish the
interface based on the nitrogen and oxygen signals. Both
signals are higher in the PDA layer than in the PP layer. Thus,
our analysis reveals that the PDA layer is formed by
mesoparticles with an average size of 150 nm and large
pores between them. The large pores observed in the image
combined with the surface chemistry of PDA explain the
superhydrophilic properties of the electrodes. Figures S1la-b
show the image of PP and PP + PDA where the thickness of
PDA is about 1.5 um (we measured the thickness of the PDA
layer at different positions).

Additionally, EELS analyses reveal and confirm the interface
between PP and PDA observed in the HAADF image after the
heating process at 1000 °C; Figure 5. A similar analysis to the
previous one can be performed for carbon, nitrogen, and
oxygen maps, which means that we cannot distinguish the
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interface based on the carbon signal, but we can clearly
distinguish the interface based on the nitrogen and oxygen
signals. Moreover, the nitrogen and oxygen signals are higher
in the thin region analyzed (dark contrast in the HAADF
image) and these can be associated with an enrichment of
nitrogen and oxygen contents at the PDA and PP surfaces after
the heating process, respectively. Thus, it is possible to observe
that the PDA layer after the heating process at 1000 °C is
almost continuous and has a thickness of approximately
250 nm; see also Figures S1lc-d. The reduction observed in
the PDA thickness is in agreement with AFM measurement
after the heating process. The average spectrum summed in the
PDA regions before and after the heating process shows a loss
of nitrogen and oxygen in the PDA, and we also observed these
losses in the measurements of PDA isolated shown in Figure
S12. This result is in agreement with XPS measurements
shown in Figure 2f.

Another interesting result obtained by the TEM analyses is
related to the degree of ordering of the PDA after the heating
process. Figure S12a shows a TEM image of PDA with
irregular contours, the corresponding electron diffraction (ED)
of the PDA can be seen in Figure S12b, and the ED image is an
average of images taken at different PDA positions and
corresponds to an amorphous material, which shows large and
few peaks in ED. The peaks extracted from ED can be seen in
Figure S12c in the inserted graph and their respective distances
are 3.65 A (2.74 nm™'), 2.02 A (495 nm™), and 1.17 A
(8.56nm™") and these distances correspond to amorphous
carbon.®>® Figure S12c shows the graph corresponding to the
electron pair distribution function (ePDF) of the PDA and the
distances measured again correspond to amorphous carbon,”*
1.37, 2.54, 3.79, and 4.91 A.

The same analysis was performed for the PDA after the
heating process at 1000 °C. The TEM image in Figure S12d
shows the PDA with facets and lamellar types (inset images
show these details). The corresponding ED (Figure S12e)
shows a polycrystalline material with a higher order than
pristine PDA. The peak distances extracted from the ED
(graph inserted in Figure S12f) are 2.10 A (4.77 nm™"), 1.22 A
(823 nm™), and 1.17 A (8.54 nm™), and from the ePDF
analysis, they are 1.42, 2.57, 3.89, 5.00, and 6.45 A (main graph
in Figure S12f). These distances correspond to a graphitization
of PDA."® The increase in the degree of ordering
(graphitization) was also calculated using the equation for
structural length coherence (LSC),*® which shows an increase
from 3.08 A (PDA) to 6.46 A (PDA heated to 1000 °C). The
LSC can be understood as a volumetric measurement, which
means that the graphitization increases approximately 9 times
after heating process. Such results help to explain the increase
in the conductivity after the heating process.

Finally, as a proof of concept, we explored the surface
chemistry of the interface of the electrodes to tune the
preparation of AuNPs on the surface of the electrodes. AuNPs
are well-known materials to be used in the preparation of
electrochemical sensors and biosensors. For example, pep-
tide,”” aptamers,70 enzymes,71 and antibodies’> have been
adsorbed onto gold surfaces to improve the sensitivity of
electrochemical biosensors. Here, we explored the surface
chemistry of PDA to adsorb [AuCl,]” ions in the first step and
electrochemically reduce them in the second step, as
schematically shown in Figure 6a. In addition, it is expected
that the large difference in wettability and quantity of N-
derived groups can tune some properties in AuNP formation.
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Figure 6. (a) Schematic illustration of the AuNP formation on the electrodes. (b) Cross-sectional SEM images for PDA treated at different
temperatures at low magnification (first row) and high magnification (second row). The scale bars in red are 500 nm. (c) XPS spectra for the
Au 4f peak of AuNPs synthesized with [AuCl,]” on the electrode modified with PDA. (d) R, in different samples modified with AuNPs.

The pK, of the protonated amino groups of dopamine is
~10.0 and to make sure that such groups remain protonated
during the adsorption and electrochemical reduction, the pH
of the solutions was kept below the pK, of dopamine.”* After
electrochemical reduction, it is possible to observe the
presence of AuNPs on the electrodes, white particles in Figure
6b. The top and bottom surfaces of pristine PDA, e.g., 22 °C,
contain a large amount of AuNPs that can be explained by the
high relative abundance of nitrogen, as confirmed by XPS. In
addition, pristine PDA allows aqueous solution to assess inner
pores of the electrode, and consequently, AuNPs were also
observed in bulk regions of the paper. As the temperature of
treated PDA increases, the SEM images show at least three
main trends: (i) the amount of AuNPs decreases, (ii) the size
of the AuNPs is reduced, and (iii) AuNPs are predominantly
formed on the top and bottom face of the PP. The location of
the AuNPs (top/bottom face or bulk) is dictated by the
wettability of the electrodes. Superhydrophilic electrodes allow
nanoparticles to be formed in bulk regions of the paper since
the precursors are ions that can diffuse through the pores of
the paper before electrochemical reduction. The size of the
nanoparticles can be as large as 700 nm in diameter, as the
relative abundance of N is higher. We also investigated the
AuNP-modified surfaces by using cyclic voltammetry in the
presence of a redox probe. Figure S13 shows that I, and AE,
decrease as the temperature increases. These features are
particularly important in the development of electrochemical
devices for clinical diagnosis, where higher currents with
enhanced redox kinetics play an important role.”* In addition,
Figure S14 suggests that mass transport is controlled by
diffusion. XPS results confirmed that the amount of gold is
higher for PDA and decreases at high temperatures, as shown
in Table S1. The high-resolution spectrum for gold illustrated
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in Figure 6¢ indicates a doublet at 84.1 and 87.7 eV that can be
attributed to the binding energy of metallic Au (4f,,, and
Au(0) 4f;),), respectively, thus confirming the electrochemical
reduction process. We also observed the same features for all
investigated surfaces, as illustrated in Figure S15.

Lastly, we investigated the electrochemical activity of the
AuNP-modified electrodes using EIS, as shown in Figure S16.
EIS is a remarkable electrochemical technique employed to
characterize electrochemical interfaces”” and biosensors.”” The
R, was measured by using the modified Randles model to fit
the equivalent circuit. Figure 6d shows that Rct values decrease
as the temperature of PDA also increases. One of the largest
variations in Rct values was observed for PDA kept at 22 °C
without the thermal treatment. PDA is not conductive and due
to the thickness of the film (~1.5 ym) formed on PP, the
largest R, values were found. However, after the formation of
AuNPs on PDA electrodes, a remarkable decrease of R, was
observed. We attributed such a remarkable decrease to the
formation of a large amount of AuNPs observed in this
experimental condition. In general, the presence of AuNPs
enhances the electron transfer rate for the redox probe, which
is clearly illustrated in Figure 6. Our results agree with reported
works that highlight the positive influence of AuNPs in
decreasing R, on electrodes modified with nonconductive
polymers,”>’® such as PDA.

The electrochemical method reported here brings some
advantages compared to traditional AuNP synthesis routes. For
instance, our method is simple and fast, it does not require
chemical reducing agents to prepare the AuNPs, and the
electrochemical reduction can be controlled by selecting a
proper reduction potential. In addition, no further purification
steps are necessary since the nanoparticles are formed directly
on the electrode’s surface. For applications that demand a
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highly controllable shape, size, and a tunable distance between
the AuNPs spots, the bottom up in situ growth stands out as
remarkable routes.”” Such routes enable advanced applications
using nanopatterned electrodes.”®

In this work, we report for the first time the pyrolysis of PDA
onto PP-based devices to tune surface properties for future
applications in diagnostics. The chemical and morphological
transformations were followed by several characterization
techniques that confirmed superhydrophilic to close to
hydrophobic (88.5°) transition and tunable N-based functional
groups as the temperature increases. The as-deposited PDA is
superhydrophilic, and due to the porous nature of PP, a
remarkably large current is observed in the electrochemical
experiments. In this case, the R is high since PDA has poor
electrical properties; however, pyrolyzed PDA shows both low
R, and resistivity, as confirmed by electrical and electro-
chemical experiments. Current—voltage curves confirm that
PDA does not dope the PP matrix but slightly improves the
charge transport. TEM revealed the presence of an amorphous
film composed of globular nanoparticles containing large
pores. After pyrolysis at 1000 °C, PDA was graphitized
resulting in a more compact nanofilm adhered on the top of
the pyrolyzed fibers.

As-deposited PDA converts the hydrophobic surface of the
PP electrode into superhydrophilic, allowing capillary flow of
aqueous solutions through the porous material. This new
method delivers capillary-through using biocompatible PDA
without the need of prior dropping of alcohols** or hydrophilic
layers*® underneath the carbon electrode. In addition, since
conductivity is important to further improve the performance
of electrochemical sensors,”” the pyrolysis process can promote
a graphitization of PDA and tune the chemical composition of
the interface. To highlight the interesting properties of PDA,
we show the preparation of AuNPs at the interface. The size,
concentration, and distribution along the thickness of the
paper can be tuned by selecting the proper temperature for the
pyrolysis of PDA. In addition, our procedure is less laborious
when compared to traditional citrated-capped method to
prepare AuNPs.*” The presence of AuNPs was confirmed by
SEM-EDS and XPS experiments. Thus, our work paves the
way for the fabrication of paper-based electrochemical
biosensors with a tunable electrochemical active area and
surface chemistry. In addition, the well-known chemical
reactions that use N-based groups, such as (3-dimethylami-
no-propyl)-ethyl-carbodiimide and N-hydroxysuccinimide
(EDC/NHS),*" or gold as a platform to immobilize
recognizing species, can be adopted using our route. In
addition, since PP is brittle, future work should address this
important issue to fabricate miniaturized electrochemical
devices.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00063.

Scheme of the assembly process to fabricate the WE;
image of the in situ heating stage; scheme of the
equipment and materials used to measure the resistivity;
LSCM images of samples; experiments as a function of
temperature; Arrhenius plot; activation energies as a
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function of the T,; Hall coefficient as a function of the
magnetic field; TEM images; scan rate study; XPS study
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