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ABSTRACT: Chemical sensing methodology based on electrochemical
impedance spectroscopy (EI1S) targeting analytes in aqueous samples on
functionalized single-walled carbon nanotube (SWCNT) is reported. The
SWCNT in contact with electrolyte shows unique impedance spectra that
cannot be analyzed with classical equivalent circuit models. Inspired by the
charge transport property of mixed ionic-electronic conductors, we propose
an equivalent circuit based on transmission line model (TLM), by which the
impedance of the CNT-electrolyte system can be analyzed to track down all
the equivalent circuit parameters. By combining multiple pieces of
information, which are technically immeasurable with conventional
chemiresistive or chemicapacitive techniques, several analyte species
responding to the sensor can be differentiated from each other. We
demonstrate the “chemi-impeditive” concept on chemically modified SWCNTs for detecting perfluoroalkyl substances (PFAS) in
aqueous solutions. The EIS coupled with a fluorination chemistry on SWCNT surface provides unique changes in equivalent circuit
components for each PFAS, i.e,, changes in CNT and solution resistances, as well as interfacial CNT-solution capacitance, through
which perfluorooctanesulfonic acid, perfluorooctanoic acid, hexafluoropropylene oxide dimer acid, and perfluorobutanesulfonic acid
are detected in a discriminative manner. The new impedimetric method opens up new vistas in chemical sensing in that the EIS
analysis provides an additional dimension of information beyond the single resistance or capacitance typically measured by many
conventional types of sensors.

B INTRODUCTION vapor phase, preferably without humidity, owing to the

Chemical sensors based on single-walled carbon nanotubes
(SWCNTs) are a promising platform due to their low
fabrication costs, low power requirement, low operating
temperature, portability and ease of minimization.' > Conven-
tionally, the presence of target analytes induces a sensitive
change in conductance (chemiresistive mode), or in
capacitance (chemicapacitive mode) of the SWCNT network
(Figure 1).” In chemiresistive mode, the conductance is
generally modulated by electrical conduction between
individual SWCNTSs, or by changes in the charge carrier
concentration and mobility of semiconducting SWCNTSs as a
result of charge transfer between analytes and SWCNTs or
carrier pinning/unpinning. The chemicapacitive method relies
on changes in gate capacitance or quantum capacitance of
SWCNTSs, which are caused by charge transfer from adsorbate
species or adsorbate polarization under a fringing electric
field."® A variety of sensing platforms are possible depending
on the selectors and sensing mechanisms and include
chemiresistive sensors for hydrogen sulfide,/ methane,®’
BTX vapors,10 chemical warfare agents,“_13 and anions,"*'®
and chemicapacitive sensors for warfare agents'®'” and other
gas molecules.*”®'® Despite promising sensing performance
and wide applicability, there are technological limitations. Most
of these sensors have been designed to target analytes in the
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sensitivity of charge mobility to water and the lack of
understanding of the CNT-liquid interface. Notably, such
sensors offer only a single type of information about the
system: apparent resistance (R,,,) or capacitance (C,yp),
typically measured by applying DC or AC voltage to the
device. As a result, these approaches overlook the existence of
multiple resistive and capacitive components within the CNT
network (Figure 1). If the system consists of multiple
components that undergo changes during the sensing process,
they cannot be distinguished from one another solely through
DC or single-frequency AC measurements.

Electrochemical impedance spectroscopy (EIS) offers a full
description of the actual equivalent circuit of the system.'’
Impedance values obtained at various frequencies are generally
displayed as complex curves, which can be rich in information
when analyzed using proper physicochemical models.
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Figure 1. Schematic description comparing chemi-impeditive sensing using CNTs with conventional chemiresistive and chemicapacitive methods.

Equivalent circuit of the CNT network was chosen arbitrarily for demonstration purposes. R

capacitance of the entire system, respectively.

and C represent apparent resistance and
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Although there are several reports on CNT-based chemical
sensors employing EIS,”**” it predominantly functioned as a
supplementary analytical technique in most cases, either
corroborating the main sensor signals obtained from DC
measurements or examining additional factors that influence
the sensing process. In this work, we detail a “chemi-
impeditive” sensing methodology based on a functionalized
SWCNT network submerged in an aqueous solution
containing analytes. EIS is utilized to leverage comprehensive
information on equivalent circuit components for the
discriminative detection of multiple analytes, as illustrated in
Figure 1. Drawing inspiration from the transport property of
mixed ionic-electronic conductors (MIECs), we modeled the
SWCNT-electrolyte system with a transmission line model
(TLM) involving the resistances of sample solution and CNT
layer, and the capacitive elements accounting for the system
dielectric capacitance and the interfacial CNT-electrolyte
capacitance. Combined with the analytical impedance
expression of the TLM, EIS can track down changes in all
the circuit component parameters over time during the sensing
process.

To demonstrate the chemi-impeditive detection platform as
proof-of-concept, we chose four different perfluoroalkyl
substances (PFAS) as target analytes: perfluorooctanesulfonic
acid (PFOS), perfluorooctanoic acid (PFOA), hexafluoropro-
pylene oxide (HFPO) dimer acid (also referred to as GenX),
and perfluorobutanesulfonic acid (PFBS). PFAS are a large
group of artificial perfluorinated chemicals.”® Since the 1940s,
they have been widely used across numerous academic and
industrial applications owing to their oil and water-resistant
properties.”"~>” Because of the high chemical stability of
perfluoroalkyl groups, however, they are called “forever
chemicals” as they resist decomposition in the environment
as well as in human bodies. The persistence of these chemicals
poses a global problem with increasing evidence of adverse
health effects and environmental influences.”*™*° Accordingly,
it is of paramount importance to sensitively detect multiple
types of PFAS from water samples, preferably without
expensive instrumentations and complicated procedures for
sample preparation.”’ ~** To this end, we apply our chemi-
impeditive method to the SWCNT surface covalently

functionalized with perfluoroalkyl groups and amine moieties
via cycloaddition reactions of azomethine ylides.”* The
hydrophobic and electrostatic interactions between PFAS
and the fluorinated SWCNT surface enable trace detection
of the two major PFAS at concentrations of ca. 4 ppb for PFOS
and ca. 36 ppb for PFOA. Different device fabrication
strategies have been studied,” and most often devices are
prepared by the deposition of dispersions of nanotubes.
Unbundled SWCNTSs provide the best sensor performance,
and we have made use of a random intertube arrangement
produced from drop casting dispersions to prevent bundling.
The quantity of SWCNTSs deposited between electrodes is
determined by creating a favorable resistivity between
electrodes for the measurements, which is generally between
1 and a 1000 k. Commercial 6,5-inriched SWCNTs are in
our experiments, and the metallic character of the minority
tubes is quenched by covalent functionalization to produce
compositions that can be assumed to contain only semi-
conductive tubes. We further demonstrate the capability of EIS
to furnish comprehensive information concerning all equiv-
alent circuit parameters included in the model during the
sensing process of each PFAS, enabling the discriminative
detection of PFOS, PFOA, as well as their replacements, PFBS
and GenX.

B RESULTS AND DISCUSSION

As depicted in Figure 2a, our SWCNT-based chemi-impeditive
sensing device has a structure very similar to typical
chemiresistive or chemicapacitive devices.””'>'***™>* The
active CNT layer is situated between two gold electrodes,
while a reservoir cylinder to contain the sample solution is
placed over the sensing material. Central to the impedance
analysis is the proper modeling of the CNT-solution system
with an equivalent circuit capable of accounting for the entire
system. Figure 2b displays Nyquist plots of the pristine
SWCNT (p-SWCNT) layer without an electrolyte solution,
and with a 1 mM KCl(aq) in the reservoir. In the absence of
solution, the impedance response manifests as a single
semicircle, which is perfectly fit with a parallel RC circuit,
where Ryt indicates the resistance of CNT network, and Cg,
the total dielectric capacitance including parasitic capacitance
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Figure 2. (a) Schematic of SWCNT-based chemi-impeditive sensing
platform. A reservoir cylinder is placed on CNT film for injecting
sample solution. (Inset: a photograph of a device fabricated) (b)
Nyquist plots recorded on a p-SWCNT-based device with no solution
(black), and with 1 mM KCl(aq) (blue) in reservoir. Black solid line
represents a simulated impedance response from mathematical fitting.
(Inset: parallel RC circuit employed for fitting) (c) graphical
illustration of charge transport property of a CNT immersed in an
electrolyte solution.

of the instrument, geometrical capacitance of the device, and
capacitance of the CNT network (see also Figure S1). In the
presence of an electrolyte solution, the Nyquist plot turns into
what appears to be a combination of two RC semicircles,
although the plot cannot be fit with any of the classical
equivalent circuits based on R and C. To further investigate the
CNT-solution system, we obtained Nyquist plots of a
disconnected p-SWCNT film in the presence of aqueous
KCI solution with varying concentrations in the reservoir, as
described in Figure S2. The system can be modeled with two
interfacial CNT-electrolyte impedances (Z, and Z,) and an
ionic resistance (R,,), all connected in series. The Nyquist
plots exhibit a high-frequency semicircle and low-frequency
features resembling a constant phase element (CPE)* (Figure
S2b). The high-frequency semicircle conforms to a parallel RQ
circuit (Figure S2c), yielding circuit component parameters
summarized in Table S1. The CPE impedance is expressed as
below

1
(jo)’Q (1)

where 0 < ¢ < 1 is the dimensionless CPE exponent and Q the
capacitance parameter. The effective capacitance of CPE, C.4

z =

of a parallel RQ circuit, was calculated using the equation
below"*!
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€
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R changed sensitively with [KCl], whereas C.g varied only
slightly (ca. 1—2 pF), which is similar to Cg from Figure SI.
Thus, the low-frequency region corresponds to the impedance
of the CNT-electrolyte interface, where —Z; keeps increasing
as the frequency decreases. This indicates that there is no
faradaic charge transfer between CNT network and electrolyte,
and this polarizable interface can thus be practically considered
as capacitor or CPE.

The in-depth equivalent circuit analysis allows us to treat the
CNT-electrolyte system as a conducting material with both
ions and electrons as charge carriers, wherein only electrons
pass through the sandwiching electrodes, as illustrated in
Figure 2c. In terms of charge conduction properties, the CNT-
electrolyte system behaves analogous to MIECs contacted with
electrodes that are ideally ion blocking and reversibly transport
electrons (see Figure $3).** The AC impedance response of
such MIECs has been comprehensively studied by several
researchers,"™™** who employed a TLM containing its ionic
and electronic resistances, dielectric capacitance, and the
chemical capacitance, in order to model the MIEC whose
thickness is much greater than the Debye length. Similarly, we
applied the TLM to our CNT-electrolyte system with the
resistances of the solution and CNT network, R;,, and Rcynr,
the CPEs for nonideal dielectric capacitance and interfacial
CNT-electrolyte capacitance, Qg and Qg, as illustrated in
Figure 3a. The impedance response of this TLM, Z1yy, can be

written as®”*
tanh (f“’)¢dl (RCNT + Rion)le
\ 4
(j’“)dﬂl (Rent + Rion)Q g
\ 4 3)

where R, is the parallel summation of Rcyr and Ry, as
presented in eq 4

Zypy = (RCNT - Rpar)

1 1 1
+ —
Rpar RCNT Rion (4)

Figure 3b displays a typical impedance spectrum of this
TLM, which comprises a high-frequency semicircle followed
by the Warburg feature at lower frequencies with two
characteristic points, Ry, and Rcyr- As depicted in Figure 3c,
we measured impedance spectra of a p-SWCNT film immersed
in aqueous KCl solution of several different concentrations to
confirm that our CNT-electrolyte system is properly modeled.
They all aligned well with the aforementioned TLM, and the
estimated equivalent circuit parameters are summarized in
Table S2. As shown in Figure 3d, R, decreases sensitively as
[KCI] increases, while Reyr marginally increases, which is
reasonable because the ionic resistance of solution is directly
related to the salt concentration. The slight change in Rcyr is
consistent with observations in previous literature,® which
reported that SWCNT conductivity tends to decrease as [KCl]
increases. C.g of the TLM was calculated using the equation
below"”
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Figure 3. (a) Proposed equivalent circuit for the CNT-electrolyte system based on transmission line model (TLM). (b) A theoretical impedance
response for the TLM in (a). (c) Complex plane plots for impedance responses measured on a p-SWCNT-based sensing device in the presence of
KCl(aq) of varying concentrations. Solid lines indicate simulated curves calculated from complex nonlinear fitting; (d) Rent Rion and (e) Cyegr
estimated from mathematical fitting for each [KCl] in (c).
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Figure 4. (a) Synthesis of -SWCNT via azomethine ylide cycloaddition on p-SWCNT surface with perfluorinated aldehyde. (b) D- and G-bands
from Raman spectra of p-SWCNT (black) and fSWCNT (red) dropcasted on a glass slide (excitation at 532 nm).

Renr + Rioy )1/ Pyt Chapman theory is predicted to increase as the electrolyte

C = chl/d)dl'( 4

() concentration increases.’’

As the appropriate circuit model for impedance analysis of
) . . ) ) the CNT-electrolyte system was established, we developed an
The gradual increase in C,g in Figure 3e is also reasonable in aqueous PFAS detection platform for demonstration by
that the differential double-layer capacitance from the Gouy— chemically modifying the SWCNT surface with perfluorooctyl
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groups. As illustrated in Figure 4a, we conducted an
azomethine ylide cycloaddition reaction as reported by
Guryanov et al.’* to introduce amine and perfluorooctyl
groups onto the p-SWCNT for selective PFAS detection.
Upon microwave irradiation, the azomethine ylide generated
from perfluoroalkyl aldehyde and sarcosine underwent cyclo-
addition on the p-SWCNT surface in the presence of the ionic
liquid, [bmim]BF,, as solvent (bmim = 1-methyl-3-n-butyl
imidazolium). The fluorinated SWCNT (f-SWCNT) obtained
was dispersible only in hexafluoroisopropanol after sonication
(see Figure S4), indicating successful fluorination of the CNT
surface. Both the p-SWCNT and {-SWCNT dispersions could
be easily dropcast and dried on slide glass to form random
CNT networks (Figure SS). To corroborate the fluorination of
SWCNT surface, the -SWCNT was first characterized by
Raman spectroscopy (532 nm excitation, Figure 4b). The D/G
band intensity ratio increased from 0.175 to 0.332 after
functionalization, indicating the introduction of defects. This
conforms with the cycloaddition chemistry given that the
reaction leads to the rehybridization of carbon atoms from sp*
to sp® on the SWCNT surface, which lowers the electronic
delocalization. Furthermore, an upshift of the G-band
wavenumber was observed, which is also reasonable because
the charge transfer arising from doping SWCNT with electron-
withdrawing species induces an increase the bond strength in
the graphene network.” The introduction of amine and
perfluoroalkyl group was further probed by X-ray photo-
electron spectroscopy (XPS) (Figure S6). As presented in
Figure S6a, the survey spectrum contained sharp F 1s, N 1s,
and C 1s peaks, which supports the functionalization of the
SWCNT by perfluorooctyl groups bound to pyrrolidine
moieties. A high-resolution N 1s scan in Figure S6b revealed
four components with binding energies, the smallest of which
had a binding energy of 403.7 eV and likely corresponds to a
small amount (<0.3 atomic %) of N-oxides.”> Another
component with binding energy 401.9 eV matches well with
the N 1s binding energies of imidazolium-based ionic liquids in
the literature,** suggesting the presence of residual [bmim]BF,
from the functionalization reaction. The component at 400.6
eV is similar to the N 1Is binding energy of the amine nitrogen
in the sarcosine starting material, as shown in Figure S6¢c. The
last component at 398.9 eV is consistent with the bindin,
energy of certain tertiary amines in the NIST XPS database,’
and is therefore likely associated with the pyrrolidine nitrogen
in the covalently attached functional group. This peak was used
to calculate a degree of functionalization (DOF) of 4.23
functional groups (FGs) per 100 CNT carbon atoms.
Having obtained the f-SWCNT for PFAS detection, we first
investigated the individual sensor responses to PFOS, PFOA,
GenX, and PFBS in aqueous solution using chemiresistive
(DC) measurement. The response is defined as [(R — R,)/Ry]
(%), where R, and R are the DC resistance under the baseline
solution (30 yL) and after PFAS solution spike (7.5 uL). Our
sensor exhibited p-type responses (increase in hole carriers) to
all four PFAS (Figure Sa). A proximate binding of PFAS
anions to f-SWCNT, facilitated by the protonation of
pyrrolidine moieties and fluorophilic interactions, likely results
in reduced electron-donating charge transfer and electrostatic
interactions due to the displacement of chloride ions by PFAS.
This process leads to an increase in hole carriers, thereby
enhancing the CNT conductivity. The sensor easily reached a
stable signal baseline before sample injection, and demon-
strated stable dosimetric responses to all PFAS species. We
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Figure S. (a) Typical chemiresistive responses of f-SWCNT to four
PFAS: PFOS (black), PFOA (red), GenX (blue), and PFBS
(magenta). PFAS spike was 0.2 mM. (b) Summary of chemiresistive
responses of f-SWCNT and p-SWCNT upon addition of various
electrolyte species (N = 4). Analyte spike was 0.02 mM. Note that the
addition of DI water into the reservoir showed negligible resistance
changes in all cases.

employed 1 mM HClI(aq) as the baseline solution to maximize
sensor response by further facilitating protonating amine
groups on the CNT surface, enabling electrostatic and
hydrophobic interactions between anionic PFAS and ammo-
nium ions (see Figure S7). The sensor showed lower responses
when other non-PFAS acids were used as the baseline solution
(Figure S8). The sensor response likely depends on the type of
baseline acid, as both the PFAS and the conjugate base of the
baseline acid can interact with the cationic -SWCNT surface.
A negligible sensor signal was observed under 1 mM KCl(aq)
as the baseline solution (Figure S9), which highlights the
importance of protonating surface amine groups. As for the
optimum HCI concentration, the highest response was
observed near 1 mM (Figure S10), presumably because both
the protonation of surface amines and the deprotonation of
PFAS counterions are crucial for obtaining high PFAS affinity
on the f-SWCNT surface. The sensor response decreased in
the order of PFOS > PFOA > GenX > PFBS. Fluorophilicity of
each PFAS species may be one of the primary factors
determining sensor responses. According to computational
studies on fluorophilicity,*® the overall fluorine content of the
molecule is the most important property, consistent with the
observed sensitivity order (Figure S11). To investigate the
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Figure 6. (a) Nyquist plots obtained before (gray) and after (black) 0.2 mM PFOS spike onto f-SWCNT. Solid line represents a fitted curve for
each impedance response. Summary of chemi-impeditive responses of (b,c) Reyy (d) Rioy and (e) Cyy e on f-SWCNT to different concentrations
of PFOS (black), PFOA (red), GenX (blue), and PFBS (magenta) (N = 4). (c) log—log plot of the response curve in (b). Solid lines in (b,c) are
curves fitted with Freundlich model. Note that several data points at high concentration range were excluded from fitting. Chemi-impeditive

responses of Cyy.¢ to different concentrations of HNO; (gray) were included in (e) for comparison.

Table 1. Summary of Equivalent Circuit Parameters Calculated from Nyquist Plots in Figure 6a”

Qgiel Daiel Caietetr (F) Renr (Q) R (Q) Qa Pa Cayer (F)
before 2.94 x 107! 0.947 1.47 x 1071 3.86 X 10° 3.08 x 10° 1.66 x 107° 0.838 1.31 x 107¢
after 275 x 107! 0.952 1.46 x 107! 3.38 X 10° 3.19 x 10° 1.33 x 107¢ 0.865 1.05 X 107¢

“TLM-based equivalent circuit in Figure 3a was used for fitting.

effect of functional group coverage on sensing response, we
formulated three additional fluorinated SWCNT's with varying
DOFs, designated as f;-SWCNT, f,-SWCNT, and f;-SWCNT
(Table S3). The XPS analysis revealed high-resolution N 1s
spectra with four components, similar to those observed for f-
SWCNT (Figure S12). The area of the pyrrolidine component
near 399.0 eV was used to calculate DOF values of 2.35, 1.87,
and 1.39 FGs per 100 CNT carbon atoms for f;-, f,-, and f;-
SWCNT, respectively. The differences in the amount of
aldehyde starting material caused variation in DOFs, while the
lower reaction temperature yielded significantly lower DOFs
for all three samples than the 4.23 FGs per 100 CNT carbon
atoms observed in -SWCNT. The sensor devices made from
fi-, -, and f;-SWCNT were observed to be less sensitive than
the f-SWCNT-based device, with response curves shifting
toward higher PFAS concentrations (Figure S13). The sensor
response followed the order of -SWCNT > f-SWCNT > f,-
SWCNT > f;-SWCNT, which correlates with the order of
DOF. This finding supports that electrostatic and fluorophilic
interactions between PFAS and the CNT surface are the
primary factors determining sensor response. A 1 mM solution
of strong acid (pH = 3), i.e, HCl(aq), is sufficiently acidic to
protonate surface pyrrolidine groups and the PFAS species
with low pK, values, PFOS (pK, = —3.27), PFOA (pK, =

31491

—0.2), and PFBS (pK, = 0.14),”” are present as anions in the
solution. GenX, with a pK, of 2.84,°% is relatively close to the
solution pH of 3, which may have influenced the sensor
response order above. Figure Sb implies that the CNT
functionalization employed was effective for detecting PFAS
molecules compared to the p-SWCNT. The f-SWCNT
exhibited much higher affinity for PFAS species, particularly
PFOS and PFOA, than for the other ionic species and octanoic
acid (OA), the nonfluorinated equivalent of PFOA. Adding
nonfluorous electrolytes such as KCI and KNO; resulted in an
increase in Ry, with the R, response of f-SWCNT being greater
than or similar to that of p-SWCNT. Considering the smaller
response to KNO; compared to HNO;, the distinct increase in
resistance for KCl may primarily be attributed to CI™ ions. This
anion dependence could be related to the cationic nature of f-
SWCNT surface, which has protonated amine groups and
physisorbed oxygen that creates hole carriers and causes
SWCNTSs to have p-type character. The conductivity of f-
SWCNT did not change upon addition of the blank solution,
deionized (DI) water with no additional ionic species
dissolved. Although the p-SWCNT is slightly responsive to
the PFAS species, the response is very sluggish and difficult to
analyze accurately due to severe baseline drift (Figure S14),
rendering it unsuitable for subsequent EIS analysis. Classical
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EIS cannot obtain valid EIS spectra for such systems with high
nonstationarity.

The sensing performance of our f-SWCNT-based device was
examined by employing EIS before and after injection of PFAS
solutions into the baseline solution. Figure 6a presents a typical
impedance response upon a PFOS spike of 200 M into the
reservoir. The impedance plots were well fit to the TLM-based
equivalent circuit in Figure 3a, which provides estimated circuit
parameter values: Quep Py Ront Riow Qav and g, as
summarized in Table 1. The effective capacitances for the two
CPEs, i.e.,, Cyieer and Cy o were calculated using eqs 2 and 5,
with R;,,, the parallel summation of Reyr and R, utilized in
eq 2. The chemi-impeditive sensor signal was expressed as the
normalized change in circuit parameters, AX/X, (%) = (X —
X,)/X, X 100 (%), where X, represents the initial parameter
value. The decrease in Royp is consistent with observations
from chemiresistive measurements (Figure 5a). Tracking down
Renr values over the course of PFAS injection enables us to
obtain calibration curves for each PFAS species. Impedance
responses were obtained upon adding various concentrations
of PFAS solutions to the device (Figures S15—S18), yielding
nonlinear response curves for Reyy, as displayed in Figure 6b.
Notably, their log—log plots exhibit linearity at sufficiently low
concentration ranges (Figure 6¢), suggesting that the
interaction between PFAS and our f-SWCNT-based sensor
may follow the Freundlich adsorption isotherm.*”*" It is an
empirical isotherm commonly employed in evaluating
adsorption on heterogeneous surfaces. Its general form in the
case of liquid solution environment is as follows

/n
q, = K:C,' (6)

1
log g, = log Ky + ;log C. @)
where g, and C, represent the amount of adsorbate per unit
mass of adsorbent and the equilibrium concentration of the
solution, respectively. K and n are empirical constants related
to the adsorption capacity and macroscopic behavior of the
adsorption system, where 0 < 1/n < 1.°" If the sensor response
is proportional to the amount of adsorbate, the sensor signal
will follow the Freundlich regime, which is plausible
considering that the model has been frequently employed to
analyze the adsorption of organic compounds on activated
carbon or molecular sieves in aqueous systems.”> As shown in
Figures 6b,c, and S18, the sensor exhibits Freundlich responses
(R* > 0.99) for PFOS, PFOA, GenX, and PFBS within the
range of 10 nM—2 uM, 20 nM—10 uM, 1-20 uM, and 2—20
UM, respectively. We confirmed that Rcyr does not change
upon adding DI water to the reservoir (see Figure $20). The
sensor responses deviate from the Freundlich isotherm at
higher concentration ranges, which is a common phenomenon
because the Freundlich isotherm assumes unlimited surface
coverage with no saturation effect.”® The limit of detection
(LOD) was calculated using the equation, LOD = 3.3sy/a,"
where the slope of response curve, a, was estimated near the
lowest concentration points for each PFAS, resulting in ca. 8
ppb (PFOS), 20 ppb (PFOA), 0.49 ppm (GenX), and 0.75
ppm (PFBS), respectively. As presented in Figure S21, we also
obtained calibration curves through DC-based chemiresistive
measurement, which were very similar to the Royr responses
obtained via EIS (Figure 6b,c). This observation is reasonable
because Rcyp should be theoretically identical to such DC
resistance under the same DC bias potential with no additional

resistive components in series, if the dependence of CNT
resistance on electrical potential is negligible. The shunt
capacitors in TLM, Qg, open the circuit at sufficiently low
frequencies (see Figure 3a).

Impedance analysis provides additional information about
the system during the sensing process, such as R;,, and all the
capacitive components, Cgeer and Cqp all of which are
technically impossible to measure with the conventional
chemiresistive or chemicapacitive methods. The R, response
for each PFAS shows similar trends, as can be seen in Figure
6d. At high [PFAS] (>107° M), R, slightly increases or
decreases depending on the type of PFAS, and AR,,/Ri,n
converges to ca. 6% as [PFAS] decreases. This trend is similar
to the R,,, response observed when adding DI water (see
Figure S20). In other words, each PFAS exhibits a distinct R;,,
response depending on its unique ionic conductivity at high
concentration, although this effect becomes indistinguishable
at low concentration. As shown in Figure S22, Cyq ¢ did not
change significantly throughout the entire concentration ranges
for all PFAS, which accords with our expectations considering
that the dielectric capacitance of the system is primarily related
to the measurement environment, such as chip design and
stray capacitance from surroundings. Conversely, each PFAS
exhibits a distinct Cy ¢ response as presented in Figure 6e. The
responses with varying PFAS concentrations share a similar
trend: the change ratio, ACy; i/ Cy .o decreases at relatively
high concentration ranges and gradually increases until it
reaches approximately —2.5% as [PFAS] decreases. The
change in Cy .4 may be primarily caused by two factors:
ionic strength of the reservoir and the specific interaction
between PFAS and the f-SWCNT surface. The Gouy—
Chapman capacitance is predicted to decrease with decreasing
ion concentration. Therefore, adding an analyte solution with a
lower ion concentration than the initial reservoir electrolyte
would generally result in a lower Cy ¢ due to the dilution of
reservoir solution. It is expected that ACy g/ Cyero decreases
from a certain initial value and becomes similar to the ACy ¢/
Caefro obtained from adding DI water to the reservoir (Figure
$20) with decreasing [PFAS], which should be similar to the
Caler trend observed when adding HNO;, as shown in Figure
6e. The specific binding of PFAS onto the f-SWCNT surface
should also be considered to account for the observed Cgy ¢
response. We speculate that the strong binding of PFAS onto
perfluoroalkyl ammonium groups on the f-SWCNT surface
may decrease Cy ¢ because the cationic surface moieties are
already compensated by anionic PFAS in prior to applying any
voltage to the system. This speculation is supported by most of
the ACy.q5/Cyero values for PFAS being below those from
HNO; addition. Figure S23 indicates that the contribution
from specific binding of NO;~ onto the fSWCNT surface is
neglectable, given the Reyy response. The f-SWCNT exhibits
good repeatability and long-term stability when stored in the
acidic baseline. The key chemi-impeditive responses, Rcyr and
Caietp were retained over 6 weeks of aging (Figure S24).
Although the overall CNT resistance gradually increased by
approximately 4.5% over S50 repetitive chemi-impeditive
measurements, the primary response parameters remained
stable (Figure S25).

To gain a deeper understanding of the SWCNT-solution
system, we first monitored changes in R,,, using EIS analysis
while progressively increasing the volume of the 1 mM
HCl(aq) reservoir electrolyte (Figure S26a), which showed
negligible changes in the Nyquist plots. This implies that R, is
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not primarily determined by the bulk ionic resistance of the
reservoir electrolyte. As depicted in Figure S26b, we
hypothesize that R;,, may be related to the ionic conduction
of the electrolyte solution within the CNT network, composed
of many percolating conductive pathways through CNTs. This
model could be supported by additional EIS analyses of several
p-SWCNT and f-SWCNT samples immersed in 1 mM
HCl(aq) with varying Ry (Figure S27a). Figure S27b,c
demonstrate that R, tends to rise as Rcyr increases.
Considering that Rcyy would decrease with an increasing
number of percolating pathways, a sample with lower Reyr
would have a larger CNT film volume and, hence a larger
volume of electrolyte within the film for ion conduction,
assuming a uniform CNT packing density in the film. In
contrast, Cy .4 was observed to decrease as Ry increased,
which is reasonable because Cy ¢ will predominantly arise
from the interface between the electrolyte and percolating
CNTs electrically connected to both electrodes. Therefore, a
sample with fewer percolating CNTs in the network,
representing higher Rcyr, may have lower Cy.5 A more
rigorous investigation of the CNT-electrolyte system will be
crucial for the further development of chemi-impeditive
sensors. Meanwhile, the f-SWCNT-based sensor showed
similar sensor responses regardless of Rcyy level within the
approximate range of 200 kQ2 to 4 MQ (Figure S28a). Due to
the intrinsically low conductivity of f-SWCNT, likely resulting
from covalent functionalization, it was technically very
challenging to reach even lower Rcyr levels. As Reyy exceeds
several MQs, the EIS spectrum begins to suffer from noise,
especially in the low-frequency region (Figure S28b). Although
this noise issue could be mitigated by using signal averaging,
the extended measurement time could introduce another
major problem: signal drift.

Finally, we leveraged the responses in R;,,, Rcnry and Cyy g
to distinguish the PFAS analytes from each other via principal
component analysis (PCA), as described in Figures 7a and
S$29. The combination of these three chemi-impeditive
responses allows each PFAS to show a distinct trajectory in
the 2D PCA plot as [PFAS] varies, which visualizes the
discriminative detection although there is a cross point
between PFOS and PFOA. The data points at high [PFAS]
showing similar Rcyr (Rpc) responses due to the saturation
effect can also be differentiated. As displayed in Figure 7b, the
trajectories of the four PFAS converge as the concentration
further decreases, which is plausible considering that the
chemi-impeditive responses in Reyyy Rion and Cy g become
similar to those observed when adding DI water. Although the
f-SWCNT is not in the highest group of PFAS sensors in terms
of LOD for individual PFAS species (see Table S4), there is
still few sensing methodology that allows for discriminative
analyte detection at single-device level. Consequently, the
unique affinity and degree of interaction between each PFAS
and the f-SWCNT surface were reflected in the equivalent
circuit parameters, by which several different analytes can be
effectively differentiated via the chemi-impeditive method. We
anticipate that novel surface engineering methods with an in-
depth understanding of double layer capacitance and the
analyte—surface interaction will endow even more marked
differences in the equivalent circuit parameters.

Bl CONCLUSIONS

We have reported a methodology implementing impedance
spectroscopy for liquid analyte detection using SWCNTs.
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Figure 7. (a) PCA plots displaying detection of four individual PFAS
using Renyy Rion and Cyp i responses obtained from chemi-impeditive
measurements in Figure 6: PFOS (black, 200 uM—10 nM), PFOA
(red, 200 uM—20 nM), GenX (blue, 200—1 uM), and PFBS
(magenta, 200—2 uM). All concentrations used are presented in
Figures S15—S18. Each data point represents a set of chemi-
impeditive data measured at each PFAS concentration. Green arrows
indicate the direction of decreasing [PFAS]. For every decrease in
[PFAS], a 10% increment of transparency is applied within the same
color of data points. (b) Magnified view of the area marked with dark
yellow dotted rectangle in (a). Red dotted circle indicates the data
points for the lowest [PFOS], [PFOA], and [GenX].

Using a rigorous examination of the charge transport
properties of a CNT layer in contact with an electrolyte
solution, we successfully modeled the CNT-electrolyte system
with an equivalent circuit involving TLM. This enables the
analysis of unique impedance spectra from the CNT layer
immersed in solution using EIS. Our approach of employing
EIS for sensor signal measurement offers distinct advantages
over conventional chemiresistive or chemicapacitive methods,
as it provides comprehensive information on the equivalent
circuit components including the capacitive contribution,
solution resistance, as well as the CNT resistance. These
multiple pieces of information, measurable through EIS, can be
utilized complementarily to achieve the discriminative
detection of a group of analytes at the single-device level.
However, maintaining device quality is crucial, as factors such
as the uniformity of the active material and the quality of
electrical contact between the film and electrodes can
significantly influence the impedance response. To demon-
strate the effectiveness of our method, we developed a
detection platform for PFAS in aqueous samples by
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functionalizing the SWCNT surface with amine and perfluor-
oalkyl groups. The f-SWCNT exhibited p-type responses
toward the four PFAS, i.e, PFOS, PFOA, GenX, and PFBS,
which is consistent with their electron-deficient nature.
Remarkably, these analytes were differentiated from each
other and other ionic species through TLM-based equivalent
circuit analysis using a single EIS measurement. The distinctive
properties of each PFAS, including electronic properties, ionic
conductivity, and binding affinity to the f-SWCNT, are
reflected in the resistive and capacitive components of the
measured impedance spectra such as R;;,, Renty Qgp and ng.

The concept of chemi-impeditive sensing holds significant
promise in the realm of chemical sensing. This methodology
could potentially be extended to any conducting materials
beyond SWCNTs, including conducting polymers. By
implementing diverse surface modification chemistries, the
sensing material can be tailored to exploit multidimensional
impeditive information for discriminative detection of multiple
analytes. We believe that leveraging the capacitive component
will be pivotal in the development of such sensors, as it allows
for novel information that can be synergized with conductivity
data. Therefore, a detailed investigation of factors affecting the
double layer capacitance of the material—electrolyte interface
in the chemi-impeditive configuration will also be indispen-
sable.
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