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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Molecularly imprinted polymer (MIP) 
has been realized on tailored carbon 
nanoarchitectures. 

• Tailoring the MIP substrate by CVD 
positively affects PFOS binding 
constant. 

• CNW/MIP PFOS sensor well performed 
in tap water and treated wastewater. 

• The transducer’s higher surface area is 
beneficial to MIP. 

• DFT studies suggest the formation of 
specific C-N bonds between MIP and 
CNW.  
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A B S T R A C T   

Per- and polyfluoroalkyl substances (PFAS) have gained significant attention as emerging contaminants due to 
their persistence, abundance, and adverse health effects. Consequently, the urgent need for ubiquitous and 
effective sensors capable of detecting and quantifying PFAS in complex environmental samples has become a 
priority. In this study, we present the development of an ultrasensitive molecularly imprinted polymer (MIP) 
electrochemical sensor tailored by chemically vapour-deposited boron and nitrogen codoped diamond-rich 
carbon nanoarchitectures for the selective determination of perfluorooctanesulfonic acid (PFOS). This 
approach allows for a multiscale reduction of MIP heterogeneities, leading to improved selectivity and sensitivity 
in PFOS detection. Interestingly, the peculiar carbon nanostructures induce a specific distribution of binding sites 
in the MIPs that exhibit a strong affinity for PFOS. The designed sensors demonstrated a low limit of detection 
(1.2 μg L-1) and exhibited satisfactory selectivity and stability. To gain further insights into the molecular in-
teractions between diamond-rich carbon surfaces, electropolymerised MIP, and the PFOS analyte, a set of density 
functional theory (DFT) calculations was performed. Validation of the sensor’s performance was carried out by 
successfully determining PFOS concentrations in real complex samples, such as tap water and treated waste-
water, with average recovery rates consistent with UHPLC-MS/MS results. These findings demonstrate the po-
tential of MIP-supported diamond-rich carbon nanoarchitectures for water pollution monitoring, specifically 
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Gabriela Narutowicza 11/12, 80–233 Gdańsk, Poland. 
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targeting emerging contaminants. The proposed sensor design holds promise for the development of in situ PFOS 
monitoring devices operating under relevant environmental concentrations and conditions.   

1. Introduction 

Perfluorooctanesulfonate (PFOS) is an anthropogenic compound 
belonging to the class of persistent pollutants of emerging concern found 
in water, air, fish and soil at locations around the world and known for 
its long persistence in the environment, and recently proposed as a 
CERCLA hazardous substance [14]. In addition, PFOS, together with 
other per- and polyfluoroalkyl substances (PFAS), are reproductive and 
developmental toxicants, endocrine disruptors and potential human 
carcinogens. A recent analysis of impacts from PFAS exposure in Europe 
and the United States identified health-related costs between tens and 
hundreds of billions annually, revealing the magnitude of the problem 
[10]. For these reasons, their occurrence and concentration should also 
be monitored using ubiquitous and inexpensive monitoring techniques, 
supported by standard chromatographic reference techniques, as 
described in the latest European Directive on the quality of water 
intended for human consumption [58]. Indeed, these techniques can 
complement traditional analytical techniques such as HPLC-MS/MS, 
offering a more comprehensive and efficient approach to PFOS moni-
toring and environmental protection (e.g. increased spatial coverage, 
real-time monitoring, early warning systems). 

The first reported technique for the preparation of molecularly 
imprinted polymers (MIPs) for detecting PFOS in water dates back to 
2018 by the group of Ugo and colleagues [25], by electropolymerizing 
the sensing layer (eMIP) on gold and reaching a LOD of 0.04 nM. In 
order to accelerate the analyte mass transfer rate and improve the 
adsorption performance, it is possible to incorporate nanocomposite 
adsorbents within the MIP layer [62]. Indeed, different monomers and 
substrates have been used for the development of MIP-based PFOS 
sensors, such as carbon-fluorine and quaternary ammonium salt on 
carbon microspheres [22], and o-phenylenediamine on glassy carbon 
[9] and gold [25] macroelectrodes. A variety of carbon-based nano-
structured materials have been developed and employed in MIPs, 
ranging from (0D) nanoparticles [57], carbon dots [63], (1D) nanotubes 
[41], (2D) laser-induced graphene [4] and (3D) boron-doped diamonds 
[48] as functional supports, providing higher surface area and enhanced 
charge transfer. B,N-codoped carbon nanowalls (CNWs) are 
open-boundary, vertically oriented, few-layer graphene sheets with 
exceptional properties [6] prepared by microwave plasma-enhanced 
chemical vapour deposition (MPECVD). The MPECVD synthesis dura-
tion and gas precursor ratios and compositions can be varied to achieve 
tailored substrates as MIP transducers. Since the recognition layer is 
polymerised directly onto the transducer surface in eMIPs, the 
morphology of the latter directly influences the actual exposed elec-
troactive surface and its chemical composition determines the electrical 
properties of the eMIP. For these reasons, the choice of electrochemical 
technique used to convert the electrical signal into the analyte concen-
tration is a key factor. While the MIP sensing layer optimisation has been 
carried out in the literature in terms of polymer-analyte interaction, 
both experimentally and by molecular dynamics simulations [11,16], 
the effect of tailoring the substrate morphology at the micro/nano scale 
on the MIP performance has not been systematically investigated. 

Differential Pulse Voltammetry (DPV) involves superimposing a 
fixed amplitude pulse on a step potential and measuring the current 
before and after the pulse. For non-electroactive analytes, such as PFOS, 
the presence of a redox probe is required to find the Faradaic current by 
subtraction of the measured currents. Therefore, the deduced concen-
tration is actually the ability of the redox pair to diffuse across the 
electrode surface. On the other hand, electrochemical impedance spec-
troscopy (EIS) is based on the application of a small perturbation (on the 
order of tens of millivolts) over a discrete range of frequencies and does 

not require the presence of a label. In fact, after fitting the experimental 
data with an arbitrary electrical equivalent circuit (EEC), it is possible to 
correlate the change in charge transfer resistance or capacitance caused 
by changes in the MIP electrode directly with the analyte concentration. 
In addition, the elimination of the redox couple falls within the 
‘GREENIFICATION’ principles for MIP [39], making the EIS technique 
preferable. Thus, in a classical quantitative analytical method, changes 
in the Faradaic current or EEC component characteristics can be directly 
related to the analyte concentration by simple regression, under the 
hypothesis that all other interferences have been eliminated or 
adequately reduced. To overcome these problems, chemometric tools 
offer a simpler and more straightforward approach to processing whole 
data without losing valuable information and without the need for su-
pervised interpretation, paving the way for MIP implementation in 
point-of-care devices. Geladi et al. [20] introduced the use of singular 
value decomposition (SVD) to analyse of impedance spectra as complex 
numbers, allowing principal component analysis (PCA) to be performed 
directly on the original data. Similarly, Rodrigues et al. used an analo-
gous method to obtain quantitative prediction models for hydroquinone 
and catechol using a carbon nanotube paste electrode [49] and, in our 
previous study, to directly correlate a raw EIS analysis with the 
alpha-amino acid concentration [45]. 

In this study, we demonstrate the significance of optimising the 
interaction between the substrate and molecularly imprinted polymers 
(MIPs) by manipulating the nanoscale morphology and chemical 
composition. For the first time, we engineered B,N-codoped carbon 
nanowalls (CNWs) to tailor MIP scaffolds for the improved detection of 
PFOS in real aquatic samples. Our findings showed that the presence of 
diamond-rich carbon nanostructures induces a specific distribution of 
binding sites in MIPs that exhibit a strong affinity for PFOS. This aspect 
is crucial to investigate since MIPs are typically equipped with a wide 
array of binding sites that vary in their affinities [61]. The introduction 
of this nanoarchitectured surficial transducer strategy plays a significant 
role in enhancing the sensitivity and selectivity, both directly and 
indirectly. Hence, we establish that it is feasible to reduce the MIP 
heterogeneity by tailoring the morphology and composition of the 
substrate, thereby enhancing the overall performance of the MIPs. By 
controlling the properties through MPECVD synthesis, we were able to 
identify the most influential parameter affecting PFOS detection, and 
chemometric tools were employed to predict the PFOS concentration 
and offer valuable insights into the detection mechanism. Moreover, we 
conducted extended density-functional theory (DFT) simulations to 
support the experimental outcomes. 

2. Materials and methods 

2.1. Reagents and materials 

Perfluorooctane sulphonic acid potassium salt (PFOS, ≥98.0 %), 
perfluorodecanoic acid (PFDA, ≥98.1 %), perfluorooctanoic acid 
(PFOA, ≥99.7 %) and perfluorohexanesulfonic acid (PFHxS, ≥ 99 %) 
were purchased from Sigma-Aldrich and Dr. Ehrenstorfer™ (LCGC). o- 
Phenylenediamine (oPD) was purchased from Chemat. Other chemical 
reagents (e.g., potassium ferrocyanide and ferricyanide, potassium 
hydrogen phosphate, phosphoric acid, methanol – MeOH) were reagent 
grade (≥95 %) from Chempur. A 100 mM phosphate solution (PS) was 
used as the electrolyte (8.7331 g K2HPO4 and 125 μL 85 % H3PO4 were 
dissolved in a 500 mL volumetric flask using distilled water). The PFOS 
stock solution was used to prepare the set of solutions with concentra-
tions of 0.01, 0.02, 0.1, 0.2, 1, 2, 10, 20, 100, 200 μg L-1 in distilled 
water. The set of solutions was then mixed in a 1:1 ratio to spike the 
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different water matrices and used for calibration. Detection was per-
formed using concentrations different from those in the calibration set. 

2.2. Substrate preparation 

The BDD and CNW substrates were fabricated using a microwave 
plasma enhanced chemical vapour deposition (MPECVD) system (SEKI 
Technotron AX5400S, Japan) on 10 × 10 mm p-type silicon wafer slides 
< 100 > . Prior to deposition, the substrates were subjected to RCA 
cleaning, ultrasonicated in acetone and isopropanol, rinsed and seeded 
by ultrasonication in a water-based diamond slurry. The detailed pro-
cedure for the BDD and CNW can be found in our previous studies [43, 
44]. The microwave power and total pressure were kept constant. The 
process duration and gas feed ratio were varied to obtain different 
morphologies of CNW, BDD and their hybrid. The CVD stage tempera-
ture was kept at 700 ◦C and the microwave power at 1300 W. H2, CH4, 
and B2H6 were used as precursors for the BDD electrode, while N2 was 
introduced for the CNW electrode. 

2.3. MIP Synthesis 

The MIP electrosynthesis was performed directly on the bare BDD 
and CNW electrodes as synthesised by MPECVD, without any pretreat-
ment. Cyclic voltammetry was performed in a three-electrode configu-
ration between 0 and 0.8 V vs. Ag/AgCl 3 M KCl at a scan rate of 50 mV s- 

1 for a total of 8 cycles in a 2 mL PS/MeOH (2:1 v/v) solution (pH = 8) 
containing 1 mM PFOS and 10 mM oPD, unless otherwise stated. A non- 
imprinted control electrode (NIP) was similarly prepared in the absence 
of the analyte. Different solutions and conditions were tested for tem-
plate removal. Finally, after electropolymerisation, the electrode was 
rinsed with distilled water, then kept in a solution of NaOH/MeOH (1:1 
v/v) for 20 min, followed by three washes with distilled water. A 
schematic representation of the electrode preparation is shown in  

Fig. 1A. 

2.4. Chemical-morphological characterisation 

Scanning electron microscopy (SEM) using an FEI Quanta 250 FEG 
with a 20 kV beam acceleration voltage, operating in high vacuum mode 
and equipped with a secondary electron detector (SED) was used to 
investigate the electrode morphology. X-ray photoelectron spectroscopy 
(XPS) analyses were carried out using a Thermo Fisher Scientific Escalab 
250 Xi multispectroscope with an AlKα X-ray source, 500 µm in diam-
eter. A pass energy of 20 eV was used to obtain high resolution spectra. A 
low-energy electron and Ar+ ion flux was used for charge compensation 
with a final calibration using adventitious C 1s at 284.6 eV. A Horiba 
Jobin Yvon LabRAM Aramis Raman spectrometer, equipped with an 
Olympus BX41 confocal microscope and a Horiba Jobin Yvon Synapse 
CCD camera was used to collect spectra. Excitation was performed with 
a 632 nm Melles Griot helium-neon laser. Surface observations were 
made using a x50 LWD objective, D0 filter, 300 l mm-1 grating. 

2.5. Electrochemical characterisation 

The electrochemical behaviour of the carbon nanostructured elec-
trodes was investigated by differential pulse voltammetry (DPV), cyclic 
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 
using a VMP-300 galvanostat-potentiostat (BioLogic) controlled by the 
EC-lab software. All electrochemical studies were performed in a three- 
electrode cell configuration after purging with argon. A platinum wire 
was used as the counter electrode, while Ag/AgCl/3 M KCl or Ag/AgCl 
wire was used as the reference one. The diameter of the working elec-
trode was 4 mm. CV measurements were performed on BDD, CNW and 
BDD/CNW electrodes in 5 mM K3[Fe(CN)6] + 5 mM K4[Fe(CN)6] in 
1 M Na2SO4 solution at different scan rates (5, 10, 25, 50, 100, 150, 
300 mV s− 1). EIS was recorded over the frequency range 0.01 Hz to 

Fig. 1. (A) Schematic representation of the electrode fabrication and detection mechanism. (B) Simulation procedure adopted in this study.  
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100 kHz with a perturbation amplitude of 10 mV. The data were fitted 
to a modified Randles equivalent circuit (EEC) in which the solution 
resistance (Rs) is in series with the charge transfer resistance, Rct, and the 
Warburg W element is in parallel with a constant phase element (CPE) to 
represent the electrical double layer capacitance due to surface electrical 
heterogeneity, reactivity distribution and surface porosity and rough-
ness [45]. The effective capacitance of the CPE was calculated using the 
following equation [6,23]: 

Ceff = Q
1
α

(
RsRCT

Rs + RCT

)

(

1− α
α

)

(1) 

The electrochemically active surface area (EASA) was estimated as 
follows: 

EASA =
CDL

C∗
(2)  

where CDL was obtained from the experimental data and C* is approx-
imately 60 μF (real cm2)− 1 for porous materials, regardless of its 
composition and 25 μF (real cm2)− 1 for BDD samples [12]. 

2.6. Optimised PFOS detection method 

2.6.1. PFOS detection in phosphate buffer 
The detection of PFOS in 0.1 M PS (pH = 8.05 ± 0.08) was per-

formed by both EIS and DPV methods in the range of 0.005–50 nM. 
Furthermore, DPV and EIS were performed in PS after 12 min acclima-
tisation in 2 mL of real environmental samples from tap water (TW), 
treated wastewater (WW), and landfill leachate (LL) spiked with PFOS. 
EIS was performed in the frequency range of 100 kHz to 100 mHz, with 
an amplitude of 10 mV at the formal potential. The DPV parameters 
were optimised as follows: a scan rate of 13 mV s− 1, a pulse height/ 
amplitude of 50 mV, a pulse width of 50 ms and a step height of 10 mV. 
The potential ranged from 0 V to 0.6 V (vs. Ag/AgCl/3.0 M KCl). All our 
analyses were performed using duplicate or triplicate samples to ensure 
the reliability and reproducibility of the results. 

2.6.2. PFOS detection in real samples 
In this study, the LL sample was collected from the ‘Eko Dolina 

Lezyce’ municipal solid waste facility, located in northern Poland [18]. 
The WW sample was collected from a conventional wastewater treat-
ment plant (WWTP, 470,000 population equivalent), also located in 
northern Poland. TW was collected from a tap at the Technical Uni-
versity of Gdansk. All samples were taken in June 2022. To determine 
the concentration of PFOS in the real sample solution, ultra-high per-
formance liquid chromatography coupled with tandem mass spectrom-
etry (UHPLC-MS/MS, Shimadzu Nexera X2; LC MS-8040) was used as a 
reference method. The EPA 537.1 method was modified and adapted for 
the purposes of the study. The analytical column used was a Shim-pack 
SP-C18, 2.1 × 150 mm and 2.7 µm. PFOS was determined by the mul-
tiple reaction monitoring (MRM) method in negative ionisation mode 
with precursor and product ions at 499.00 → 79.95 (m/z). A single-point 
calibration procedure was used. No analyte preconcentration was 
applied. 

2.6.3. Multivariate data analysis 
The matrix Z is given by the total impedance, expressed in the form 

of Z = Z′ + jZ″, where Z′ and Z″ are the real and imaginary parts of Z, 
respectively, and j2 = − 1, for each test at a given concentration. Singular 
value decomposition (SVD) is then applied directly to Z to both obtain 
the left unitary (U) and right conjugate transpose (V*) matrices, where: 

Z = UΣV∗ (3) 

The calibration curve is then realised by finding the least square 
solution Zx = b, where b is the concentration-containing vector, by 

truncated-SVD, according to: 

x̃ = ṼΣ̃
− 1

Ũ
∗
b (4) 

The SVD calculations were performed in the R software and envi-
ronment [47]. 

2.7. Density functional theory (DFT) computations 

Molecular structures of the PFOS molecules, oPD polymer models 
and surface slabs were built in the Atomistix ToolKit enviornment 
(Atomistix Toolkit Version 2019.03, Synopsys QuantumWise, USA) 
environment. Density functional theory (DFT) computations were per-
formed using the Perdew–Burke–Ernzerhof (PBE) functional within the 
generalised gradient approximation (GGA) as implemented in the 
package. The Linear Combination of Atomic Orbitals (LCAO) method 
[56] with double-zeta polarised ATK basis set and FHI norm-conserving 
pseudopotentials were applied [59]. The Brillouin zone was sampled 
according to the Monkhorst-Pack grid of 4 × 4 × 1 for slabs with peri-
odic boundary conditions and multipole boundary conditions for iso-
lated molecules. Geometry optimisations were performed with a 
0.05 eV/Ang force cutoff. Electron density maps and electrostatic po-
tential maps were plotted using the default tools implemented in the 
ATK package. All the simulation steps are pictured in Fig. 1B. 

The first step of the simulations was establishing the oPD polymer 
model and investigating the interactions between the PFOS molecule 
and those polymer models with different molar ratios – 1:1, 1:2, 1:3 and 
1:4 – and different geometric configurations. Such ratios were applied in 
a similar DFT coupled with experiment studies [26,30,35]. 

The second step consisted of adsorption of the oPD polymer model 
(trimer) on the slabs reflecting the surfaces of the carbon-based elec-
trodes used in the experiments. In those adsorption simulations, trimer 
molecules were placed above the slab (several Ang) with a 0.05 eV/Ang 
force tolerance, where the four topmost carbon layers were allowed to 
relax, and all deeper layers were fixed. This methodology has been 
described thoroughly in our recent work [38]. Such adsorption calcu-
lations were performed for three types of surfaces – diamond (220), flat 
graphite (0002) and vertically oriented graphite (11− 20). In general, 
diamond (220) slabs are models of the BDD electrode and the mixture of 
all three slabs can be viewed as the model of the real BCNW. 

The third step involved adsorbing the second layer of the MIP on the 
slab already containing the first layer – thus modelling the growth of the 
MIP. The obtained structure was relaxed analogously with the same 
constraint on the bottom pieces of the slab, but without constraints on 
the first MIP layer. The optimised structure of the two-layered MIP is 
intended to serve as a model for the plastic cavity for the PFOS analyte – 
details are elaborated in the results section. 

In the fourth and the last step, the PFOS molecule was placed inside 
the cavity formed on three surfaces. Interaction energies were calculated 
for all three modified surfaces, and all formed covalent and non-covalent 
bonds were analysed by visual inspection, electron density maps and 
electrostatic potential difference maps. Binding/interaction/adsorption 
energies were calculated according to the standard formula:  

Ebinding=Ecomplex− Eisolated constituents                                                          

where the complex and isolated constituents vary depending on the 
simulation conditions described within the text and in the Figures. 
Additional details are reported in the Supplementary information. 

3. Results and discussion 

3.1. Sensor morphological and molecular characterisation 

Micrographs of the as-grown substrate surfaces are shown in  
Fig. 2A–F. The differences between the polycrystalline boron doped 
diamond electrode (Fig. 2A) and the CNW substrates are readily 
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apparent at first glance. In addition, CNW-0.5 h (Fig. 2B) has an irreg-
ular surface characterised by small protuberances in the nanometre 
range. After 1 h of growth time, densely packed wall-like structures had 
formed (Fig. 2C). With increasing growth time (greater than 1 h), the 
CNW morphology resulted in well-developed structures with increased 
spacing (Fig. 2D,E). The SEM of the BDD/CNW (Fig. 2F) sample shows a 
similar surface morphology to the BDD-6 h. Cross-sections of the grown 
substrate transducer are shown in Fig. 2G–I for the BDD, BDD/CNW and 
CNW-6 h samples. The estimated growth rate was approximately 
500 nm h-1 for the BDD and 610 nm h-1 for the CNW layers. The top 
view of the CNW-6 h after electropolymerisation is reported in Fig. 2J,K, 
together with its photograph (Fig. 2L). 

3.2. Sensor electrochemical characterisation 

Investigations of the processes occurring at the electrode/electrolyte 
interface were carried out by cyclic voltammetry measurements in a 
0.1 M Na2SO4 solution containing 5 mM ferrocyanide redox couple. CV 
curves for pristine CNW electrodes are shown in Fig. 2M. It can be 

observed that the highest peak-to-peak separation belongs to the BDD, 
while it decreases for the CNW with increasing layer thickness, reaching 
its asymptotic minimum (124 ± 1 mV) for an MPECVD growth longer 
than 1 h (Fig. 2N). Interestingly, the BDD/CNW hybrid electrode shows 
the lowest value, corresponding to 116 mV. A modified Randles model 
was used to fit the EIS results (Fig. 2O). Rct decreases with the increasing 
layer thickness, while Ceff increases, and thus their capacitive behaviour 
(Table S1). The voltammogram during the electropolymerisation of oPD 
on the CNW-6 h sample is shown in Fig. 2P. EIS measurements were 
performed in the same solution using the bare and MIP-coated CNW-6 h 
electrode before and after PFOS extraction and presented as Nyquist 
plots in Fig. 2Q with the inset showing the magnification for the high 
frequency region. The semicircles of the Nyquist plots were fitted using 
the same modified Randles EEC and the results are reported in Tables S2. 
Fig. 2R shows the anodic current peak at different scan rates for the 
different samples. After the deposition of o-PD on the CNW surface, a 
significant loss of redox peak response was observed (Fig. S1B) 
compared to the bare surface (Fig. S1A), indicating a uniform surface 
coverage. After the removal of the analyte, part of the substrate surface 

Fig. 2. (A) Bare BDD, (B–E) CNW, (F) BDD/CNW SEM top view. Cross section of (G) BDD, (H) BDD/CNW and (I) CNW-6 h samples. (J) Top view of the MCNW-6 h/ 
MIP electrode, (K) its magnification, and (L) its photograph. (M) Voltammogram in 1 M Na2SO4 + 5 mM [Fe(CN)]6

3-/4- redox couple, (N) peak-to-peak separation, and 
(O) Nyquist plots for the bare CNW and BDD substrates. (P) Electropolymerisation of oPD on CNW-6 h, (Q) and EIS comparison between the bare, oPD- 
electropolymerised before and after (MIP) extraction of the analyte. (R) Non-linear fitting of the current-scan rate dependence. 
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became newly available to the electrolyte and the redox couple, as 
shown in Fig. S1C. However, it is interesting to note the presence of a 
slightly higher rate for the cathodic branch, as also shown by other 
authors using this particular polymer/redox probe combination [8]. In 
fact, this aspect may be due to the ‘gate effect’, due to charge accumu-
lation in the MIP film [53]; the negatively charged [Fe(CN)6]4-/[Fe 
(CN)6]3- probe may first bind with the positively charged amine groups 
(–NH3 

+) of the o-PD layer, resulting in an initial depletion of the [Fe 
(CN)6]4-. In addition, the scan rate shows that the oxidation peak current 
varies linearly with ν1/2, indicating that it is a diffusion-controlled 
process, even for the MIP sample, at the lowest measured frequencies 
(Fig. S1D-F). 

The Raman spectra in Fig. 3A suggests that the electropolymerised 
oPD spectra after 10 cycles of CV is similar to its trimer form [52]. The 
main bands for the polymerised samples are observed at 998 cm-1 cm, 
related to out-of-plane C–H bending [55] and at 1595 cm-1, due to C––C 
stretching in a quinonoid ring [1]. Moreover, the peak at 617 cm-1 can 
be recognised, related to in-plane benzene ring deformation [55], while 
the bands at 1273 cm-1 and 1445 cm-1 may be associated with the C-N 
and C––N stretching mode [52,64]. In Fig. 3C, the EDX analysis is re-
ported over a 600 µm segment intersecting the boundary between the 
functionalised (MIP) surface and the bare CNW surface (Fig. 3B). A clear 
increase in nitrogen can be observed, due to the successfully poly-
merised oPD. Moreover, we investigated if the functional groups of the 
as-grown substrate may play a role in the MIP electropolymerisation 
process, by preparing an oxidised CNW-6 h sample (o-CNW) by cycling 
it between 0 and + 0.8 V in PBS, prior to the o-PD 
electropolymerisation. 

The Raman spectra of the bare substrates show the main character-
istic D and G peaks at (1333 ± 4) cm-1 and (1589 ± 4) cm-1, 

respectively, together with the two shoulder peaks, D’ and D’’, due to 
the CNW [42]. The D band is due to structural edge defects and dangling 
sp2 carbon bonds, while the G peak is due to in-plane stretching of sp2 

carbon atoms. For the BDD sample, the characteristic diamond peak is 
dominant and visible, together with the G peak (Fig. 3D). After both 
electropolymerisation and simple surface oxidation (o-CNW), the G peak 
was downshifted compared to the substrate ones, which increased with 
thicker BCNW substrates, indicating their strong interaction [28]. 
Moreover, while the shoulder peak D* is generally attributed to the 
trans-acetylene in bare CVD samples, being more prominent with the 
increasing synthesis time, its increase in intensity before and after oPD 
electropolymerisation could be due to the overlapping of C-N stretching. 
The XPS spectra (Fig. 3E) show that the CNW, o-CNW and BDD surfaces 
contain mainly oxygen and carbon functional groups, while the MIP and 
NIP contain additional nitrogen. For the bare CNW samples, the incor-
poration of boron is observed (Table S3), together with the predominant 
presence of sp2 CC bonds (41 % vs. 12 %, Fig. 3F). Moreover, a peak at 
284.1 eV was found for the BDD sample, which is a common position for 
carbon atoms of the diamond lattice present in highly boron doped 
polycrystalline diamond films. On the other hand, for the MIP and NIP 
samples, an increase in sp3 carbon and the presence of amines is directly 
related to the oPD polymerisation (Fig. 3G). 

3.3. PFOS detection mechanism 

PFAS are a group of compounds that are difficult to measure directly 
because they are not electrochemically active. The main difference be-
tween faradic and non-faradic electrochemical sensing is the mechanism 
by which ionic activity is measured, with faradic sensing relying on 
redox reactions and non-faradic sensing relying on changes in ionic 

Fig. 3. (A) Raman spectra of oPD and polymerised oPD on ITO at different cycles of CV. (C) EDX along the segment intersecting the MIP boundary (B) with the bare 
CNW. (D) Raman and (E) XPS spectra of BDD, CNW-6 h, oxidised CNW-6 h (o-CNW), MIP and NIP. Deconvolution of (F) C1s and (G) N1s peaks. 
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conductivity due to MIP cavity depletion. 

3.3.1. Faradaic detection of PFOS 
As shown in Fig. 4A, the oxidation peak has its maximum in a blank 

solution, due to the easier accessibility of the CNW surface to the redox 
probe, while a decrease of the oxidation peak is observed with the 
increasing concentration. When the current difference is plotted as a 
function of the PFOS concentration, a non-linear relationship is ob-
tained. The correlation between the peak current measured by DPV and 
the analyte concentration in PB was fitted by an adaptation of the 
Langmuir-Freundlich (LF) isotherm, which describes the adsorption of a 
molecule at different binding sites in heterogeneous systems, with three 
fitting coefficients [2]. The LF isotherm equation is given below: 

(i − i0) =
itKCn

1 + KCn (5)  

where it is related to the maximum number of MIP cavities available, 
expressed as the peak current limit; K is the Langmuir-Freundlich con-
stant related to the mean binding affinity, and n is the heterogeneity 
index, which varies from 0 to 1 for physical adsorption. When n = 1, the 
LF isotherm is reduced to the Langmuir isotherm, while for a hetero-
geneous material, n < 1. Otherwise, as either C or K approaches 0, the LF 
isotherm reduces to the Freundlich isotherm. For this reason, the LF 
model has the advantage of easily accounting for and estimating het-
erogeneity in the binding behaviour of MIPs. The fitting results and plots 
are shown in Fig. S2 and Fig. S3. A negligible response was found for the 
reference CNW/NIP (Fig. S4). 

As shown in Fig. 4B, it is interesting to note that the MIP heteroge-
neity is directly related to the substrate morphology and decreases with 
the increasing CNW layer thickness. Indeed, the BDD substrate has one 
of the lowest heterogeneity index, while for the BDD/CNW substrate, 
only the thickness of the overlying CNW layer is relevant for the MIP 
sensing activity for the EASA (Fig. 4C). K is known to depend on several 
parameters, including the surface area and nature of the adsorbent and 
adsorbate. Therefore, for the CNW samples, K increases with the 
increasing EASA, while for the BDD substrate, the higher value of K can 

be attributed to a higher strength of interaction between the BDD surface 
and the analyte (probably due to the low hydrophilicity induced by the 
low amount of polar C-N bonds [3] and sp2-C, rather than the compa-
rable amount of carboxyl and hydroxyl groups [13]. A fortiori, it is 
possible to observe how the change in the number of binding sites (it) 
relates to the peak current measured in the absence of the analyte, 
confirming the fact that the distribution of MIP cavities is directly pro-
portional to the available substrate surface (Fig. 4D). 

3.3.2. Non-faradaic detection of PFOS 
The impedance spectra obtained from the EIS technique were 

modelled using the EEC described above. The value of RCT showed the 
biggest change in the EEC elemental characteristics with the increasing 
PFOS concentration (Fig. 4E), which can be attributed to increased in-
hibition of change transfer due to the PFOS blocking activity in the MIP 
cavities. In fact, the diameter of the typical semicircle reported in the 
Nyquist plot increases with the increasing PFOS concentration. There-
fore, a conventional strategy is to plot the change in RCT against the 
PFOS concentration: 

(RCT − RCT 0) =
RtKCn

1 + KCn (6) 

Interestingly, a similar trend for the n, K and RCT values is observed 
for the analogous faradaic counterparts. Whereas for both the DPV- and 
EIS-derived LF isotherms, K increases with the increasing CNW thick-
ness, with the BDD sample showing the highest interaction (Fig. 4G), for 
Rt analogously, n decreases monotonically with the CNW thickness 
(Fig. 4F). As counterintuitive as this may seem, the reason is that unlike 
the DPV-based isotherm, which represents the accessibility of the iron/ 
ferricyanide molecule through the MIP pores, the EIS-based isotherm in 
this case takes into account the charge transfer resistance associated 
with the MIP layer. Indeed, the lower Rct corresponds to a lower Rt 
(Fig. 4H) and the linear relationship is maintained. 

3.3.3. PFOS quantification by chemometric approach 
Potential pitfalls of classical EIS fitting to the EEC are the 

Fig. 4. (A) DPV and (E) EIS for CNW6h/MIP in PS at concentrations of 0.001–100 nM, (B-D) LF coefficients obtained by fitting DPV results to Eq. 3 and (F-H) 
obtained by fitting EIS to Eq. 4. 
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arbitrariness of the choice of a specific EEC and the possible loss of in-
formation from relaxation processes not included in the EEC [21]. For 
these reasons, applying multivariate data analysis techniques directly to 
the raw impedimetric measurements can provide useful insights. The 
CNW-6 h/MIP sample was used as the reference. As the columns are 
ordered by importance, the first one accounts for more than 98 % of the 
total variance, and by plotting the real versus the imaginary part of u1 
(Fig. 5A), it can be seen that it resembles the characteristic shape of a 
Nyquist plot. On the other hand, v1, the first column of V, discriminates 
well between the different tests by increasing the PFOS concentration 
(Fig. 5B). The results of the linear regression performed by SVD are 
shown in Fig. 5C, where the predicted concentrations are plotted against 
the measured concentrations after log-transformation. The "pseudo--
Nyquist" obtained was then transformed into a "pseudo-Bode" (Fig. 5D) 
for ease of comparison. By performing linear least squares regression 
using the t-SVD and PFOS concentration as the column space, the factors 
were plotted against the frequency (Fig. 5D, in blue) to highlight the 
intervals most related to the changes in concentration of PFOS. It was 
observed that the major changes occur mainly at intermediate fre-
quencies (≈20 Hz) for the CNW-6 h/MIP, which is consistent with the 
observed increase in Rct, becoming the preferred current path at low 
frequencies (Fig. 5E). 

On the other hand, by comparing ̃x as a function of the frequency for 
the different samples, it can be noticed that the frequency range that has 
the greatest weight on the linear regression, thus mostly related to the 
PFOS concentration, decreases with the decreasing CNW thickness 
(Fig. 5F). In the light of the above considerations, the CNW-6 h substrate 
transducer was selected for further analysis in real media. 

3.3.4. DFT study 
In Fig. S5A, an electrostatic potential difference map for the PFOS is 

shown. In general, the sulphonate group is negatively charged with the 
strongly acidic hydrogen atom. Because of that acidity, it is abstracted in 
the neutral pH where the detection experiment happens. On the other 
hand, the alkyl chain of the PFOS is isotopically covered by a cloud of 

positive electrostatic potential with slightly negative anisotropic regions 
around the fluorine atoms. Such electrostatic conditions strongly suggest 
that the initial phase of the molecular recognition would proceed via the 
sulphonate group and would be facilitated by the positively charged 
areas of the MIP cavity. An oxidated trimer of the oPD with ‘open’ 
conformation has been chosen as the model of the MIP for several rea-
sons. Firstly, it was found that just the dimer is sufficient to replicate 
most of the electronic and optical properties of the MIP [32]. Although 
there is variability with respect to the chain size, it is less relevant 
compared to the oxidation state of the subunits (the issue of an ‘open’ 
versus ‘closed’ structure) [60]. Experimentally, both dimers, trimer and 
tetramers have been detected using detailed NMR-MS measurements 
with an increasing content of trimers and tetramers in a neutral syn-
thesis pH [31]. Other works also report that an ‘open’ benzoimide-like 
structure of the chain is preferred in a neutral pH, while a ‘closed’ 
phenazine-like structure is obtained during acidic synthesis [40]. 
Moreover, in the case of the oPD electropolymerised in a neutral pH – 
which is mostly not electroactive [50] – short chains should be dominant 
[65], however the data are not consistent in this matter [52]. 

Detailed analyses of the electropolymerisation mechanisms and 
structure-property relations of the MIP have been performed elsewhere 
[7,50] and are not the subject of the following calculations. However, in 
the following discussion, focus will be placed on interactions of the MIP 
with both the underlying substrate and the PFOS analyte. Therefore, 
application of the trimer model seems to be a rational compromise be-
tween accuracy and time efficiency and is sustained by the Raman 
analysis. 

The electrostatic difference potential map of the trimer is shown in 
Fig. S5B. It can be clearly seen that the molecule is mostly negatively 
charged except for the positive, acidic hydrogen atoms of the -NH2 
amine groups in the core of the chain and at the terminal -NH group. As 
the real MIP is a collection of oPD chains stacked together, interactions 
between trimers were also simulated (Fig. S5C,D). Two cases (two 
minima on the potential energy surface) were considered – the config-
uration with exactly parallel molecules (subfigure C) and one where the 

Fig. 5. (A) Nyquist plot of u1, (B) plot of v1, (C) comparison between the measured and predicted values by PLS-regression performed by SVD, for CNW-6 h/MIP. (D) 
Bode plot with x̃ (blue). (E) schematic of the EEC used, and (F) comparison of x̃ for the different substrates synthesised. 
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chains are twisted by a 60◦ angle with respect to each other (subfigure 
D). Interestingly, both setups exhibit a similar binding energy, equal to 
− 0.62 and − 0.63 eV, respectively, evidencing that assembly of the 
chains should be thermodynamically spontaneous. Moreover, those two 
configurations are presumably equally probable to occur in the full 
polymer and can switch between each other due to thermal motions. 
Electron density maps plotted with a 0.1 eV/Ang3 cutoff strongly sug-
gest the non-covalent character of the assembly, which will be further 
relevant after the adsorption on different electrodes. 

Additionally, interactions of PFOS with the MIP models were 
investigated. The optimal configurations with corresponding electron 
density maps are shown in Figs. S5E-H for single trimers and in Figs. S5I- 
K for double, triple and quadruple interactions. The T-shaped interac-
tion can be considered as an initial ‘approach’ phase of the molecular 
recognition. It is evidenced that the binding of the sulphonate group 
towards the rings of the MIP (equal to − 0.05 eV) is stronger than the 
binding of the CF3 group at the other end of the molecule (equal to 
+0.16 eV). In fact, the positive value of the second indicates that such 
interaction is thermodynamically unfavourable and non-spontaneous. 

Subsequently, the PFOS molecule is likely to bind further to the MIP 
via its fluorinated alkyl chain. Two possibilities have been considered 
(subfigures G–H), either through the C-F—N bond with a nitrogen atom 
bridging two oPD monomers, or the C-F—π bond with the middle sub-
unit of the trimer. The corresponding binding energies are equal to 
− 0.15 eV and − 0.36 eV. Surprisingly, it is the C-F—π interaction that 
provides stronger binding and closer contact between the molecules 
accompanied by a higher electron density overlap. Although all inves-
tigated interactions are necessarily non-covalent, the C-F—π bond seems 
to be crucial for the binding of this particular analyte. The same picture 
is preserved when several trimer molecules approach the PFOS, further 
reducing the free energy of the system (the values are reported in  
Table 1). Interestingly, the more molecules cloak the PFOS chain, the 
higher the electron density overlap that can be observed visually (sub-
figures I–K). In other words, a higher density of MIP molecules on the 
sensor surface should result in a higher binding affinity of the PFOS. Of 
course, this statement is just a heuristic because, in the real experiment, 
steric hindrance effects can cause the opposite effect when the layer is 
too compact. 

After establishing interactions between components of the MIP 
coating, the influence of the substrate material on the MIP conformation 
was studied. The BDD electrode was modelled as a diamond slab cleaved 
along the (220) plane with 1% boron doping in the subsurface layers. It 
has been shown that this crystallographic plane is abundant across 
different types of BDD [15]. CNW, on the other hand, can be considered 
a mixture of plain graphite (0002) and vertical graphite (11− 20) sheets 
– such results have been obtained using precise TEM imaging of nano-
walls [5]. Therefore, both of those two surfaces were chosen for DFT 
modelling, representing presumably different microscopic areas of the 
same CNW material. 

Interactions of the single trimer with the abovementioned surfaces 

are depicted in Figs. S6A-C with electron density maps. In the case of the 
BDD, it can be seen that one of the rings in the polymer is parallel to the 
plain, while the other two have phenyl-phenyl dihedrals equal to 
roughly 45 and 90 degrees. No covalent interactions and significant 
electron density overlaps were detected, suggesting purely electrostatic/ 
vdW physisorption on the BDD accompanied with the lowest adsorption 
energy equal to − 2.04 eV (see Table 2). An analogous trend can be 
observed in the case of flat graphite, although phenyl rings attain a 
slightly more ‘parallel’ conformation (smaller values of dihedrals) due to 
the vdW attraction induced by the graphite sheets. This, in turn, en-
hances the binding of the trimer slightly (− 2.15 eV). On the other hand, 
there is a clear covalent bonding of the MIP to the vertical graphite 
through the specific C-N bond with the terminal amine groups of the 
trimer (1.40 Ang length). Such configuration implies the strongest 
binding of the MIP (− 3.28 eV) to the surface and imposes the rigidity of 
the first MIP layer. Those effects are presumably associated with the 
higher homogeneity of the real MIP on the CNW electrode in contrast to 
the BDD. 

Fig. 6A–C depict the optimised geometry of the second MIP layer 
reflecting the growth of the MIP. In general, assembly is expected to be 
thermodynamically spontaneous on all the surfaces and most favourable 
on the flat graphite (− 1.94 eV compared to − 1.13 eV and − 1.14 eV). 
This feasibility of the flat graphite can be explained by the electrostatic/ 
vdW drive for the trimer to attain a flat conformation – where the vdW 
attraction is maximised. Additionally, supercell multiples of the two- 
layered MIP models are shown in the top-view in Figs. S6D-F with 
electrostatic potential maps. The main purpose of this step is to estimate 
the most favourable positions of the PFOS molecule placement in such a 
system. Knowing the sulphonate group is negatively charged in a neutral 
pH (Fig. S5A) and assuming the initial step of recognition is realised via 
these groups (Fig. S5E), the positive areas on the surface should be 
optimal. These areas can be found at all surfaces generated in the vi-
cinity of MIP molecules, even though the trimer molecules themselves 
are surrounded by a negative charge. Fortunately, the positive and 
negative areas are well-separated in the space, which has been found to 
be beneficial for effective sensing [51]. The highest positive potential is 
observed on the BDD electrodes up to + 2 V compared to + 1 V on the 
other two. In general, a higher electrostatic potential should lead to 
more effective weak electrostatic bond formation such as hydrogen 
bonds [34]. Although interactions different from hydrogen bonds are 
expected in the case of PFOS, it is expected the BDD surface would 
exhibit higher binding affinity. It is to be noted that this methodology 
provides just an estimation of the optimal environment of the 
template-MIP. In general, a more thorough investigation of the geome-
try would be required, involving multi-scale approaches, e.g., molecular 
docking [33,36] or a statistical analysis of the possible conformations 
[51,54]. However, as the focus of the work is to elucidate the influence 
of the substrate, not the template-MIP interactions themselves, such a 
simplified route is justified. 

Lastly, PFOS molecules were placed in cavities estimated by the 
electrostatic potential maps and the structure was relaxed again – all 
three surfaces are depicted in Fig. 6D-I from side and top perspectives. 
The corresponding binding energies are given in Table 2. As speculated 
earlier, the BDD-MIP binds the PFOS with the highest affinity 
(− 1.91 eV) compared to the other two surfaces (− 1.05 eV for flat and 
− 1.30 eV for vertical graphite). This energy contains both the interac-
tion of the PFOS with the MIP and the surface. Although some works 

Table 1 
Free binding energies for trimer-trimer, PFOS–single trimer and PFOS–multiple 
trimer interactions.  

Configurations Binding free energy [eV] 

Trimer-Trimer 
Parallel trimers − 0.62 
Twisted trimers (60 deg) − 0.63 
PFOS – Single trimer 
T-shaped connection via CF3 +0.16 
T-shaped connection via SO3 − 0.05 
Alkyl – ring via Nitrogen − 0.15 
Alkyl – ring via π-π − 0.36 
PFOS – Multiple Trimers 
Double − 1.99 (− 0.99 per trimer) 
Triple − 3.73 (− 1.24 per trimer) 
Quadruple − 4.63 (− 1.16 per trimer)  

Table 2 
Adsorption free energies of the first MIP layer, second MIP layer and PFOS 
binding on the BDD (220), flat graphite (0002) and vertical graphite (11–20).  

Free energies for [eV] BDD Flat graphite Vertical graphite 

First layer adsorption  − 2.04  − 2.15  − 3.28 
Second layer adsorption  − 1.13  − 1.94  − 1.14 
PFOS binding to the cavity  − 1.91  − 1.05  − 1.30  
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report that the interaction of the analyte with surface can be detrimental 
to the sensor function [27], in the following case, it is only marginal (less 
than a 10% contribution). This stands in perfect agreement with the 
experimental results and K constants obtained via fitting to the 
Langmuir-Freundlich isotherms. Moreover, in the case of the graphitic 
models, PFOS-MIP interactions include only non-covalent C-F—π, 
C-F—H-N and C-F—N interactions. Indeed, there are numerous works 
showing the strong importance of the hydrogen bond network in the 
selective recognition and binding intensity [17,36]. There are, however, 
three stronger bonds detected in the case of BDD-MIP, responsible for 
stronger binding. These are marked with coloured ‘X’s in Fig. 6D,G and 
are attributed to: N-H—O-S hydrogen bond (turquoise), atypical C-N 
bond (purple) with 1.41 Ang length, atypical C-F—H-N interaction (red) 
with fluorine atom slightly abstracted from the alkyl chain (2.13 Ang C-F 
bond length). These three are specific to the BDD-MIP and increase the 
compactness of the MIP layer associated with higher binding affinity 
towards PFOS. It is to be noted that all calculations are performed on the 
PBE level of theory, which is not an optimal functional for the detailed 
analysis of novel types of bonds. However, its use is necessary for such a 
huge molecular system in concert with surface and periodic boundary 
conditions. Therefore, such interactions observed at the modified BDD 
surface require more thorough research to be further confirmed in 
similar systems. Nevertheless, the comparison of those three surfaces 
shows without a doubt that there is a strong impact of the surface on the 

conformation of the MIP, which consequently influences the binding 
capability and molecular interactions with the analyte – in this case, 
PFOS. 

3.4. PFOS detection in real media 

Results of the CNW/MIP calibration in real water matrices are re-
ported in Fig. 7A-C. 

For both TW and WW, at PFOS concentrations of 10 and 50 ng L-1, no 
changes are detected, while at increasing concentrations (greater than 
0.1 μg L-1), a decrease in the oxidation peak is observed. By plotting both 
the current and the electrical resistance differences (Figs. S7A-C) as a 
function of the PFOS concentration, non-linear relationships can be 
observed that can be fitted with the LF isotherm, except for the LL ma-
trix. Furthermore, a good correlation between the measured and pre-
dicted values can be observed, but only for the TW and WW matrices, by 
linear regression using SVD and Eq. 4 (Fig. S7D-F). The inability to 
measure PFOS in LL can probably be attributed to the inhibitory effect of 
sulphates, where the concentration can reach e.g. 1106 ± 129 mg L-1 

[46], and humic substances [9]. Table S4 shows the ability of the 
CNW/MIP sensor to quantify PFOS in TW and WW by spiking real 
samples with PFOS at different concentrations and comparing the results 
obtained by the UHPLC-MS/MS technique. The use of the LF isotherm 
provides an advantage in terms of a higher recovery rate, even over 

Fig. 6. Molecular structure and interactions of oPD trimers with different electrode models. A-C electron density maps illustrating adsorption of the second MIP layer 
on the BDD (220), flat graphite (0002) and vertical graphite (11− 20); D–F two periodic repetitions of the cell containing PFOS inside the cavity formed on the 
corresponding surfaces; G–I top-views of the corresponding cavities magnifying interactions between PFOS and the MIP. All atoms except the PFOS constituents are 
dimmed for clarity. Coloured ‘X’s in subFigs. D and G correspond to the non-covalent interactions between the PFOS and MIP: N-H—O-S hydrogen bond (turquoise), 
atypical C-N bond (purple) with 1.41 Ang length, atypical C-F—H-N interaction (red) with fluorine atom slightly abstracted from the alkyl chain (2.13 Ang C-F 
bond length). 
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wider concentration ranges. On the other hand, a simple linear regres-
sion on the log-transformed concentrations provides a satisfactory PFOS 
quantification, only for a more limited range, at lower concentrations. It 
is also important to note that the obtained average recovery level (103 
%) is in the range regarded as acceptable (70–110%) by the interna-
tional bodies such as ISO, Eurachem, etc. 

3.5. Selectivity, stability, repeatability of the CNW/eMIP sensor 

The effect of the incubation time on the CNW/MIP response is shown 
in Fig. 7D. The selectivity of the MIP/CNW sensor was investigated by 
comparing the DPV and EIS responses to other PFAS with similar 
chemical structures (Fig. 7F). In particular, PFOA, PFOxS and PFDA 
were selected due to their similar chemical structures and the experi-
mental data were fitted with an LF isotherm at equal molar 

Fig. 7. Fitting of the (A-C) current differences with LF isotherm in real water matrices. (D) Effect of incubation time. Comparison of K among (E) different water 
matrices and (F) interferent species. 

Table 3 
Comparison of the MIP Analytical Techniques for the Detection of PFOS.  

Electrode Detection method Range LOD Real sample Pretreatment Ref. 

TiO2-NT/MIP Photoelectrochemical Linear, 0.5–10 μM 86 μg L− 1 River, mountain and tap 
waters 

0.22 µm 
filtration 

Li et al.,[29] 

GCE/MIP DPV, EIS (fit) Log, 0.05–0.5 nM 3.4 pM River water ns Clark, Dick[9] 
SiO2-NPP/MIP Fluorescence Linear 5.57–48.54 μg L− 1 5.57 μg L− 1 River water 0.22 µm 

filtration 
Moro et al.,[37] 

Chitosan-CQDs Fluorescence Linear, 1–200 μg/L 0.66 (serum), 0.85 pg L-1 

(urine) 
Serum, urine 100-times 

dilution 
Jiao et al.,[24] 

Au/MIP DPV Linear 
0.1–4.9 nM 9.5 nM – 
1.5 μM 

0.04 nM Tap, distilled, bottled 
mineral waters 

ns Karimian et al., 
[25] 

MIPPDA/AuNPs/ 
GCE 

DPV Linear, 0.01–8.00 µM 4.2 nM water ns Gao et al.,[19] 

CNW/MIP DPV, EIS (fit +
regression) 

LF, 
0.1–100 μg L− 1 

1.2 μg L− 1 (TW) 
1.5 μg L− 1 (WW) 

Tap and wastewater 1:1 dilution This study 

*GCE: glassy carbon electrode, NT: nanotubes, NP: nanoparticles; ns: not specified 
MIP-PR – molecularly imprinted phenolic resin 
MIPPDA/AuNPs/GCE – molecularly imprinted polymer prepared through the in situ electropolymerisation of dopamine /gold nanoparticles (AuNPs) /glass carbon 
electrode (GCE) 
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concentrations. Instead of evaluating only the sensor response to PFOS 
in the presence of the interferents, a full binding isotherm (Fig. S8) of the 
synthesised CNW/MIP sensor was performed to directly compare the 
binding affinity of the three interferents. Furthermore, it is worth noting 
that the binding affinity in real media (TW and WW) is lower than that 
evaluated in PB, and in particular the K for TW is higher than for WW 
(Fig. 6E). Sensor reproducibility was assessed by measuring the basic 
parameters (e.g., electrical conductivity) and by Raman spectroscopy on 
samples synthesised from different PECVD processes and by comparison 
with our previous studies. Table 3 reports the comparison between the 
current and other literature studies. 

4. Conclusions 

Gaining insight into how the chemical and morphological charac-
teristics of the substrate impact the electropolymerised MIP layer is 
essential for designing optimised recognition sites with specificity. In 
this study, we synthesised six different substrates using MPECVD, 
tailoring their electrical properties and surface features. This research 
represents a significant step forward in the development of a deployable 
sensor for the unattended detection of PFOS in tap water and waste-
water, capable of meeting current concentration limits. However, the 
study also highlights the limitations of the sensor when dealing with 
more complex matrices such as landfill leachate. 

Regarding the sp2-C rich CNW substrate, the larger effective area for 
sorption (EASA), due to its higher structures, proves advantageous for 
the MIP layer. The unique labyrinthine porosity of the CNW layer does 
not affect the electropolymerisation process. Despite the considerable 
thickness (3.8 µm) of the thickest substrate, the coating process remains 
uniform, as demonstrated by the linear relationship between the current 
measured in the absence of PFOS and the current limit relative to the 
number of binding sites. Comparing the BDD substrate, it exhibits a 
higher LF (Langmuir-Freundlich) binding constant, but the smaller 
EASA results in a narrower variation interval of the electrochemical 
parameters (Rct and i), leading to lower sensitivity. Furthermore, the LF 
PFOS binding constant is one order of magnitude higher than similar 
analytes, such as PFHxS, PFOA, and PFDA. 

The study compares the faradaic and non-faradaic detection of PFAS, 
finding no significant advantages in terms of a lower limit of detection 
(LOD). Furthermore, the singular value decomposition-partial least 
squares (SVD-PLS) analysis proves useful both in obtaining a PFOS 
concentration directly from raw EIS data without the need for an 
equivalent electrical circuit (EEC) fit and in providing valuable insights 
into the detection mechanism. The peak frequencies most influenced by 
the PFOS concentration are around 20 Hz (corresponding to the influ-
ence of Rct), slightly decreasing to 10 Hz for shorter CNW layers and 
below 1 Hz in the finite diffusion region. Due to the superior EASA and 
lower heterogeneity, the CNW/MIP sensor provides a wider sensing 
range and higher sensitivity by incorporating a larger number of binding 
sites. 

Overall, the developed MIP demonstrates successful detection of 
PFOS in various real matrices, including tap water and treated waste-
water, with a LOD of 100 ng L-1. However, its performance is poor when 
dealing with 1:1 and 1:4 diluted landfill leachate, likely due to the 
complexity of the matrix, including sulphates and humic substances. 
Extended density-functional theory (DFT) calculations reveal that the 
MIP’s binding to the electrode is stronger on the CNW substrate due to 
the formation of specific C-N bonds. This finding helps explain the 
higher homogeneity of the MIP on the CNW substrate. However, the 
binding of PFOS to the MIP is strongest on the BDD-adsorber MIP due to 
the more compact nature of the MIP layer and greater conformational 
freedom. This aligns with the higher binding affinity observed in the 
electrochemical experiments. 

The findings obtained in this study highlight the future prospects of 
utilising enhanced MIP-supported diamond-rich carbon nano-
architectures for monitoring water pollution, with a specific focus on 

emerging contaminants. The proposed design of the sensor shows great 
potential in the development of in situ monitoring devices for PFOS, 
capable of operating effectively under realistic environmental concen-
trations and conditions. Ultimately, this technological advancement is 
expected to enable faster and more efficient mitigation efforts in aquatic 
environments that are impacted by hazardous contaminants. 

Environmental implication 

Why the studied material should be considered ‘hazardous material’. 
Per- and polyfluoroalkyl substances are emerging contaminants of 

interest to JHM. Perfluorooctanesulfonic acid (PFOS), the target analyte 
of the current study, belongs to the above class. 

How the work helps address environmental problems. 
The development of novel, advanced materials and techniques for 

the ubiquitous detection and quantification of PFAS for in situ applica-
tions is a key priority, both in the recent European Water Quality 
Directive and in the WHO’s Sustainable Development Goals. The current 
study comprises the synthesis and application of a novel electrochemical 
sensor for the detection and quantification of PFOS in tap water and 
wastewater, under relevant environmental concentrations and condi-
tions. This will lead to potential in situ measurements of PFOS, resulting 
in faster and more-effective mitigation measures in aquatic 
environments. 
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Technology under the Nobelium - ’Excellence Initiative - Research 
University’ programme (M.P.) is gratefully acknowledged. This research 
was partially supported by The National Centre for Research and 
Development in the framework of the NOR/POLNOR/i-CLARE/0038/ 
2019 project (R.B.). 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jhazmat.2023.131873. 

References 

[1] Acharya, U., Bober, P., Thottappali, M.A., Morávková, Z., Konefał, M., Pfleger, J., 
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