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A B S T R A C T

Performance drift in electrochemical sensors remains a challenge in long-term and/or corrosive applications. We 
present a generalisable, in situ diagnostic framework based on electrochemical impedance spectroscopy (EIS) 
and cyclic voltammetry (CV), using screen-printed electrodes (SPE) and benzenediols (catechol, resorcinol and 
hydroquinone) in acidic media as a model system. Two sensor types, unmodified and Pt/C-modified SPEs, were 
tested across repeated CV cycles, with polarisation resistance (RP) and effective capacitance (Ceff) extracted from 
equivalent circuit models.

Unmodified SPEs showed progressive activation, while modified SPEs exhibited early improvement followed 
by degradation. To synthesise trends across RP, Ceff, and net charge transfer (Qₙ) obtained from CV data, principal 
component analysis (PCA) was applied. PCA revealed smooth, directional evolution for unmodified SPEs and 
disordered, non-monotonic drift in modified SPEs, reinforcing the EIS results.

This approach enables online, non-destructive tracking of electrochemical sensor health and offers a trans
ferable framework for performance assurance, quality control, and lifecycle monitoring. It repositions EIS from 
static characterisation to an embedded, multivariate diagnostic tool.

1. Introduction

Growing public concern over "Sick Building Syndrome" [1] (SBS) has 
driven the rapid development of sensors for detecting volatile toxic 
organic compounds [2] (VTOC), which can accumulate to hazardous 
levels and cause both acute and chronic illnesses. The scientific com
munity has addressed this need by developing sensors capable of 
detecting and quantifying VTOCs (e.g., benzene, formaldehyde [3]) with 
low detection limits and rapid, near real-time response [4]. Electro
chemical sensing [5] is particularly well-suited to this task, offering 
selectivity, sensitivity, and speed [6] in both gas and liquid phases. It 
also offers a cost-effective alternative to optical [7] or calorimetric 
methods [8].

Electrochemical sensors are prone to performance drift when 
exposed to environmental stressors such as electrolyte [9] variation, 
analyte interaction, and corrosive media. These conditions alter reaction 
kinetics and compromise sensor integrity [10], especially during trace 
analyte detection [11] or extended operation under harsh conditions. 
Over time, such drift reduces the sensor’s operational reliability and 
lifespan [12].

Conventional methods such as scanning electron microscopy (SEM) 
[13], energy-dispersive X-ray spectroscopy (EDXS) [14], X-ray photo
electron spectroscopy (XPS) [15], surface-enhanced Raman spectros
copy (SERS) [16], and X-ray diffraction (XRD) [17] offer valuable 
insights into material degradation. However, they are destructive, 
equipment-intensive, and require specialised training, making them 
impractical for routine diagnostics.

Electrochemical impedance spectroscopy (EIS) [18] offers a viable, 
non-destructive diagnostic alternative. It can sensitively track surface 
changes such as corrosion [19] or nucleation [20] without damaging the 
sensor. Because redox processes are directly linked to the electrochem
ically active surface area [21], EIS provides an effective means of 
evaluating sensor performance.

In this study, we diagnose performance drift in screen-printed elec
trodes (SPEs) by monitoring their electrical properties using periodic in 
situ EIS measurements. EIS spectra recorded at multiple time points 
were compared to track changes, and equivalent electrical circuits were 
fitted to assess the evolution of circuit elements. EIS is used here not as a 
post-modification tool but as an integrated diagnostic protocol 
embedded in the sensing workflow. This enables online health 
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monitoring and offers a transferable framework adaptable across sensor 
types and analytes. Two sets of Metrohm DS150 electrodes were tested: 
one unmodified and one with the working electrode (WE) modified by 
drop-casting a 20 wt% Pt/C suspension [platinum nanoparticles (2–3 
nm) on Vulcan XC-72R]. EIS spectra were recorded before and after 
cyclic voltammetry (CV) with three different benzenediol isomers 
[catechol (CC), resorcinol (RS) and hydroquinone (HQ)] in 1 M HCl. 
Building on our previous article in Electrochimica Acta (Krishnamurthy 
et al., 2024) [22], which demonstrated the viability of the modified SPE- 
based sensing platform and detailed the benzenediol redox mechanisms, 
we retain CC, RS, and HQ as model analytes due to their well-studied, 
reproducible electrochemistry. For the electrolyte, we employ 1 M 
HCl, also as discussed in the previous article, to suppress spontaneous 
oxidation and to decrease solution resistance, thereby providing a stable 
measurement matrix for the present analysis. The results confirm that 
EIS is an effective tool for assessing surface condition and sensor health 
[23]. While benzenediols served as model analytes, the framework is 
generalisable to other molecular classes. This work quantifies sensor 
performance evolution using impedance-derived metrics that are 
applicable across architectures. Fig. 1 illustrates the EIS-based charac
terisation process applied to both unmodified and Pt/C-modified SPEs.

2. Principles and modelling frameworks in electrochemical 
impedance spectroscopy

EIS is a powerful technique for probing the resistive and capacitive 
behaviour of electrochemical systems across a wide frequency range. In 
this study, we interpret EIS spectra using equivalent circuit models that 
represent key physical and electrochemical processes at the electro
de–electrolyte interface.

Fig. 2 presents representative Nyquist, Bode, and complex capaci
tance plots with fitted curves from the equivalent circuit model. While 

Nyquist and Bode plots are traditionally used in control systems [24] to 
assess cut-off frequencies and system stability, our focus here is on cir
cuit fitting and the evolution of electrical parameters. These plots 
therefore serve mainly as fitting tools rather than standalone diagnostic 
aids. Full datasets, theoretical background, and symbolic circuit dia
grams (Supplementary Figs. S1–S4) are provided in the Supplementary 
Information.

2.1. Optimising equivalent circuits for mechanistic interpretation

Selecting an equivalent circuit [25] requires balancing completeness 
with interpretability. Over-modelling can yield near-perfect fits but risks 
introducing elements without clear electrochemical justification. Under- 
modelling, while sacrificing fit quality, ensures that each element cor
responds to a physically meaningful process. In this work, we prioritised 
the latter approach to maintain mechanistic clarity. Diffusion-related 
components were excluded, as the SPE setup lacks controlled mass 
transport (e.g., flow systems or rotating electrodes). The simplified cir
cuit thus emphasises clarity and interpretability over exhaustiveness.

3. Results and discussion

3.1. Extracting mechanistic insight from equivalent circuit analysis

EIS spectra were obtained to compare: 

1. The performance of unmodified versus Pt/C-modified DS150 SPEs.
2. The evolution of unmodified SPE performance over baseline, post- 

five, and post-ten CV cycles.
3. The evolution of Pt/C-modified SPEs over the same cycling intervals.

EIS data were fitted using a modified Randles’ circuit (Fig. 3), which 

Fig. 1. (Graphical abstract): Schematic of the in situ EIS-based diagnostic workflow for SPEs. Impedance measurements yield RP and Ceff as online, non-invasive 
indicators of sensor performance drift and degradation across unmodified and Pt/C-modified electrodes.
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includes solution resistance (RS), polarisation resistance (RP), and a 
constant phase element (CPE) in place of an ideal capacitor to account 
for non-ideal capacitive [26] behaviour (see Supplementary Section 
1.3.3). Mass transport effects were excluded, as they introduce addi
tional elements (e.g., Warburg impedance [27]) that, while physically 
meaningful, complicate interpretation. By focusing on resistive and 
capacitive components, the model preserves mechanistic clarity. Each 
EIS dataset corresponds to a single SPE and reflects its individual 
condition.

We extracted values for solution resistance RS (R1, Ω), polarisation 
resistance RP (R2, Ω), and the CPE parameters T and ϕ, as defined in 
Supplementary Eqs. S12–S15. These parameters describe non-ideal 
double-layer capacitance. From these, we calculated the effective 
capacitance Ceff (F) [28], which we interpret as a diagnostic indicator of 
double-layer behaviour and surface integrity, using the following 
formula: 

Ceff = T
1
ϕ

(
1
RS

+
1
RP

)(ϕ− 1)
ϕ

(1) 

Supplementary Figs. S5–S13 show Nyquist, Bode, and complex 
capacitance plots for each condition, with one representative replicate 
displayed for clarity. Full fitted data from the EIS spectra are provided in 
Supplementary Tables S1–S9.

3.2. Translating electrical response into diagnostic indicators of sensor 
performance

3.2.1. Impedance-based comparison of unmodified and Pt/C-modified SPEs
Before evaluating the effects of sensor use on SPE performance, we 

first examined whether Pt/C modification [29] altered the electrodes’ 
baseline electrochemical response. EIS measurements were performed 
on both unmodified and modified SPEs in 1 M HCl, as summarised in 
Table 1.

We assessed the impact of Pt/C modification using RP and Ceff as key 
diagnostic indicators. Lower impedance values typically indicate 
enhanced electrochemical performance [30]. Following modification, 
RP decreased while Ceff increased significantly. The rise in Ceff reduces 
capacitive reactance, consistent with their inverse relationship (see Eq. 
S8 in Supplementary Section 1.3.2). These shifts are substantial: RP 
reduced by a factor of approximately seventy, and Ceff increased by 
nearly a factor of fifty. Because solution resistance (RS) depends mainly 
on electrolyte concentration, which remained constant at 1 M HCl, it 
was not a primary comparison metric in this study.

3.2.2. Impedance-based performance tracking of unmodified SPEs during 
cyclic voltammetry

We evaluated the performance of unmodified SPEs under CV in four 
analyte solutions: 1 M HCl (blank), 1 mM CC, 1 mM RS and 1 mM HQ, all 
in 1 M HCl. For each analyte, EIS spectra were recorded at three stages: 
before cycling, after five cycles, and after ten cycles. These measure
ments were used to track changes in RP and Ceff. Table 2 presents the 
corresponding circuit element values.

The unmodified SPEs exhibited a decrease in RP and an increase in 
Ceff over successive cycles. This trend indicates surface activation and 
improved sensor response under corrosive conditions. It likely reflects 
electrochemical polishing [31], removing surface films and exposing 
more conductive substrate material [32]. These observations are 
consistent with previous reports of electrochemical carbon oxidation in 
acidic media [33].

3.2.3. Impedance-based performance tracking of Pt/C-modified SPEs 
during cyclic voltammetry

We conducted a parallel investigation using Pt/C-modified SPEs, 
following the same protocol applied to unmodified SPEs (Section 3.2.2). 
Table 3 summarises the circuit element values derived from EIS mea
surements in HCl, CC, RS, and HQ.

Similar to the unmodified SPEs, the Pt/C-modified counterparts 
showed consistent trends in RP and Ceff. However, a key distinction 
emerged: in all four analytes, Ceff increased after five cycles but declined 
by the tenth. For RP, a general increase was observed from baseline to 
ten cycles, except with resorcinol, where RP decreased. These trends 
suggest that Pt/C-modified SPEs undergo transient improvement, 

Fig. 2. EIS characterisation of an SPE in 1 M HCl, showing experimental data (black) and fitted model (red, χ2 = 0.0020). Plots include (a) Nyquist, (b) Bode, and (c) 
complex capacitance. Data were fitted using a Randles’ circuit incorporating a constant phase element (CPE) to account for non-ideal double-layer behaviour. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Modified Randles’ equivalent circuit used for EIS fitting. The model 
includes solution resistance (R1), polarisation resistance (R2), and a constant 
phase element (Q1) to account for non-ideal capacitive behaviour.

Table 1 
Impedance parameters (RP, Ceff) for unmodified and Pt/C-modified SPEs in 1 M 
HCl.

Parameter RP (kΩ) Ceff (μF)

Unmodified SPE 900.00 1.75
Modified SPE 13.00 90.51
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followed by degradation, as reflected in the shifts in RP and Ceff. The 
modified SPEs appear to maintain stable electrical characteristics for up 
to five cycles, after which degradation becomes evident. This likely re
sults from Pt nanoparticle dissolution [34], carbon support oxidation, 
and agglomeration, all of which accelerate in acidic media [35] [36]. 
These effects reduce the electrochemically active surface area and alter 
the impedance profile over time [37]. Given the initial sharp decline in 
RP and the rise in Ceff after modification, even modest catalyst loss could 
significantly impact performance, especially considering the low cata
lyst loading (~10 μg per SPE). These impedance-based findings were 
supported by complementary CV data, which revealed early signs of 
surface deterioration during operation.

Fig. 4 visually consolidates the impedance trends: unmodified elec
trodes improved progressively with CV cycling, while modified elec
trodes degrade post-five cycles. This divergence in log-scaled RP and Ceff 
highlights EIS’s strength in capturing early behavioural shifts, without 
relying on fixed performance thresholds. Logarithmic (base-10) scaling 
accommodates the wide dynamic range of RP and Ceff across cycles.

Table 4 summarises parameter shifts and relative standard de
viations (RSD) across cycling stages, providing comparative insight into 
performance trends. Unmodified SPEs showed large changes in RP and 

Ceff, but with high variability. In contrast, Pt/C-modified electrodes 
exhibited smaller but more consistent changes: RP generally increased, 
and Ceff peaked at five cycles before declining by ten. The lower RSDs in 
the modified electrodes indicate greater reproducibility. These results 

Table 2 
Impedance evolution (RP, Ceff) for unmodified SPEs at baseline, five and ten CV cycles in blank (1 M HCl), catechol, resorcinol, and hydroquinone.

Analyte Blank Catechol Resorcinol Hydroquinone

Parameter RP (kΩ) Ceff (μF) RP (kΩ) Ceff (μF) RP (kΩ) Ceff (μF) RP (kΩ) Ceff (μF)

Baseline 900.00 1.80 2000.00 1.54 1700.00 2.28 1000.00 1.86
Post-five cycles 300.00 4.30 700.00 3.30 500.00 4.62 200.00 6.69
Post-ten cycles 180.00 5.70 300.00 4.10 350.00 5.11 100.00 11.65

Table 3 
Impedance evolution (RP, Ceff) for Pt/C-modified SPEs at baseline, five and ten CV cycles in blank (1 M HCl), catechol, resorcinol, and hydroquinone.

Analyte Blank Catechol Resorcinol Hydroquinone

Parameter RP (kΩ) Ceff (μF) RP (kΩ) Ceff (μF) RP (kΩ) Ceff (μF) RP (kΩ) Ceff (μF)

Baseline 13.00 90.51 16.00 71.41 20.00 57.78 10.00 85.32
Post-five cycles 15.00 111.61 13.00 108.79 20.00 86.71 11.00 110.60
Post-ten cycles 18.00 77.44 18.00 95.10 17.00 77.40 15.00 82.13

Fig. 4. Logarithmically-scaled evolution of polarisation resistance (RP) and effective capacitance (Ceff) across baseline, five and ten CV cycles for (a) unmodified and 
(b) Pt/C-modified SPEs. Trends serve as diagnostic indicators of improvement in unmodified electrodes and degradation onset in modified specimens. Error bars 
show intra-analyte variability and confirm trend consistency.

Table 4 
Summary of impedance parameter evolution over ten CV cycles for unmodified 
and Pt/C-modified SPEs.

Parameter Metric Unmodified SPE Pt/C-modified SPE

RP

Δ 0 → 5 cycles (%) − 65.50 12.10
Δ 5 → 10 cycles (%) 2.60 20.10
Δ 0 → 10 cycles (%) − 64.60 34.40

Rate (%/cycle) − 6.460 3.44
RSD (0–10 cycles) (%) 93.40 15.90

Ceff

Δ 0 → 5 cycles (%) 138.90 26.50
Δ 5 → 10 cycles (%) − 4.60 − 22.00
Δ 0 → 10 cycles (%) 128.00 − 1.30

Rate (%/cycle) 12.80 − 0.13
RSD (0–10 cycles) (%) 51.20 19.00

Metrics include percentage changes, rate of drift, relative standard deviation 
(RSD), and coefficient of variation (CoV).
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suggest that surface modification not only improves consistency but also 
influences the trajectory of sensor drift, reinforcing the sensitivity of the 
proposed impedance-based diagnostic framework.

Trends in RP and Ceff provide insight into sensor precision and sta
bility, complementing traditional performance metrics such as limit of 
detection (LoD) and linearity. These impedance-derived indicators are 
particularly well-suited for long-term deployment and for ensuring 
metrological robustness.

3.3. Cross-validation of impedance metrics via cyclic voltammetry

We analysed CV data to corroborate the conclusions drawn from EIS. 
Since all measurements used a fixed CV window, differences in current 
magnitude or redox onset reflect variations in sensor responsiveness. 
Fig. 5 presents CV data in 1 M HCl from three representative experi
mental sets, based on the protocols outlined in Section 3.1.

Fig. 5a shows that Pt/C-modified SPEs produce higher current re
sponses than unmodified electrodes, likely reflecting enhanced H+

adsorption on the Pt [38] surface. This observation aligns with the 
impedance-based findings of lower RP and higher Ceff following modi
fication. Fig. 5b and c illustrate performance evolution over CV cycles: 
unmodified electrodes exhibit gradual improvement, whereas modified 
electrodes show an initial increase followed by a decline, consistent with 
the EIS trends. These patterns validate the circuit parameters derived 
from EIS.

Supplementary Figs. S14–S16 present the relevant CV plots for each 
experimental condition, with one representative replicate shown per 
condition for clarity and brevity.

CV data were used to extract key descriptors of electrochemical 
performance, including net charge transferred (Qₙ), peak separation 
(ΔEₚ), and their evolution over successive cycles. Qₙ indicates the extent 
of redox activity, while ΔEₚ reflects the reversibility and efficiency of 
electron transfer. These parameters help distinguish the two SPE types in 
terms of catalytic behaviour and stability. Pt/C-modified electrodes 
exhibited better kinetics, as shown by narrower ΔEₚ and lower onset 
potentials, but also displayed signs of degradation over time, particu
larly with resorcinol, which is prone to fouling. In contrast, unmodified 
electrodes showed slower but more consistent redox behaviour, with 
either stable or slightly increasing charge transfer over repeated cycling. 
These results suggest that while the unmodified carbon surface is 
initially less active, it provides more stable diagnostic behaviour over 
time. By comparison, Pt/C modification enhances initial performance 
but reduces durability. Table 5 summarises these trends. Definitions and 
complete CV parameters are provided in Supplementary Section 1.5 and 
Tables S10–S17.

Tables 4 and 5 provide complementary evidence from EIS and CV, 
respectively. Together, they confirm both qualitative and quantitative 

shifts in performance, reinforcing the diagnostic potential of the pro
posed methodology. Notably, EIS detects subtle changes in sensor 
behaviour before degradation becomes apparent in CV data. These 
trends reflect the progressive, cycle-dependent evolution of the elec
trode surface.

3.4. Principal component analysis of electrochemical drift

To complement the impedance and voltammetric analyses, we 
applied principal component analysis (PCA) to visualise the evolution of 
sensor behaviour across CV cycles. PCA was performed on three de
scriptors: RP, Ceff, and Qn. Separate analyses were conducted for un
modified and Pt/C-modified SPEs, capturing the distinct diagnostic 
trajectories of each platform. Fig. 6 shows the two PCA biplots for un
modified and Pt/C-modified SPEs.

For unmodified SPEs, the first two principal components (PC1 and 
PC2) accounted for 92.1 % of total variance (PC1 = 56.8 %, PC2 = 35.3 
%). The PCA scores plot revealed smooth, directional shifts with 
increasing cycles, especially in HCl and HQ, consistent with progressive 
surface activation. Feature loadings indicated that PC1 was dominated 

Fig. 5. CV data for SPEs in 1 M HCl across 0–1 V vs quasi Ag reference at 10 mV s− 1. (a) Pt/C-modified electrodes exhibit higher current response compared to 
unmodified SPEs. (b) Unmodified electrodes show progressive performance shifts with cycling. (c) Modified electrodes demonstrate initial improvement, followed by 
decline after extended cycling.

Table 5 
Summary of cyclic voltammetry parameters for unmodified and Pt/C-modified 
SPEs, showing net charge transfer (Qₙ), peak separation (ΔEₚ), and their evo
lution across cycles.

SPE Type Analyte Qₙ Range 
(μC)

ΔEₚ 
(mV)

Qₙ 
Trend

Interpretation

Unmodified

HCl 7.9–25.3 – ↑
Minimal activity; 

non-faradaic blank 
system

HQ 233–261
180 
→ 

150

↑ (+28 
μC)

Progressive 
activation and stable 
redox reversibility

CC 239–243
200 
→ 

210
Stable

Consistent 
performance, minor 

improvement

RS
97.9 → 

3.8
–

↓ (− 94 
μC)

Rapid degradation 
due to polymerisation

Pt/C- 
modified

HCl 115–167 –
↓ (− 51 

μC)

Some signal drift; 
potential surface 

evolution

HQ 236–264 60 ↑ (+28 
μC)

Sustained catalytic 
activity; gradual drift 

in Qₚₙ

CC 261–344
60 → 

70
↑ (+83 

μC)

Strong catalytic 
response with stable 

reversibility

RS
147 → 

101
–

↓ (− 46 
μC)

Partial degradation; 
initial performance 

then decline
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by inverse trends in RP and Qn, while PC2 captured secondary contri
butions from Ceff. This supports the interpretation that sensor 
improvement over time results from simultaneous resistive and capaci
tive enhancement.

In contrast, Pt/C-modified SPEs exhibited more scattered behaviour. 
The first two components explained 88.4 % of variance (PC1 = 54.6 %, 
PC2 = 33.8 %), but progression between cycles was less structured. The 
PCA biplot showed that Ceff and Qn still influenced PC1 most strongly, 
but the vector directions were less aligned, reflecting the non-monotonic 
degradation observed experimentally. In particular, electrodes modified 
with Pt/C exhibited increasing RP but decreasing Ceff after five to ten 
cycles, which disrupted the directional trend visible in unmodified 
electrodes.

Together, the PCA results reinforce the notion that unmodified car
bon SPEs undergo consistent electrochemical activation, whereas Pt/C- 
modified SPEs have a limited peak performance window due to catalyst 
degradation. The dimensionality reduction confirms that RP, Ceff, and Qn 
are sufficient to track sensor health in reduced space, offering a potential 
framework for automated or embedded diagnostics.

3.5. Synthesis of impedance and voltammetric trends

To consolidate the trends observed across all experimental condi
tions, Table 6 summarises the evolution of RP and Ceff for both unmod
ified and Pt/C-modified SPEs across each analyte after five and ten CV 

cycles. The table highlights directional changes, allowing straightfor
ward comparison of performance evolution during cycling.

Trends observed in both EIS and CV data suggest that acidic corro
sion, rather than analyte-specific redox reactions, is the primary driver 
of changes in electrode surface state and impedance parameters. While 
CV captures broader behavioural changes, EIS offers higher-resolution, 
quantitative insight and allows direct comparison to baseline condi
tions. This underscores the value of using EIS alongside complementary 
techniques for comprehensive sensor evaluation.

4. Applications and prospects

A key advantage of this method is its ability to assess SPE health and 
performance in situ, without removing the sensor from operation. Un
like SEM, SERS, XPS, or XRD, which require disassembly and interrupt 
sensing, this approach enables continuous, non-invasive diagnostics. 
This work redefines the role of EIS in sensing applications. In traditional 
sensor studies, EIS is used only as a static characterisation tool, limited 
to Nyquist plots recorded before and after modification. By contrast, our 
method integrates EIS directly into the sensing workflow, enabling on
line diagnostic tracking. Monitoring RP and Ceff over time allows the 
framework to identify degradation and distinguish between charge 
transfer loss and capacitive drift. This shifts EIS from a passive charac
terisation method to an active performance assurance tool. Potential 
applications include quality control during sensor fabrication, predictive 
maintenance in environmental or biomedical systems, and embedded 
diagnostics in portable devices. Although this diagnostic strategy ap
pears scalable, the trends reported here are specific to DS150 SPEs and 
may not directly generalise to other platforms. Extending the framework 
to additional systems is a key focus of ongoing work. This positions EIS 
not just as an analytical method but as a foundation for intelligent sensor 
design and lifecycle management.

5. Scope and limitations

Due to the complexity of the dataset, which includes Nyquist, Bode, 
and complex capacitance plots at three stages (baseline, post-five cycles, 
and post-ten cycles) across four analytes in triplicate, we present only 
representative spectra for clarity. Trends within each analyte were 
reproducible across replicates, as illustrated by the error bars in Fig. 4. 
These margins reflect intra-condition variability and demonstrate 

Fig. 6. PCA of SPE performance across CV cycles based on RP, Ceff, and Qn. (a) Unmodified SPEs show clear, cycle-dependent progression. (b) Pt/C-modified SPEs 
exhibit scattered behaviour consistent with degradation.

Table 6 
Summary of qualitative RP and Ceff trends for unmodified and Pt/C-modified 
SPEs across all analytes post-five and ten CV cycles.

SPE Type Analyte Post five 
cycles

Post ten 
cycles

Observation from CV

Unmodified

HCl

RP ↓, Ceff ↑ RP ↓, Ceff ↑
Consistent improvement in 

diagnostic indicators
HQ
CC
RS

Pt/C- 
modified

HCl RP ↑, Ceff ↑ RP ↑, Ceff ↓
Emerging signs of degradation

HQ
CC RP ↓, Ceff ↑

RS
RP − , Ceff 

↑
RP ↓, Ceff ↓

Arrows indicate parameter changes; qualitative observations describe perfor
mance evolution.
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consistent directional changes, though they do not imply statistical 
significance. Directional trends in RP and Ceff were observed across all 
four analytes: three redox-active and one non-faradaic, the former 
serving as functional replicates. This approach enabled internal valida
tion while preserving the variability characteristic of commercial SPEs. 
Batch-to-batch variability among SPEs limited the comparability of 
baseline impedance values, as reflected in the high RSDs for unmodified 
electrodes shown in Table 4. For modified electrodes, additional vari
ability arose from the manual drop-casting process, which, despite 
careful technique, introduced inconsistencies in catalyst deposition. 
These factors contributed to fluctuations in fitted parameters and 
complicated direct comparison across samples. Each SPE effectively 
served as an individual case study, with fabrication variation, surface 
morphology, and catalyst distribution driving unique electrochemical 
responses. As such, the absolute values of the fitted parameters are less 
critical than their evolution within a given sample across cycles. 
Reproducibility was established through protocol repetition across 
multiple analytes, all of which exhibited consistent directional trends. 
This approach prioritises mechanistic interpretation and trend valida
tion over inter-sample averaging.

As discussed in Section 3.2, while EIS effectively characterises and 
investigates the electrical behaviour of SPEs, the underlying phenomena 
responsible for the observed changes in parameter values remain to be 
confirmed. SEM provides the most direct means of validating these 
findings, allowing examination before and after CV cycling. However, 
since SEM sample preparation is destructive, it precludes further elec
trochemical testing on the same SPE. SERS, with its high surface sensi
tivity similar to EIS, could potentially validate the impedance data under 
a robust test protocol. Nonetheless, SERS also typically requires 
destructive sample preparation, precluding comparative before-and- 
after measurements on the same SPE. Another potential solution in
volves employing an electrochemical quartz crystal microbalance 
(EQCM) [39] to monitor changes in resonant frequency during CV 
cycling. However, this approach necessitates the development of a 
suitable method to integrate the SPE with the EQCM electrode. Alter
natively, we could assess material erosion [40] by depositing a proxy 
layer on the EQCM electrode and extrapolating the results to the SPE, 
while carefully considering the subtle differences between the two 
systems.

6. Conclusion

In situ electrochemical impedance spectroscopy (EIS) was used to 
characterise screen-printed electrodes (SPE) by modelling them as net
works of discrete circuit elements. We diagnosed performance drift in 
both unmodified and Pt/C-modified SPEs using periodic EIS measure
ments taken before and after sensing. The impedance spectra were fitted 
using a Randles’ circuit, with a constant phase element (CPE) replacing 
the ideal capacitor to account for non-ideal double-layer behaviour. 
From these fits, we extracted polarisation resistance (RP) and effective 
capacitance (Ceff) as diagnostic indicators. Modification reduced RP and 
increased Ceff, confirming enhanced baseline performance with Pt/C 
deposition. Both electrode types were evaluated using cyclic voltam
metry (CV) with four analytes: 1 M HCl (blank), 1 mM catechol, 1 mM 
resorcinol, and 1 mM hydroquinone in 1 M HCl. EIS spectra were 
recorded at three points: before cycling, after five cycles, and after ten 
cycles. Unmodified SPEs showed progressive improvements in imped
ance characteristics, indicating increased electrochemical activity over 
time. In contrast, modified SPEs displayed initial improvement followed 
by degradation, suggesting loss of catalytic integrity. These trends, 
supported by CV results, confirm the reliability of RP and Ceff as in
dicators of surface condition and sensor drift. Although demonstrated 
with benzenediols, this diagnostic approach is generalisable to other 
molecular systems and sensing platforms. The proposed framework of
fers a modular strategy for tracking sensor performance and positions 
EIS as a foundational tool for intelligent lifecycle management of 

electrochemical systems.

7. Materials and methods

7.1. Catalyst preparation

Catalyst ink was prepared by dispersing 20 wt% Pt/C [platinum 
nanoparticles (2–3 nm) on Vulcan XC-72R (20–50 nm), sourced from 
FuelCellStore] in 0.995 ml of absolute ethanol. A 5 μl aliquot of 5 % 
Nafion solution (in ethanol, Sigma Aldrich) was added as a binder. The 
mixture was ultrasonicated using a 500 W probe at 25 % amplitude for 2 
min to ensure uniform dispersion. The ink was used immediately to 
minimise particle settling and agglomeration.

7.2. Sensor element fabrication

Sensor elements were prepared using Metrohm DropSens DS150 
SPEs with a carbon working electrode (WE), platinum counter electrode 
(CE), and silver reference electrode (RE). The WE was cleaned with 
deionised water and ethanol, then dried on a 55 ◦C hot plate. A 10 μl 
aliquot of catalyst ink was pipetted onto the WE while still on the hot 
plate to accelerate drying. Care was taken to avoid spill-over onto the CE 
and RE. The sensors were stored in a sealed, dry container to prevent 
tarnishing of the RE and silver contacts. Each 10 μl ink dose contained 
10 μg of catalyst (1 mg/ml), with 20 % Pt, resulting in a metal loading of 
2 μg per sensor and an estimated Pt loading of approximately 160 ng 
mm− 2 for a 4 mm WE diameter.

7.3. Analyte solution preparation

Analyte solutions of various concentrations were prepared by 
diluting stock solutions of each benzenediol. Catechol (CC), resorcinol 
(RS) and hydroquinone (HQ), all of analytical grade purity (>99 %) and 
purchased from Sigma Aldrich, were used. Stock solutions of each 
benzenediol (50 mM) were created by dissolving the analyte in 1 M HCl 
(prepared by dilution of 37 % HCl) with stirring, aided by ultra
sonication. Working solutions were prepared by diluting the stock with 
1 M HCl to reach target concentration. For each measurement, 75 μl of 
analyte solution was dispensed onto the SPE surface to ensure full 
coverage of all three electrodes.

7.4. Framework summary

This protocol integrates EIS into the sensing workflow to track sensor 
performance over time. The steps are as follows:

7.4.1. Baseline measurement
Record EIS on a freshly prepared sensor to extract initial RP and Ceff 

values.

7.4.2. Electrochemical cycling - Phase I
Perform x cycles of CV, followed by stabilisation.

7.4.3. Midpoint assessment
Measure EIS again and compare results to the baseline to observe 

early trends.

7.4.4. Cycling - Phase II
Apply another x CV cycles (total 2x) and allow the system to 

stabilise.

7.4.5. Post-cycling measurement
Conduct a third EIS measurement and evaluate parameter evolution 

across 0, x, and 2x cycles.
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7.4.6. Data interpretation
Compute % change and RSD for RP and Ceff. Track directional trends 

to differentiate charge transfer shifts and capacitive changes.

7.4.7. Extension (Optional)
Repeat as needed for extended diagnostics. In this study, x = 5 cycles 

was used to capture early- and mid-stage sensor behaviour.

7.5. Electrochemical measurement protocols and data fitting

CV was performed using a PalmSens4 potentiostat with the following 
parameters: Ebegin = 0 V, Evertex1 = 1 V, Evertex2 = 0 V vs quasi Ag 
reference; Scan rate: 10 mV s− 1; Number of scans: 10; Potential step size: 
approximately 1 mV. EIS was also performed using the PalmSens4 
potentiostat under the following conditions: Equilibration time: 0 s; Scan 
Type: Default; DC potential (Edc): 0 V; AC amplitude (Eac): 10 mV (rms); 
Frequency type: Scan; Number of frequencies: 54 (10 per decade); 
Maximum frequency: 100 kHz; Minimum frequency: 0.5 Hz; Minimum 
sampling time: 0.5 s; Maximum equilibration time: 10 s.

Equivalent circuit fitting used non-linear least squares regression. 
For the representative dataset shown in Fig. 2, the model yielded a 
reduced χ2 value of 0.0020, indicating excellent agreement between 
experimental data and the fitted response. Similar fit quality was 
observed across all datasets used for performance tracking.
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