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ABSTRACT

Reduced graphene oxide (rGO) prepared
using tea-stem extract as a green reducing
agent was blended ex situ with manganese
dioxide (MnO:) at mass ratios of 1:3, 1:1, and
3:1. Impedance spectra collected over the
frequency range of 100 kHz to 0.01 Hz were
fitted using four equivalent circuits, which
were evaluated based on residual error and
the Bayesian information criterion (BIC).
The classical Randles circuit incorporating a
Warburg element was rejected because its
residual error was 5.2—60 times greater than
that of the modified Randles circuit, in which
constant phase elements replaced the double-
layer capacitor and the Warburg element.
Moreover, the classical circuit yielded a
charge-transfer resistance that collapsed to
zero for the 1:1 composite. In the modified
circuit, the series resistance increased from
39 to 302 Q as the rGO fraction increased,
whereas the charge-transfer resistance varied
nonmonotonically, reaching 2.4, 14.8, and
1.8 kQ for the 1:3, 1:1, and 3:1 composites,
respectively. The 1:1 composite also
exhibited a relaxation process 16-23 times
slower than those of the other two
composites. Across the three composites,
voltammetric capacitance retention between
scan rates of 10 and 100 mV s™' decreased

with increasing series resistance, whereas
galvanostatic capacitance retention between
current densities of 1 and 10 A g! followed
the trend in relaxation frequency. The low-
frequency admittance of the diffusion-like
element also followed the trend in specific
capacitance. These findings distinguish
ohmic, interfacial, and capacitive limitations
and provide an impedance-based framework
for designing green-synthesized composite
electrodes.
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INTRODUCTION

Electrochemical capacitors bridge the gap
between  batteries and  conventional
capacitors by offering high power density
and long cycle life. Their performance
depends strongly on the electrode materials
and their properties. [1,2] Carbon-based
electrodes store charge primarily through
electrical double-layer mechanisms, and
graphene-derived carbons offer high
electrical conductivity and accessible surface
area for charge storage. [3] Transition-metal
oxides contribute Faradaic
pseudocapacitance. Among these materials,
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manganese dioxide (MnQO:) is attractive
because of its high theoretical capacitance,
low cost, and natural abundance. However,
its relatively poor electronic conductivity can
limit its rate performance. [4] Combining
MnO: with reduced graphene oxide (rGO) is
therefore a widely investigated strategy for
integrating a conductive carbon network with
a pseudocapacitive phase. [5]

Graphene oxide (GO) is conventionally
reduced using hydrazine and other chemical
reducing agents, some of which pose
environmental and safety concerns. These
concerns have motivated the search for
greener alternatives. [6] Aqueous plant
extracts rich in polyphenols and other
phytochemicals can facilitate GO reduction
and help stabilize the resulting material. [7]
Tea-stem (kukicha) extract is a promising,
low-cost reducing agent because it is derived
from of tea processing. [8] Nevertheless, the
effectiveness and reproducibility of plant-
based reduction methods depend on the
botanical source, extract composition, and
synthesis conditions.

Previous studies of rGO/MnO: electrodes
have generally evaluated the effects of
composition in terms of specific capacitance
and cycling stability. [9,10] Although these
metrics are essential for assessing
electrochemical performance, they do not
independently  identify  the  resistive
processes that limit electrode response.
Electrochemical impedance spectroscopy
(EIS) can help distinguish ohmic and
interfacial contributions and characterize
frequency-dependent electrochemical
behavior when the impedance spectra are
analyzed using an appropriate equivalent
circuit. [11] The classical Randles circuit
represents the interfacial response using a
charge-transfer resistance in series with a
Warburg diffusion element, with this branch
connected in parallel with the double-layer
capacitance. [12] However, porous and
heterogeneous composite electrodes rarely
behave as ideal capacitive systems. Their
non-ideal capacitive behavior is commonly
represented using constant phase elements
(CPEs), which account for the dispersion of

interfacial time constants. [13,14] Selecting
an appropriate equivalent circuit is therefore
essential because parameters obtained from
an inadequate model may be poorly
identifiable or physically ambiguous.
Systematic comparisons of competing
circuits, supported by quantitative model-
selection criteria, can help establish whether
the selected model adequately describes the
measured impedance response. [15]

In this study, electrochemical impedance
spectroscopy (EIS) was used to investigate
the composition-dependent resistance of ex
situ TGO/MnO: nanocomposite electrodes
prepared using tea-stem extract as a green
reducing agent. Three rGO: mass ratios were
examined: 1:3, 1:1, and 3:1. Although the
synthesis and capacitive performance of
these materials were reported previously,
[16] the present study focuses specifically on
the analysis and interpretation of their
electrochemical impedance data. The
classical Randles circuit was quantitatively
compared with alternative equivalent circuits
incorporating constant phase elements to
identify the model that best described the
measured impedance spectra. The selected
model was then used to examine how the
composition affected the series resistance,
charge-transfer resistance, and associated
relaxation  frequency.  Finally, these
impedance-derived parameters were
compared with the scan-rate-dependent and
current-density-dependent  electrochemical
responses of the same electrodes. To the best
of our knowledge, a statistically guided
comparison of equivalent-circuit models
applied to tea-stem-extract-derived
rGO/MnO: composites across different
composition ratios has not previously been
reported.

MATERIALS & METHODS

Materials

GO, rGO, MnO>, and the composites were
prepared as described previously. [16] GO
was prepared from graphite by the Hummers
method and reduced with an aqueous extract
of tea-stems under alkaline conditions at 80
°C, followed by a hydrothermal step at 180
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°C. MnO> was synthesized hydrothermally
from KMnO4 and HCI at 180 °C for 3 h. The
composites were prepared ex situ by
ultrasonic mixing of the two components in
ethanol at rGO/MnO; mass ratios of 1:3, 1:1,
and 3:1, followed by centrifugation,
washing, and vacuum drying.

Electrode preparation and electrochemical
measurements

A glassy carbon electrode (GCE, 3 mm
diameter) was polished with alumina slurry,
rinsed, and dried. Each composite was
dispersed in a water—ethanol mixture by
sonication, drop-cast on the GCE, and fixed
with Nafion binder 5uL. The active mass
used was 0.1 mg.

Measurements were carried out with a
PalmSens4 potentiostat in a three-electrode
cell, with the modified GCE as working
electrode, an Ag/AgCl reference electrode,
and a platinum counter electrode in 1 M
H>SO4. Cyclic voltammetry (CV) was
recorded over a 1.0 V window (—0.2 to 0.8 V
versus Ag/AgCl) at 10, 25, 50, 75, and 100
mV s—1, and the specific capacitance was
calculated from the integrated CV area.
Galvanostatic charge—discharge (GCD) was
performed in the same window at 10, 7.5, 5,
2.5,and 1 A g'!, and the specific capacitance
was Cs = IAt/(mAV), where I is the discharge
current (A), At the discharge time (s), m the
active mass (g), and AV the potential window
(V). EIS was measured at the open-circuit
potential with a 10 mV sinusoidal signal
from 100 kHz to 0.01 Hz (61 frequencies).

Equivalent-circuit analysis

Four equivalent circuits were compared
(Figure 1 shows the modified circuit). Circuit
Al is the classical Randles circuit with an

ideal double-layer capacitor C and a semi-
infinite Warburg element Zw = o(1 — j)o 2
in series with Rt (Eq. 1). Circuit A2 replaces
C by a CPE. Circuit M, the modified Randles
circuit, also replaces the Warburg element by
a second CPE (Eq. 2). Circuit C contains two
parallel resistor—CPE arcs in series (Eq. 3):

— Ree +Zw
Za1 =R + 1+jwC (Ree +Zw) 1)
Zy = Ry + | Q)" + ——
Q23w )2 2)
Rct Rd

Ze = Re + T oy

1+RgQ2 G0 )" (3)

Here R is the series resistance, Rt the
charge-transfer resistance, Rq a second
interfacial resistance, ® the angular
frequency, j the imaginary unit, and Q and n
the coefficient and exponent of a CPE (Zcpe
=1/[Q(w)"]). Spectra were fitted by complex
nonlinear  least squares  (trust-region
reflective algorithm, SciPy) minimizing the
squared relative residuals of the real and
imaginary parts, with 80 random starting
points per circuit and bounded parameters.
Parameter standard errors came from the
Jacobian-based covariance matrix scaled by
the reduced 2. The fitting routine
reproduced the parameters that the
instrument software returned for circuit Al.
Two quantities were derived from circuit M.
The relaxation frequency of the interfacial
arc, f. = 1/(2nt) with t= (Rer Q1) [16] and
the low-frequency admittance of the
diffusion-like element, Y2 = Q2(2m % 0.01)™2,
evaluated at 0.01 Hz because the coefficients
Q2 of elements with different exponents are
not directly comparable.

Rct Qz

O

Figure 1. Modified Randles circuit (circuit M): series resistance Rs, followed by a constant phase element
Q1 in parallel with the series combination of the charge-transfer resistance Rct and a second constant

phase element Q..
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Statistical analysis
Model adequacy was judged by the reduced

2 n 2
X ﬁﬂvﬂ [(%) +(%) ]and by

the  Bayesian information  criterion,
RSS
BIC = 2N In (W) +kIn(2N), [17] where N = 61

is the number of frequencies, k the number of
parameters, and RSS the residual sum of
squares. A BIC difference larger than 10 was
taken as very strong evidence for the lower
value. [18] CV retention was defined as the
specific capacitance at 100 mV s~ ! divided by
that at 10 mV s™!, and GCD retention as the
specific capacitance at 10 A g ! divided by
that at 1 A g ! Because only three
composites were compared, no inferential
statistics were applied to the relationships
between impedance  descriptors and
performance metrics; these were compared
by rank order only.

RESULT

Experimental impedance response

The Nyquist plots Figure 2 and Bode plots
Figure 3 showed that none of the three
composites had the textbook Randles
signature of a single semicircle followed by
a 45° Warburg line and a near-vertical
capacitive tail. The real-axis intercept at 100
kHz ranged from 40.9 Q (1:3) to 304.9 Q
(3:1) in the same electrolyte and cell. The
phase angle did not approach —90° in the
measured range: at 0.01 Hz it was 62.4°
(1:3), 49.6° (3:1), and 32.6° (1:1), and the
impedance modulus at this frequency was
74.2,48.7, and 16.0 kQ for 1:3, 1:1, and 3:1.
All composites showed two overlapping
phase features, a maximum at intermediate
frequency and a rise at low frequency Figure
3B. The 1:1 composite differed from the
other two: its phase maximum (62.0°)
occurred near 11 Hz and decayed at lower
frequency, whereas the high-frequency
feature of 1:3 lay more than one decade
higher in frequency.
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Figure 2. Nyquist plots of rGO/MnO: composites (A) 1:3, (B) 1:1, and (C) 3:1. Symbols are measured data
and lines are fits of circuit M; insets show the region f > 1 Hz.
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Figure 3. Bode plots of (A) impedance modulus and (B) phase angle of the three composites. Symbols are

measured data and lines are fits of circuit M.

Classical Randles circuit

Fitting the classical Randles circuit (A1) with
the instrument software gave the circuits and
parameters in Figure 4. Rs from the fits
agreed within 9% with the 100 kHz intercept,
but the charge-transfer resistance of the 1:1

(A) rGO/MnO; 1:3

composite collapsed to a value far below 0.03
Q, which is the lower limit of the fit and has
no physical meaning. The fitting routine used
here returned the same values as the
software, and the relative standard error of
Reiof 1:1 was far above 100%.

(B) rGO/MnO, 1:1

(C) rGO/MnO; 3:1

Discrimination between
circuits

Circuit Al gave the largest residual error for
every composite Table 1. Its reduced > was

5.2 to 60 times larger than that of circuit M,

equivalent

4338 nF
Figure 4. Classical Randles—Warburg circuits (circuit A1) fitted to the impedance spectra of the

rGO/MnOQO: composites (A) 1:3, (B) 1:1, and (C) 3:1. R1 is the series resistance, the resistor in the parallel

branch the charge-transfer resistance, C1 the double-layer capacitance, and W1 the Warburg coefficient
(kQ 571,

and its BIC was higher by 194 to 493 units,
far above the threshold of 10. Replacing the
capacitor by a CPE (A2) brought the fit close
to circuit M only for 1:1 (% 1.6 times larger)
and not for 1:3 (reduced > = 1.4 x 102, with
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relative standard errors of about 30% for Ret
and Q) or 3:1. The two-arc circuit C lowered
the BIC only for 3:1 and only marginally, and
its parameters were poorly defined: the
second resistance had a relative standard
error of 90% for 1:3, and Rt of 3:1 had an
uncertainty of 29%. Circuit M was therefore

the minimal circuit that described all three
composites with well-conditioned
parameters (relative standard errors of 8% or
less; Table 2). It reproduced the spectra of
1:3 and 1:1 closely, whereas 3:1 showed
systematic deviations confined mainly to the
lowest frequencies Figures 2 and 3.

Table 1. Fit quality of the equivalent circuits (reduced x> and difference in BIC relative to circuit M;

positive values favour circuit M).

Sample | 7% (Al) v (A2) 2 (M) v (C) ABIC (A1) ABIC (A2) ABIC (O)
1:3 1.72x 102 | 136 x 102 2.84x 10+ 2.97x 10 493 468 9
1:1 121 x 102 427 x10* 2.62x10* 3.93x10* 460 56 53
3:1 555x10° 2.68x10° 1.06x10° 9.60 x 10* 194 109 -9

Circuit C has a lower BIC than circuit M only for 3:1 (negative ABIC), where Rct was uncertain, and its second

resistance was unidentifiable for 1:3.

Parameters of the modified Randles
circuit

Table 2 lists the parameters of circuit M. Ry
rose monotonically along the ratio series, by
a factor of 7.8 from 1:3 to 3:1. R¢t was non-
monotonic and 6.1 and 8.0 times larger for

1:1 than for 1:3 and 3:1, and the relaxation
frequency of 1:1 was 16 to 23 times lower
than that of the other two composites. The
exponents were n; = 0.67-0.75 and ny =
0.39-0.71, and Y increased monotonically
from 1:3 to 3:1.

Table 2. Parameters of the modified Randles circuit (circuit M), with relative standard errors (%) in

parentheses, and derived quantities.

Sample | Rs (£2) Ret (k) Q1 ni Q2 nz fe(Hz) Y2

1:3 38.7(1) 244(2) 170(2) 0.725(<1) 8.8(1)  0.713(<1) | 12.8 1.22
1:1 86.3(<1) 14.83(7) 2.64(2) 0.750(<1) 6.7(5)  0.395(33) 0.55 2.23
3:1 301.7(1) 1.85(4) 3.77(8) 0.666(2) 38.5(22) 0.621(2) 8.7 6.91

Electrochemical performance metrics

Table 3 lists the performance metrics of the
same electrodes. At 1 A g!, Cs increased
along the ratio series by a factor of 9.5 (1:3

to 3:1). GCD retention was similar for 1:3
and 3:1 and much lower for 1:1, whereas CV
retention decreased from 1:3 to 3:1.

Table 3. Performance metrics of the composites.

Sample Cs (GCD, 1 Cs (GCD, 10 GCD Cs (CV, 10 Cs (CV, 100 CV retention
Agh Agh retention (%) mVs) mV s (%)
1:3 66.5 31.3 47.0 41.30 11.90 28.8
: 189.9 15.4 8.1 47.98 7.05 14.7
3:1 629.0 292.0 46.4 278.32 33.95 12.2

Relation between impedance descriptors
and performance

Across the three composites, the descriptors
and the metrics changed in the same order
Figure 5. CV retention decreased
monotonically as R increased (Figure 5A).
GCD retention followed the order of f (1:3 >

3:1 > 1:1; Figure 5B), and Cs; at 1 A g
followed the order of Yz (1:3 < 1:1 < 3:1;
Figure 5C). With three composites, a rank
correlation cannot be significant (the
smallest attainable exact two-sided p is 0.33),
so these observations are descriptive.
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Figure 5. Relation between impedance descriptors and performance of the three composites: (A) CV
retention versus R, (B) GCD retention versus f., and (C) specific capacitance at 1 A g”! versus Y.

DISCUSSION

The semi-infinite =~ Warburg element
presupposes a planar interface and one
unrestricted diffusion process, which is not
the situation in a porous, drop-cast composite
film. The exponents of the interfacial arc (n
= 0.67-0.75) and of the diffusion-like
element (n2 = 0.39-0.71) lay far below the
ideal capacitive value of 1, and exponents of
this kind are commonly attributed to a
distribution of interfacial time constants and
to distributed 1on penetration in porous films.
[19,20] Retaining the Randles topology but
using CPEs (circuit M) gave identifiable
parameters for all composites, whereas the
classical circuit returned a charge-transfer
resistance of zero for 1:1. The practical
lesson is that Rct and Warburg coefficients
from a Randles fit should be reported only
after the circuit has been tested against
alternatives. [21]

The electrolyte and cell were identical for all
measurements, so the 7.8-fold increase of R
from 1:3 to 3:1 must come from the electrode
film and its contact with the glassy carbon
substrate. A larger fraction of conductive
carbon would be expected to lower Rs, so the
intrinsic conductivity of the carbon cannot be
the controlling factor. [22] Film uniformity,
thickness, and contact quality in drop-cast
ex-situ films are the more likely controls, but
they were not measured separately. [14] A
series resistance of this size shifts the
effective potential by the product of current

and Rs and compresses the potentiodynamic
response at high scan rate, which is
consistent with the decrease of CV retention
as Rs increased (Figure SA).

Both neighbouring compositions relaxed
with f. of 8.7-12.8 Hz, whereas 1:1 relaxed
at 0.55 Hz, had the largest R, and retained
only 8% of its capacitance between 1 and 10
A g!. Its nz of 0.39 and the fall of its phase
angle to 32.6° at 0.01 Hz show that its low-
frequency response also departs from both
capacitive and diffusive ideals. [23] A
plausible explanation is that, at this
intermediate composition, [24] the carbon
sheets and the oxide are poorly
interconnected and part of the active oxide is
isolated from the conductive network. [25]
This is a working hypothesis that requires
direct evidence, for example conductivity
measurements, surface-area measurements,
and cross-sectional microscopy of the same
electrodes, which were not part of this study.
The 1:3 and 3:1 composites had similar f. and
nearly identical GCD retention (47% and
46%), yet their Cs at 1 A g ! differed by a
factor of 9.5. The composite with the lowest
nominal MnO; fraction (3:1, 25% by mass)
therefore stored the most charge, [26]
whereas the MnO»-rich 1:3 composite (75%)
had the lowest Cs and the lowest Y>, a pattern
consistent with a low utilization of MnO- at
1:3. Y2 and C; followed the same order across
the three composites (Figure 5C), this
agreement supports Y as a compact
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impedance indicator of capacity, [27]
although its physical meaning needs
confirmation with more compositions. [28]
The 3:1 composite kept 46% of its
capacitance in GCD (1 to 10 A g ') but only
12%in CV (10 to 100 mV s ). CV retention
followed the series resistance, whereas f.
paralleled the GCD behavior. [29,30]
Impedance descriptors should therefore be
matched to the measurement protocol of
interest and not reduced to a single
resistance. [31]

The statistically screened circuit and the
triple of descriptors (Rs, fc, Y2) formed a
compact fingerprint that separated the three
compositions are 1:3 combined low Ry and
fast relaxation with low admittance, 1:1 was
interfacially limited, and 3:1 combined the
highest admittance and fast relaxation with
the highest Rs. [32,33] Reducing the series
resistance of the 3:1 electrode, for example
by film thickness, loading, or contact
optimization, is the most direct route to
improve its high-rate response, and the 1:1
ratio is best avoided. [34,35] To the best of
our knowledge, such a model-discriminated,
composition-resolved impedance analysis
has not been reported for tea-stem-reduced
rGO/MnOz, and the protocol can be
transferred to other green-reduced carbon—
oxide systems. [36]

Only three compositions were compared and
each was represented by a single electrode,
so electrode-to-electrode variability was not
quantified and the observed orderings carry
no statistical weight. [37] The active mass
was about 0.1 mg, so the absolute
capacitances carry a large uncertainty and the
conclusions rely on relative trends. [38,39]
The spectra were not tested for Kramers—
Kronig consistency. [33,40] Rec of 1:1 came
from a partial arc, and the fit of 3:1 deviated
systematically at low frequency, so these
values are less certain than their standard
errors suggest. [41] The explanations offered
for the origin of the resistances are
hypotheses that require microstructural
characterization. [42]

CONCLUSION

The modified Randles circuit, in which
constant phase elements replace the capacitor
and the Warburg element, described the three
tea-stem-reduced rGO/MnO> composites
with identifiable parameters, whereas the
classical Randles circuit did not (residual
error 5.2 to 60 times larger, charge-transfer
resistance of zero for 1:1). Along the ratio
series (1:3, 1:1, 3:1), the series resistance
increased 7.8-fold, while the charge-transfer
resistance and relaxation frequency were
non-monotonic, with the 1:1 composite as an
interfacial bottleneck (Rt = 14.8 kQ; fc =
0.55 Hz). Retention of the CV response
decreased with the series resistance, and the
low-frequency admittance followed the
capacitance. Capacity and kinetics were thus
governed by different circuit elements, and
the 3:1 composite would benefit most from a
lower series resistance. These observations
need confirmation with replicate electrodes,
more compositions, and direct
microstructural evidence.
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