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Abstract
The morphology and electrochemical properties of electrodes made from graphene (Gr)-activated carbon (AC) composite
(GrAC) doped with iron(Ill) tetramethoxyphenylporphyrin chloride (FeTMPP-CI), hereafter referred to as GrAC-FeTMPP-Cl,
are investigated in this study. The properties of the modified electrodes are considerably improved by modifying carbon through
the introduction of transition metal catalysts into the hybrid carbon matrix. The hybrid GrAC exhibits superior electrochemical
properties than those of materials with single components. Incorporating AC into Gr nanosheets prevents the aggregation of the
nanosheets because the AC particles distributed between the Gr layers provide numerous pathways for electron transfer. The
addition of FeTMPP-CI to the electrode material, followed by pyrolysis, enhances the material’s electrochemical properties,
including fast electron transfer, low charge transfer resistance and high redox current peaks, due to numerous accessible effective
surface areas of the electrode. The pyrolysed GrAC-FeTMPP-Cl-modified electrode achieves the highest oxidation current peak
0f 0.088 mA, with an increment of 10.3% compared with GrAC (0.080 mA) at a scan rate of 20 mVs 'in5 mMK; [Fe(CN)gl/
0.1 M KClI electrolyte solution. Results demonstrate the high potential for applications of the pyrolysed GrAC-FeTMPP-Cl/
indium tin oxide modified electrode in flexible energy storage devices.
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Introduction

The development of electrochemical energy storage and con-
version is essential and has elicited considerable attention
worldwide. Electrode materials used in energy storage play a
crucial role in electrochemical performance. In the past de-
cade, graphene (Gr) has been widely used as an electrode
material because of its large specific surface area (SSA)
[1-3], superior electrical conductivity [4] and excellent
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mechanical strength [5—7]. However, Gr has low packing den-
sity [2] and suffers from agglomeration and restacking when it
is used as an electrode material [1, 2, 7, 8]. Therefore, control-
ling the agglomeration and restacking of Gr whilst maintain-
ing its excellent properties has been the primary concern
amongst researchers in the past decade. Hybrid carbon mate-
rials have been adopted to solve the agglomeration issue and
simultaneously achieve desirable volumetric density in elec-
trode materials.

Hybrid carbon materials, such as Gr/carbon nanotubes and
Gr/carbon black composites, have been reported to exhibit
better electrochemical performance than that of individual ma-
terials due to their synergistic effects [2]. A previous study
showed that integrating carbon black into the Gr matrix suc-
cessfully prevented the severe agglomeration of Gr sheets be-
cause carbon black functioned as a spacer by partially occu-
pying the spaces in between the Gr sheets and eventually
increasing their volumetric density [8]. Carbon black and ac-
tivated carbon (AC) are widely used as electrode support ma-
terials because of their excellent cyclic stability, high SSA,
relatively high packing density and low cost [1, 2, 9]. The
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electrochemical properties of electrode materials can be en-
hanced by depositing iron(III) tetramethoxyphenylporphyrin
chloride (FeTMPP-CI) catalyst into the hybrid carbon matrix.
The thermal treatment of transition metal Ny-macrocyclic
complexes (phthalocyanine and porphyrin) changes these
compounds into highly active and stable catalysts, increasing
the stability and catalytic activity of electrode materials
[10-15]. The inner core structure of the Ny-macrocycle re-
mains after pyrolysis and functions as a catalytic centre during
electrochemical reaction.

In the current work, pyrolysed GrAC-FeTMPP-Cl/indium
tin oxide (ITO) was compared with commercial Gr (Gr/ITO)
and hybrid GrAC/ITO. Electrode materials were prepared
through simple ultrasonication. Their morphology and struc-
tural properties were characterised via scanning electron mi-
croscopy (SEM), X-ray diffraction (XRD) and Raman spec-
troscopy. Meanwhile, their electrochemical properties were
characterised via cyclic voltammetry (CV) and electrochemi-
cal impedance spectroscopy (EIS). The morphology and elec-
trochemical properties of the electrode materials were
discussed in detail to understand the behaviour of hybrid car-
bon modified with the transition metal N4-macrocyclic
catalyst.

Experimental
Materials

AC powder (Activated charcoal Norit ®, granular form, 1-
3 mm); Gr powder (multiple layers, 0.8—-1.2 nm); 5, 10, 15,
20-tetrakis (4-methoxyphenyl)-21H, 23H-porphine iron (III)
chloride, also referred to as FeTMPP-CI powder; and all other
reagents, including polytetrafluoroethylene (PTFE) binder,
acetone and ITO glass, were purchased from Sigma—
Aldrich. All chemicals were of analytical grade and used with-
out purification.

Preparation of electrode materials

Gr powder was used as is, whilst granular AC was firstly
ground into fine powder before use. GrAC composites with
weight ratios of 9:1 and 1:9 were prepared following a previ-
ously reported method [16]. Gr and AC powders were firstly
dispersed in 200 mL of distilled water through sonication for
5 h at ambient temperature using ultrasonic electronic equip-
ment (Newpower Ultrasonic, Guangzhou Co. Ltd.) to obtain a
GrAC suspension. Subsequently, the well-dispersed GrAC
aqueous solution was filtered by performing centrifugation
two times for 30 min. Lastly, the GrAC powder was dried at
100 °C for 12 h in an oven.

FeTMPP-CI (25 wt%) was firstly dissolved in acetone,
impregnated overnight and ultrasonicated for 30 min. Then,
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GrAC powder was added to the catalyst solution, and the
mixture was subjected to sonication for 1 h to ensure complete
suspension and homogenisation. Subsequently, the GrAC-
FeTMPP-Cl solution was gradually evaporated on a hot plate
at 80 °C. The mixture was dried at 100 °C in an oven to
remove the remaining solvent completely.

Pyrolysed samples were obtained by placing GrAC-
FeTMPP-CI powder in a continuous high-purity (99.99%,
5 dm® min") argon flow furnace at 5 °C min~' heating and
cooling rates for heat treatment at 800 °C [17—19]. The tem-
perature was held for 2 h until the designated temperatures
were reached as indicated by the furnace sensor.

Electrode modification

The electrodes were prepared using an ITO glass with a
projected surface area of 0.25 cm?. The ITO glass was used
as a substrate to coat the prepared working electrode (WE)
materials as it offers a wide electrochemical working window
along with its promising high electrical conductivity. Prior to
modification, the ITO glass was washed successively with
acetone and distilled water in an ultrasonic bath and then dried
in air. The previously prepared electrode materials and PTFE
suspension (60 wt% dispersion in H,O; 10 puL of binder per
mg of GrAC) [20] were dispersed in distilled water using an
ultrasonic bath for 20 min. Then, 0.7 uL (1 mg/0.05 mL) of
the prepared solutions was cast on the ITO surface and dried at
room temperature overnight. The obtained electrodes were
labelled AC/ITO, Gr/ITO, GrAC/ITO, GrAC-FeTMPP-CI-
NoHT and GrAC-FeTMPP-CI-HT800. In this study, the terms
NoHT and HT800 are used to represent GrAC-FeTMPP-CI-
NoHT and GrAC-FeTMPP-CI-HT800, respectively.

Characterisation and electrochemical setup

XRD was performed using BRUKER, XRD D/8. Raman
spectroscopy was conducted using a UniRAM-3500,
UniRAM (South Korea). Field emission SEM (FESEM)
pictures were collected using FESEM LEO 1525 with a
GEMINI field emission column. The GEMINI field emis-
sion column chamber was attached to an energy-
dispersive X-ray (EDX) microanalysis system to qualita-
tively determine the present elements of the samples. CV
and EIS experiments were performed using a Metrohm
Autolab 302N potentiostat/galvanostat controlled via
NOVA software (V1.11). A standard three-electrode sys-
tem was used, wherein a modified ITO glass served as the
WE, a platinum electrode (Metrohm) as the counter elec-
trode and a silver/silver chloride electrode (Metrohm) as
the reference electrode. All measurements were conducted
at room temperature (25+1 °C).
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Results and discussion
Characterisation of electrode materials
Microstructure of composite electrodes

The FESEM morphology images of Gr (Fig. 1a) show the 3D
wavy wrinkles, and the folds of edges are clearly shown in the
inset, indicating that several layers of Gr are stacked on top of
one another. The images of AC (Fig. 1b) show the structures
of the pores and cavities with diameters ranging from 2 to
10 um. The GrAC composites were prepared in two different
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ratios (9 Gr:1 AC and 1 AC:9 Gr) to observe the surface
morphology differences of the two samples. The surface mor-
phology of GrAC (Fig. 1c, d) with low AC content illustrates
that a wrinkled Gr structure is wrapped around the AC parti-
cles. Meanwhile, the deposition of high AC content may be
disadvantageous because it may lead to the agglomeration of
carbon materials, as reported in [21]. The deposition of AC
particles in small quantities increases the distance between
carbon materials because AC acts as a spacer [22] and ar-
ranges them in different directions [23]. The distribution of
AC particles on the surface of the Gr layers creates interspaces
that provide a large active surface area of GrAC. The GrAC
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Fig. 1 FESEM images of a Gr, b AC, ¢ GrAC (1:9), d GrAC (9:1), e NoHT and f HT800
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with a weight ratio of (9 Gr:1 AC) was used for further char-
acterisation and as electrode materials.

The effect of thermal treatment on surface morphology can
be observed on the composite GrAC-FeTMPP-CI before and
after pyrolysis (Fig. le, f). The FeTMPP-CI particles are an-
chored onto the surface of GrAC. After being pyrolysed in
argon atmosphere at high temperatures (800 °C), several cat-
alyst particles are adsorbed into the cracked and porous texture
of GrAC and interacted with the functional groups. This find-
ing is in good agreement with that of Qian et al. [24], who
reported that the cracked and porous structure allows the re-
actants to penetrate through the electrode materials.

Chemical composition of electrodes

EDX microanalysis was performed to qualitatively identify
the elements present in the samples. The peaks in a spectrum
represent element composition. All EDX spectra have carbon
and oxygen peaks, indicating their presence in the samples, as
shown in Fig. 2.

Phase and structural analysis

XRD was used to evaluate the crystallite nature of the mate-
rials. Figure 3 depicts the XRD patterns of commercial AC
and Gr, hybrid GrAC, NoHT and HT800. The effects of the
FeTMPP-CI composite on hybrid GrAC and thermal treat-
ment on the GrAC-FeTMPP-CI composite can be observed
from the XRD patterns. The crystallinity of a material was
determined on the basis of peak characteristics. That is, high
intensity and well-defined peaks indicate the high crystallinity
of materials; low-intensity and broad peaks indicate the poor
crystallinity of materials resulting from the small and amor-
phous nature of particles.

In general, carbon and graphite materials are determined by
20 peaks centred around 26° and 43° [17, 25-34]. The broad
and low-intensity peaks at around 25° correspond to the (002)
Bragg diffraction of turbostratic (disordered) carbon [28].
Meanwhile, the peak at 43° corresponds to the (100) crystal
plane of graphite-type carbon [29-31]. These peaks indicate
the presence of a poorly crystallised compound originating
from a small particle size and huge amounts of amorphous
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Fig. 2 EDX spectrum and element percentage of electrode materials
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Fig. 3 XRD pattern of electrode materials

carbon nanoparticles [10, 16, 27, 29, 35]. The broadened and
decreased peak intensity of GrAC compared with the AC and
Gr spectra corresponds to the formation of a new crystal struc-
ture that differs from those of AC and Gr. The sharp and well-
defined peaks of GrAC appear at 21° and 42°. The peak at 21°
is attributed to the orthorhombic lattice of carbon (ICDD No.
00-049-1721). The appearance of minor peaks in the AC pat-
tern may be due to the remaining minerals in the sample. As
shown in Fig. 3, the spectrum becomes structureless after the
deposition of FeTMPP-CI, indicating the low degree of
graphitisation. The partly restored carbon peak at (002) for
HTB800 signifies the coexistence of FeTMPP-CI and hybrid
carbon because the inner core structure of the Ny-macrocycle
(porphyrin ring) remains after pyrolysis.

The results were confirmed through Raman analysis, as
shown in Fig. 4. The Raman spectra of Gr and AC exhibit
strong peaks within the range of 1200-1500, 1500—1800 and
2250-2750 cm” ! ascribed to the D, G and 2D bands, respec-
tively [3, 7, 8, 17, 29, 30, 33, 36-42]. The two-phonon 2D

(@)

Intensity (a.u)

T T - T : T T T : l: T
1000 1500 2000 2500 3000 3500

Wavenumber (cm'1)

band is a peak with an asymmetric shape because of various
contributions to this peak. Several arguments based on the
number of component attributes in the 2D peak of multilayer
Gr have been presented. Ferrari [42] claimed that a broad peak
consists of four component peaks. Popov [39, 40] proposed
the presence of three component peaks. Another study [41]
claimed that only two component peaks are involved.
Nevertheless, all these studies agreed that a single-layer Gr
is supposed to have a pronounced single 2D peak with a full
width at half maximum of approximately 25 cm ', which is
considerably more intense than that of the G band. In this case,
two components fitted by Lorentzian are used in the Gr sam-
ple. This result is consistent with that of a previous report on
few-layer Gr and in agreement with the FESEM images. The
D band represents the sp> defects and disorders in the struc-
tures of carbon materials, and the G band corresponds to sp*
hybridised carbon. The Gr spectrum possesses D and G peaks
at 1372 cm™ ' and 1628 cmfl, respectively. The relative inten-
sity between the two signals, expressed as (Ip/Ig), is frequent-
ly used to compare the crystallinity degree of carbon mate-
rials, wherein a high (Ip/I;) value indicates a high degree of
disorder in carbon materials [3, 42]. The (/p/Ig) of hybrid
GrAC is slightly lower than that of Gr, implying a better gra-
phitic crystalline structure [30, 33] for this hybrid sample. The
relative intensity values of all WE materials are provided in
Table 1. The low relative intensity of the HT800 sample can
be ascribed to the presence of FeTMPP-CI nanoparticles be-
tween Gr sheets [36]. This observation is in agreement with
the XRD results.

Electrochemical study

The electrochemical behaviour of the prepared WEs was eval-
uated via CV and EIS in 5 mM Kj [Fe (CN)g] and 0.1 M KCl
electrolyte. HT800/ITO was compared with Gr/ITO, hybrid

D G 2D

Intensity (a.u)

T — T - T T - I: T 1
1000 1500 2000 2500 3000 3500

Wavenumber (cm™)

Fig.4 Raman spectra of a electrode materials and b Gr analysis peaks (black lines indicate the experimental spectra, and red and green lines denote the
stimulated Lorentzian fits and fitted peaks of the components to the experimental spectrum, respectively)
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Table 1 The (Ip/lc)

ratios of electrode Sample I/

materials Is)
Gr 0.843
AC 0.835
GrAC 0.842
NoHT 0.853
HT800 0.835

GrAC/ITO and NoHT/ITO. All the prepared modified WEs
were assessed using a standard three-electrode cell at room
temperature. Figure 5 shows the CV curves of the modified
WESs at a scan rate of 20 mVs . The characteristic parameters
of the redox peak are listed in Table 2. The anodic and cathod-
ic peak currents (/pa and Ipc) and the anodic and cathodic
peak potentials (Epa and Epc) were obtained from the CV
curves, whilst the ratio of the peak current (/pa/Ipc) and the
oxidation and reduction peak potential separation (AE, = Vpa
— Vpc) were calculated using the aforementioned parameters.
The values of the peak current density ratio were slightly
lower than 1, indicating that chemical reaction was involved
in the process. As presented in Table 2, the redox peak poten-
tials of Gr appeared at 0.257/0.171 V with AE,, determined to
be 93 mV. The addition of a small amount of AC into the Gr
matrix increased the peak current by 23.5%. The peak current
of the HT800 modified electrode increased with the appear-
ance of reduction peaks at 0.259/0.171 V, and AE, was slight-
ly reduced to 88 mV, indicating that the overpotential of the
HT800 sample was reduced compared with those of the two
other samples. The decreasing AE, value of HT800/ITO com-
pared relative to those of Gr/ITO and GrAC/ITO was corre-
lated with the increasing number of electrons involved in the

i vs E of the modified WE at scan rate of 20 mVs™

0.05

0.00

Current, i / mA

-0.05 +

-0.10 +

-0I.3 I 0!0 I 013 I 016 l 0.9
Potential applied, E / V

Fig.5 CVsofmodified WEs at scan rate o 20 mVs . The CVs were run

in 5.0 mM K3 [Fe (CN)g] solution containing 0.1 M KCI at room

temperature (25 + 1 °C)
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redox process. Electron transfer at the electrode surface be-
came faster as the difference of peak potentials getting smaller.

The reversibility of the redox reaction can be determined
by plotting the square root of the scan rate versus the oxidation
peak current (i, vs. v!”2). As shown in the inset of Fig. 6a—d,
ipa 18 proportional to the square root of the scan rate, signifying
that the redox processes for all three modified electrodes are
reversible. The effective surface area of an electrode can be
determined via CV in 5 mM K3 [Fe (CN)g]/0.1 M KCI solu-
tion within the potential range of — 0.4 to + 0.8 V. 5 mM K3
[Fe (CN)4]/0.1 KCl solution was used as electrolyte to study
the oxygen reduction reaction (ORR) of modified electrode
since it offers better redox peaks with ITO substrate, thus
making it easier to demonstrate the electrode catalytic activi-
ties. The oxidation peak current (i,) was calculated using the
Randles—Sevcik equation (Eq. 1).

i, = (2.69 x 10°) 3V DIAC, (1)

where 7 is the number of transferred electrons (n=1 in the Fe(CN)?
redox system), A is the effective surface area of the electrode
(sz) as given in Eq. 2, C is the molar concentration of
Fe(CN)gf, D is the diffusion coefficient of Fe(CN)zf
(7.60 x 10°° cm?s ') [43-47] and v is the scan rate (Vs ).
The slope k& was obtained by performing linear regression for
the ip, versus Y172 plot, which was used to calculate the effec-
tive surface area of electrode A, as presented in Table 3.

A=k/ [(2.69 X 105)n%D%C]. 2)

The slopes of the i,, versus v!’2 plot for Gr/ITO,
GrAC/ITO, NoHT/ITO and HT800/ITO were 4.00 x 10™%,
4.88x10% 2.94%10* and 5.79 x 10~*, respectively. The
slope of the HT800 electrode was larger than those of the
Gr, hybrid GrAC and NoHT electrodes, implying its higher
effective surface area, more accessible catalytic sites and im-
proved electron mobility, contributing to its better perfor-
mance. This phenomenon can be explained by the pyrolysis
effect of the transition metal (i.e. FeTMPP-CI) on the compos-
ite GrAC matrix after thermal treatment. The deposition of
FeTMPP-Cl into the composite GrAC matrix decreased the
oxidation current peak by 45.7%. The heat treatment contrib-
uted to the improvement in electron transfer kinetics and mass
transfer rate, considerably increasing the oxidation current
peak of the pyrolysed electrode material.

Impedance spectra were used to further explore the electro-
chemical activity of the modified electrodes. Figure 7a—c dis-
play the Nyquist plots of the modified electrodes and their
equivalent circuit, as shown in the inset of Fig. 7a—c. An
equivalent circuit provides information about the interfacial
changes caused by the surface modification of electrodes. A



lonics (2020) 26:2825-2834 2831
Table2 CV parameters of modified WEs at scan rate of 20 mVs ' Table 3 Slopes and ]
effective surface area of WE/ Slope, k Effective
WE/ Ly L mA)  Ep, Epe L/le  AE, all modified WEs ITO surface area
ITO (mA) (mV)  (mV) (mV) of electrode,
A (cm?)
Gr 006477 —0.05867 025925 0.16647 —1.104 93 — —
AC 002192 -002024 025192 0.18845 —1.083 63 ar 3999610 - LO8 X107
GrAC  0.07998 —0.07297 0.26169 0.16891 —1.096 93 GrAC 8786107 - 131107
NoHT ~ 0.04341 —0.04122 024704 0.14994 —1.053 97 NOHT 29361310 = 0.7910°
HTS00 008822 —0.07845 0.25925 0.17136 —1.125 88 HT800  3.7912>10 7 1.56x10

circuit consists of the ohmic resistance of the electrolyte (Rs),
Warburg impedance (Zy), electron transfer resistance (Rct)
and constant phase element (CPE). CPE represents the imper-
fect double-layer capacitance or interfacial capacitance (Cpy ).
The impedance spectra were analysed on the basis of the
equivalent circuit simulated using NOVA software. The
Nyquist plots display a depressed semicircle at the high-
frequency region and an inclined line approximately 45° in

Gr
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Fig. 6 a CVs of modified Gr electrode at different scan rates with the
inset of 7, vs. V2, b CVs of modified GrAC electrode at different scan
rates with the inset of 7, vs. V2, ¢ CVs of modified NoHT electrode at
different scan rates with the inset of i, vs. V"2 and d CVs of modified

the low-frequency region, except for AC/ITO, which contains
only a semicircular part. As shown in the enlarged images in
Fig. 7, the intercept at Z' at the very high-frequency region
(denoted as Rs) can be observed. In this circuit, Rg represents
solution resistance. The semicircular part corresponds to the
charge transfer resistance (Rct) at the electrode—electrolyte
interface; Rc is equivalent to the diameter of the semicircular
part [48, 49]. Rcris expected to be parallel to the double-layer
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HT800 electrode at different scan rates with the inset of i, vs. V2 All
CVs were run in 5.0 mM K3 [Fe (CN);] solution containing 0.1 M KCl at
room temperature (25+ 1 °C)
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Fig. 7 Nyquist plot of a modified Gr electrode with inset of its equivalent circuit and b modified AC electrode with inset of its equivalent circuit. All EIS
were run in 5.0 mM Kj [Fe (CN)s] solution containing 0.1 M KClI at room temperature with frequency range of 0.01 Hz to 10 kHz

capacitance (Cpr). The inclined part corresponds to the ion
diffusion process, which is equivalent to Zy (line with 45°
slope). The lines of the prepared modified electrodes slightly
deviated from the ideal vertical line probably because of their
rough surface. The rough surface also slightly affects the Rg
value. As shown in the Nyquist plots, the diameter of the
semicircle for HT800/ITO was smallest compared to other
prepared WEs, implying the lowest charge transfer resistance
(Rer). The Rerof HT800/ITO is 1.82k 2 cm ™', followed with
Gr/ITO, NoHT/ITO, GrAC/ITO and AC/ITO with Rct value
of 2.70 k, 521 k, 111 k and 250 k Q cm ", respectively. Low
Rcr accelerates the charge transfer rate of the modified elec-
trode, which led to a better conductivity which enhanced the
electrochemical activity of modified WE, while Gr as elec-
trode material has already satisfied this requirement with its
low volumetric density. Hybrid GrAC increases the volumet-
ric density and the incorporation of transition metal improved
the electronic conductivity hence speeding up the charge
transfer rate of the modified electrode. Thus, the thermal treat-
ment of hybrid GrAC doped with FeTMPP catalyst altered
this compound into highly stable material whilst possesses
great catalytic activity.

Conclusion

In this study, hybrid GrAC and GrAC-FeTMPP-CI composite
materials were successfully prepared using a simple
ultrasonication method. The distribution of AC particles on
the surface of the Gr layers increased the effective surface area
of the electrode material, accelerating electron transfer and
reducing resistance during a reversible reaction. The synergis-
tic effect of the Gr sheets and AC increased the redox peaks
and effective surface area of the electrode. The thermal treat-
ment of the pyrolysed GrAC-FeTMPP-CI contributed to the

@ Springer

improvement in electron transfer kinetics and effective elec-
trode surface area, considerably increasing the redox peaks of
electrode materials.
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