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Abstract: Platinum (Pt) loaded activated carbons (ACs) were synthesized by the thermal decomposition of platinum (II) acetylacetonate
(Pt(acac),) over chemically activated glucose-based biochar. The effect of Pt loading on surface area, pore characteristics, surface
chemistry, chemical structure, and surface morphology were determined by various techniques. XPS studies proved the presence of
metallic Pt on the AC surface. The graphitization degree of Ptloaded ACs were increased with theloaded Pt amount. The electrochemical
performance of the Pt-loaded ACs (Pt@AC) was determined not only by the conventional three-electrode system but also by packaged
supercapacitors in CR2032 casings. The capacitive performance of Pt@AC electrodes was investigated via cyclic voltammetry (CV),
galvanostatic charge-discharge curves (GCD), and impedance spectroscopy (EIS). It was found that the Pt loading increased the specific
capacitance from 51 F/g to 100 F/g. The ESR drop of the packaged cell decreased with the Pt loading due to the fast flow of charge
through the conductive pathways. The results showed that the surface chemistry is more dominant than the surface area for determining
the capacitive performance of Pt loaded AC-based packaged supercapacitors.

Key words: Activated carbon, packaged supercapacitors, Pt modified activated carbons, characteristics of metal-activated carbon
composites

1. Introduction

Activated carbons (ACs) are most commonly used electrode material for electrochemical double layer capacitors (EDLCs)
because they are commercially available, cheap and can be easily engineered [1]. However, they suffer from poor energy
storage capacity and inferior rate capability [2]. Therefore, ACs, especially biomass-derived ACs are needed to be re-
engineered to fabricate higher power density capacitors. EDLCs store the charge at the electrode/electrolyte interface
through the reversible electrolyte ion adsorption on the pores of electrode [3]. It is concluded that both micro- and mesopores
have been proven experimentally to provide efficient ion transport for a high-power density while maintaining the high
energy density [3,4]. Therefore, accessible surface area, total micro and meso pore volume, pore size, and distribution are
key factors for high power and energy density. Improvement of the pore characteristics via chemical/physical activation,
and synthesis of AC-based composite materials are the main approaches for producing re-engineered ACs.

It is well-known that only the electrochemically active surface area and micro-meso sized pores (<50 nm) are effective
for electrochemical double layer formation [5] and ion transport. Heimbdockel et al. have recently discussed the effect of
pore size and electrochemically active surface area on the energy storage capacity of ACs in details [6]. It is concluded
that the pores around 0.74 nm and 0.90 nm are the best for the highest capacitive performance, and the accessible surface
area remains a key factor [6]. The direct activation of biomass can result in well-developed ACs that present surface
areas up to 2500 m?/g, broad pore size distribution which consists of mostly micro and mesopores, and hetero-atom
containing surface functional groups [7]. Numerous studies can be found focusing on the activation of biomass to produce
high surface area ACs [8-13]. The dependence of the pore structure and surface area to the activation parameters is also
discussed by Jin et al. [14]. However, no direct correlation between specific capacitance, and surface area, and pore size
was found in previous studies. Therefore, changing our perspective by focusing on the modification of activated carbons
will help to improve highly efficient supercapacitors. Instead of the improvement of the surface and the pore characteristics
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of ACs, the carbon-pseudocapacitive material composites (metal oxides/hydroxides/conducting polymers) are of great
interest for the development of supercapacitors with enhanced energy storage capacity [15]. Several studies have reported
the increased capacitive performance of composite materials composed of different types of carbon and pseudo-capacitive
materials [16-19]. The composite materials not only overcome the problems of each component but also show better
results due to the synergic effects [20].

Despite the high number of publications focusing on metal oxide-ACs composite electrodes only a limited number of
works found related to AC-metal composites. Although it is reported that the AC/metal composite may exhibit high transfer
characteristics and effective catalytic/adsorptive properties [21,22], it is thought that the difficulty of keeping the metal in
the zero-valent state on AC surface may be a reason for the limited number of papers. Especially the oxygen-containing
surface functional groups on the AC surface have great influence on the oxidation of transition metals [23]. Therefore,
noble metals can be considered as a good choice because of their resistance to oxidation even higher temperatures. Among
the noble metals, Pt is in great attention due to its catalytic activity on fuel cell applications [24,25], and H, production
[26,27]. However, only a few papers found which focused on the supercapacitor applications of Pt loaded carbon materials.
Okajima et al. [28] reported that the CV curves of Pt loaded AC electrodes were mainly featureless between the hydrogen
and oxygen evolutions which means no redox peaks were observed. Since the surface of the activated carbon includes
electroactive oxygen-containing surface functional groups, it is thought that the pseudocapacitive contribution of these
groups might be suppressed by the double-layer capacitance. Although it is reported that the loaded Pt particles were in
20 nm or less, but no information about surface chemistry was found [28]. Therefore, it is thought that to understand
the increase in capacitive performance, the effect of Pt loading on the chemical and surface characteristics of AC should
be displayed. Besides that, no other study focused on the packaged supercapacitor based on Pt modified AC electrodes
was found. Investigating the electrochemical properties in packages systems will give more correct information about the
usability of these electrodes in up-scale applications than the conventional three-electrode system.

The aim of this work is to investigate the role of Pt loading on the change of surface and chemical properties of
highly porous AC, and the electrochemical characteristics of packaged supercapacitor cells used the Pt loaded ACs as
electrode materials. Glucose was used as carbon source instead of real biomass in order to eliminate the possible catalytic
effect of minerals included in real biomasses [29]. The AC with high surface area was obtained by the chemical activation
of glucose-derived pyrolytic carbon. Pt was loaded with different amounts onto the AC via the thermal degradation of
platinum (II) acetylacetonate (Pt(acac),). N, physisorption, nonlocalized density functional theory (NLDFT) calculations
from adsorption-desorption isotherms, Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) techniques were
used to characterize the synthesized metal-AC composites. The effect of Pt loading on the electrochemical properties was
discussed over cyclic voltammetry (CV) and impedance spectroscopy (EIS) in three-electrode system, and the galvanostatic
charge-discharge tests of packaged supercapacitors in CR2032 casings.

2. Materials and methods

2.1. Chemicals and reagents

D-(+)-Glucose (C.H ,0,) (Sigma Aldrich, CAS Number: 50-99-7), potassium hydroxide (KOH) (Sigma Aldrich, CAS
Number: 1310-58-3), hydrochloric acid (HCI) (Sigma Aldrich, CAS Number: 7647-01-0), platinum (II) acetylacetonate
(Pt(acac),) (Sigma Aldrich, CAS Number: 15170-57-7), carbon black (CB) (Alfa Aesar, CAS Number: 1333-86-4),
poly(tetrafluoroethylene) (PTFE) (ACROS, CAS Number: 9002-84-0), N-methyl-2- pyrrolidone (NMP) (ACROS, CAS
Number: 872-50-4) and Nafion NRE-212 membrane 0.05 mm thick (Alfa Aesar, CAS Number: 31175-20-9) were used as
received without purification.

2.2. Preparation of glucose-based activated carbons

D-(+)-Glucose was subjected to pyrolysis at 500 °C for 60 min under the Argon environment at a 20 mL/min flow rate.
The collected carbon powders after pyrolysis labelled as pyrolytic carbon (PC) was mixed with KOH solution for 6 h, the
PC:KOH ratio is set to 1:4 (w/w). After 6 h mixing of the PC with KOH, the solution was dried at 105 °C for several hours
in an oven. The dried PC+KOH mixture was subjected to thermal treatment at 800 °C under the Argon environment at a
50 mL/min flow rate. After cooling the reactor naturally to the room temperature collected powders were washed with hot
distilled and 0.1 M HCl solution water until the pH reached 6.8-7.2. Then the powder was collected by filtering and dried
at 105 °C in an oven overnight. The dried powders were labelled as GAC and stored in a sealed bottle.

2.3. Preparation of Pt loaded activated carbons
Pt was loaded onto GAC as described in somewhere else [30]. In this modified technique, proper amount of Pt(acac), in 20
mL ethanol was mixed with dispersed GAC in 20 mL distilled water for 12 h to complete the adsorption of Pt molecules.
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The stoichiometric weight ratio of loaded Pt to GAC was set as 1%, 3%, and 5%. The dried Pt loaded GAC samples were
thermally treated at 300 °C for the formation of Pt’ species with the degradation of Pt(acac),. Then the powders were
collected and labelled as GAC1, GAC3, and GACS5, respectively. In order to discuss the effect of thermal treatment on
the chemical, surface, and electrochemical properties of GAC sample was subjected to thermal treatment at the same
conditions without Pt loading. The sample was labelled as GAC-t.

2.4. Fabrication of supercapacitor in CR2032 casings

The electrodes were prepared by a thin film casting method as described in a previous study [23]. The as-synthesized AC
samples (GAC, GAC-t, GAC1, GAC3, and GAC5) were mixed with CB and PTFE in a ratio of 85:5:10 (w/w) in NMP to
form a homogeneous electrode slurry. The total mass of the electrode slurry and activated carbon in the slurry are 1 g and
0.85 g, respectively. The mixture was mixed for 24 h on a magnetic stirrer and cast on SS304 plate with 0.70 mm thickness.
The film was dried in air for 2 days and further in an oven overnight. The electrodes (13 mm in diameter) (dry mass is
almost 0.0020 g) and Nafion membrane (16 mm in diameter) were punched and soaked in 6 M KOH electrolyte for 24
h. Finally, the supercapacitors were assembled in CR2032 casing and sealed with a hydraulic press. A general schematic
presentation of the fabrication process of a supercapacitor in CR2032 can be found somewhere else [31].

2.5. Characterization

The BET surface area and pore characteristics were evaluated with a Micromeritics 3Flex volumetric gas adsorption
analyser based on HK83 points method through N, physisorption at 77 K. Prior to the measurements, all samples were
degassed at 105 °C for 24 h. Adsorption-desorption isotherms were used in NLDFT calculations to determine the pore
volume distribution. X-ray photoelectron spectroscopy (Specs-Flex XPS using Al Ka (1486.6 eV) radiation, survey scan
with a 1 eV step and detailed scan with a 0.1 eV), Raman (WITech alpha 300R with 532 nm Ar laser excitation) techniques
were applied in order to investigate the effect of Pt loading and experimental conditions on the surface chemistry, chemical
structure and surface morphology. The electrochemical testing of the fabricated supercapacitors was conducted on the
Gamry Reference 1010(E) as outlined in supercapacitor testing standard IEC 62391-1:2006. Cyclic voltammetry and
impedance spectroscopy techniques were used for determining the electrochemical properties. The electrochemical
performance was evaluated by constant current charge-discharge test for 2500 cycles of a 0.1-1.0 V working voltage
window at a 100 mA/g current density. The gravimetric specific capacitance (C/Fg™) was calculated from Eq. (1) after
excluding the ohmic part, equivalent series resistance (ESR).

C = 21
¢ = @v/dom (1)

where C_ represents the gravimetric specific capacitance, I is the discharge current, m is the average mass of one dry
electrode, and dV/dt is the rate of voltage change.

3. Results and discussion

3.1. Surface area and pore characteristics

The BET surface area and pore volume characteristics of synthesized activated carbons are shown in Table 1. As seen in the
table, the thermal treatment caused ~20% increase in the BET surface area (GAC and GAC-t). In addition, a significant
increase in the t-plot micropore area, total pore volume and micropore volume was observed. This may be attributed
to the formation of CO, due to the degradation of carboxylic acid, lactone, and anhydride species with the increasing
temperature on the AC surface [32,33]. As a consequence, the evolved CO, gas may lead to the creation of new micropores.

Table 1. Surface area and pore volume characteristics of synthesized activated carbons.

Sample BET surface area | t-Plot micropore | Total pore volume | Micropore volume | Pore diameter
(m?/g) area (m?*/g) (cm’/g) (cm’/g) (4V/A) (nm)

GAC 629.11 504.80 0.28 0.22 1.86

GAC-t 756.80 637.56 0.35 0.28 1.85

GAC1 745.17 629.59 0.35 0.27 1.85

GAC3 634.08 536.33 0.29 0.23 1.85

GACS5 631.50 526.03 0.29 0.23 1.84
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The decrease in the average pore diameter may be related to the partly re-arrangement or shrinkage of pores. However, it is
thought that the statistical analysis of experimental data is needed to regard the change in pore diameter is meaningful. It
is obvious that Pt loading caused a slight decrease in surface area for the GAC1 sample and a dramatic decrease for GAC3
and GAC5 samples. The same trend was observed in other parameters such as t-plot micropore area, total pore volume,
micropore volume, and pore diameter. Therefore, it is thought that the loaded Pt particles were positioned in the internal
part of the pores [34].

Figure 1 shows the adsorption-desorption isotherms, and the pore volume distributions calculated from the NLDFT
studies of all samples. According to the IUPAC classification, all samples display a Type-IV isotherm which is typical
for activated carbons, and turns into a Type-II isotherm at high p/p° as a result of monolayer-multilayer adsorption on
mesopore walls [35,36]. A clear decrease step was observed between 0.4-0.6 p/p° relative pressures corresponds to the
uniform mesoporous structure [37]. In addition, the H4 loops which are typical for micro-mesoporous activated carbons
[35] were observed in all samples. As seen in Figure 1a, the increase of adsorbed gas amount verifies the increase in surface
area with the thermal treatment. In opposite, the decrease in the adsorbed gas amount with the Pt loading can be seen
in Figure 1b. Almost the same shape of the isotherms reveals that the Pt loading did not affect the pore characteristics of
activated carbon samples. In Figure 1c, it is clear that all samples are consist of mostly micropores. In addition, it seems
that the thermal treatment and the Pt loading affected the distribution of micro-sized pores. Since the Pt loading caused
a decrease only in the micropore region, it can be said that loaded Pt particles may be maximum 12.5 nm in size. The
calculated NLDFT results are compatible with Table 1 (GAC-t, GAC1, GAC3, and GAC5), and previously published works
[28].

3.2. Surface chemistry

The effect of Ptloading on the surface chemistry of AC, the surface functional groups (SFGs), the amount and the chemical
state of loaded Pt was determined by XPS. The Cls and O1s spectra of GAC and GAC-t samples were represented in Figure
2. Also, the deconvolution of Cls and Ols spectra for the GAC sample can be seen in Figure 2. Three main peaks indicating
graphitic carbon at 284.3 eV, C-O- groups at 285.7 eV, and C=0 groups at 287.5 eV were found in the Cls spectra of
GAC sample (Figure 2a) [38]. It can be said that there is no significant effect of thermal treatment on the Cls spectra was
observed. A slight change at ~287-288 eV was detected as a result of a change in the relative amount of C = O groups. The
relative amounts of SFGs will be discussed in detail later. Figure 2b shows the Ols spectra of GAC and GAC-t, and the
deconvolution results for GAC sample. Two main peaks corresponding to the C = O at 532.2 eV, and C-O at 533.5 eV [39]
were observed. It is evident that the shape of the O1s peak changed significantly with thermal treatment. This change may
be attributed to the degradation of carboxylic acid species with thermal treatment.

The survey spectra of Pt loaded samples and the deconvolution of Pt 4f spectra of the samples, GAC3 and GAC5 can
be seen in Figure 3. As seen in the figure, the Pt 4f peak was observed for all Pt loaded samples at ~75 eV which proves the
successful loading of Pt on activated carbons. The intensity of Pt 4f peaks increased with the increasing Pt amount in the
sample. Two characteristic peaks located at 71.46 eV (in Figure 3a) and 74.70 eV (in Figure 3b) for GAC3, and 71.48 eV
and 74.86 eV (in Figure 3c) for the GAC5 sample corresponds to the presence of Pt’ formation [30].

Table 2 shows the results of peak deconvolution, the relative amount of surface functional groups and the atomic
amounts of C, O, and Pt. As mentioned in Figure 2, the relative amount of C=0 groups was 35.1% in GAC and decreased
to 5.5% in the GAC-t sample. Accordingly, the increase in the relative amounts of graphitic C (C=C) and C-O- groups was
observed. Among the SFGs, although the carbonyl groups are electrochemically inactive, they increase the wettability of
electrode [40] and help to enhance the capacitive performance indirectly. The hydroxyl groups in hydroquinone, phenol,
and alcohol species assist to increase the specific capacitance by creating pseudo-capacitance via redox reactions [41].
Moreover, it is thought that the increasing relative amount of graphitic carbon increased the resonance states of electrons
and the circulation of electrons, therefore resulted in an increase in the capacitive performance. The relative amount of
loaded Pt° for GAC1, GAC3, and GAC5 were found 0.54%, 1.14%, and 2.88%, respectively, from the survey scan. These
results prove that the selected method is to succeed in loading Pt form onto activated carbon. It can be seen from the
table that the relative amount of SFGs changed with the loaded Pt amount. The change in surface chemistry can be mainly
explained by the catalytic effect of Pt on the thermal degradation of activated carbon [27]. On the other hand, thermal
treatment, itself, affects the surface chemistry, thus caused a change in the SFGs [23]. An increase in the relative amount of
carbon and a decrease in the oxygen was observed with the thermal treatment. This may be attributed to the release of H,O
trapped between the porous structure and then the release of CO and CO, [32]. Ruiz et al. [32] and Figueiredo et al. [33]
have reported the release of CO and CO, via the degradation of carboxylic acid, lactone, and anhydrides at 300 °C during
the thermal treatment of activated carbons. This result shows good consistency with our XPS results.

1491



YUMAK et al. / Turk ] Chem

230

220

210 -

200 +

—A— GAC-t-Adsorption —¥— GAC-t-Desorption
190 4 —#— GAC-Adsorption —@®— GAC-Desorption

180 +

170 -

Quantity Adsorbed (cm*/g STP)

160 +

150 T T T T T T T T
00 01 02 03 04 05 06 07 08 09 1.0

Relative Pressure (p/p°)

230

220

210 -

—&— GACl-Adsorption —®— GACI1-Desorption
—4&— GAC3-Adsorption —%— GAC3-Desorption
—&— GACS5-Adsorption —¢— GAC5-Desorption

200

190

180

Quantity Adsorbed (cm*/g STP)

170

160 -
T T T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 1.0
Relative Pressure (p/p°)
0.08
c) e GAC
e G AC-t
e GAC1
0.06 e GAC3
_ e GACS
<
20
“E0.04 -
2
a
wn
=9
0.02 =
0.00 =
T T T T T T
0 5 10 15 20 25 30

Pore diameter, d (A)

Figure 1. Adsorption-desorption isotherms of a) untreated and thermally treated activated carbon, b) Pt loaded activated carbons, and
¢) pore volume distributions calculated from NLDFT.
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Figure 2. a) Cls and b) Ols spectra of GAC and GAC-t samples. The deconvolution
peaks of Cls and Ols spectra are belong to GAC sample.

3.3. Chemical structure
The Raman spectra of all samples and example deconvolutions of GAC-t and GAC5 samples were presented in Figure 4. As
seen in Figure 4a, the D (disorder) band resulting from the defects in sp? structure at around 1360 cm™ and G (graphitic)
band caused by vibrations in the plane of graphite plates at around 1580 cm™ were observed [42]. The overlapped D
and G bands without a clear separation are typical for heterogeneous carbon microstructure and disordered activated
carbons [43]. Examination of the change in signal intensity of the D band (relative to the G band) allows the relative
measurement of defects in the graphitic material. Therefore, all Raman spectra were deconvoluted into two Lorentzian in
order to determine the I /I . to express the change in chemical structure quantitative. Figures 4b and 4c shows the example
deconvolutions for GAC-t and GAC5 samples. Table 3 shows the peak positions, normalized peak intensities and the
calculated I /1 ratios for all samples.

Although a significant shift in the peak positions of D and G band with the thermal treatment were observed, the I/
I, ratio remained nearly the same indicating that thermal treatment has no significant effect on the chemical structure of
glucose-based activated carbons. A correlation can be seen between the I /I ratios and peak positions of Pt loaded AC
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Figure 3. a) XPS survey spectrum of Pt loaded samples, and the deconvolution of Pt 4f spectra of b) GAC3 and ¢) GAC5 samples.
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Table 2. Deconvolution results of Cls spectra of all samples.

Sample Atomic amount (%) C=C (Graphitic carbon) g}i _nol _ Alcohol — Ether) C=0

C O Pt° BE (eV) |fwhm |Area (%) |BE(eV) |fwhm |[Area (%) |BE (eV) |fwhm |[Area (%)
GAC 61.53 |38.47 - 284.3 1.24 55.5 285.7 1.55 9.4 287.5 7.56 35.1
GAC-t |74.30 |25.70 |- 284.4 1.26 82.7 285.9 1.14 11.8 287.2 1.38 55
GAC1 63.68 |35.78 [0.54 (2844 1.34 74.2 286.0 1.46 14.8 288.0 291 11.0
GAC3 65.75 |33.11 1.14 |284.7 1.99 67.3 286.3 6.58 32.7 - - -
GAC5 69.35 |27.77 |2.88 |[284.6 1.85 80.2 285.7 2.44 19.8 - - -

samples. The increasing Pt amount led to a decrease in the I /1, ratio, this indicates the increase of highly ordered graphitic
planes in AC structure. It is clear that the Pt loading has a catalytic and synergetic effect on the change in chemical structure.

3.4. Electrochemical tests

The electrochemical performance of the samples in three-electrode system can be seen in Figure 5. Figure 5a shows the CV
curves in the potential window of 0 V to 0.8 V with a scan rate of 10 mV/s. The rectangular shape of the curves indicates
a good capacitor behaviour and the double-layer capacitance behaviour. However, as mentioned above, voltage humps at
between 200-600 mV were observed due to the presence of oxygen-containing functional groups which proved with XPS
results. This result match very well with the previous studies [44,45]. In addition, it is obvious that the area under the CV
curves getting larger with thermal treatment (GAC-t, red line) and Pt loading (GACI, blue line; GAC3, green line; GAC5,
purple line). It can be easily seen that GACI and GAC3 sample exhibits higher specific capacitance compared to others.
This may be attributed to the change in surface chemistry and porous characteristics. The Nyquist plots electrochemical
impedance spectroscopy (EIS) data were used to the determine the combined resistance (R ) of intrinsic resistance of
electrode materials, ionic resistance of electrolyte and contact resistance between the electrode and current collector, and
the electrode conductivity and charge-transfer resistance (R ) [46]. It can be seen from the low frequency region (Figure
5b) of the Nyquist plots that all samples showed ideal capacitor behaviour. At the intermediate frequency region, the
Warburg line (45 ° slope) and following nearly straight vertical line were observed for GAC-t, GAC1, and GAC3 indicating
that all samples possess ideal capacitor behaviour and allow the solution ions to be adsorbed by the electrode [47]. A
long Warburg line originated from the lower electric conductivity was observed for GAC sample [47]. The Warburg line
shortened with the Pt loading and this proves the correlation between the electric conductivity and loaded Pt amount. In
Figure 5c¢, it is obvious that the diameter of the semicircle decreased at high frequency region with the Pt loading implying
that the Pt modified electrodes have lowest internal resistance and highest electric conductivity.

Figure 6 displays the constant current charge-discharge profiles of packaged supercapacitors using GAC, GAC-t, GACI,
GAC3, and GAC5 samples as symmetric electrodes. Both charge and discharge curves can be seen in Figure 6a, while only
the discharge profiles were presented in Figure 6b in order to better compare the capacitive performance. All the curves
belong to the 501st cycle of the 2500 cycle test regime. The charge-discharge curves showed a repeatable cyclic behaviour
and the characteristic symmetrical triangular shape indicating a high rate capacitive performance [48]. However, some
minor distortions in the charge curves were observed. These distortions are also a proof for the decrease in the coulombic
efficiency. The calculated coulombic efficiency for the GAC, GAC-t, GAC1, GAC3, and GAC5 samples are 98.8%, 99.6%,
79.8%, 65.1%, and 71.7%, respectively. It is obvious that the hydrothermal treatment caused an increase and Pt loading
caused a decrease in the Coulombic efficiencies. These can be attributed to the different adsorption/desorption rates of
electrolyte on the electrode surface, the surface chemistry of the electrode [49], and the conductive pathways occurred by
Ptloading. Although the Pt loading caused a decrease in the specific surface area, a significant change in the pore structure
and mean pore diameter was not observed. Therefore, it is thought that the capacitive performance is mostly affected by
the synergistic effect of surface chemistry and Pt loading.

The discharge time, which is given in Figure 6b gives a hint to estimate the specific capacitances of supercapacitors. It
is seen that the GAC3 based supercapacitor has the highest discharge time. The specific capacitances of all samples were
calculated by using Eq. (1) given. The specific capacitances were calculated as 51 F/g, 100 F/g, 105 F/g, 118 F/g, and 98
F/g for GAC, GAC-t, GAC1, GAC3, and GACS5 based supercapacitors, respectively. It is obvious that the Pt loading led to
an increase in the capacitive performance of supercapacitors. However, a dramatic decrease was observed for the GAC5-
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Figure 4. a) Raman spectrum of all samples (1100-1900 cm™), example deconvolution of b) GAC-t and, ¢) GAC5 samples.
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Table 3. Deconvolution results of Cls spectra of all samples.

D band G band
Sample I/1,
v/cm™! NPI * v/cm™! NPI *
GAC 1359.9 0.46 1576.6 0.47 0.98
GAC-t 1371.3 0.59 1585.7 0.59 1
GAC1 1360.5 0.49 1586.3 0.55 0.89
GAC3 1360.2 0.59 1586.3 0.68 0.87
GAC5 1364.5 0.46 1583.6 0.65 0.71

based supercapacitor. This may be attributed to the higher equivalent series resistance (ESR) drop which is related to
the electrolyte resistance, the collector/ electrode contact resistance, the electrode/electrolyte interface resistance, surface
functional groups [50], electrical conductivity, and pore characteristics [51]. The ESR drop for GAC, GAC-t, GAC1, GAC3,
and GACS5 based supercapacitors were found as 0.1724 V, 0.0955 V, 0.1197 V, 0.0806 V, and 0.2527 V, respectively. The
increase in the ESR drop with the increasing Pt amount may be attributed to the increasing conductive paths on activated
carbon surface and channels. It is thought that the stored charge can easily flow through these pathways resulting in higher
ESR drop.

The energy and power densities were calculated by using the formulas given somewhere else [52]. The energy densities
are 5.74, 11.25, 11.81, 13.28, and 11.03 Wh kg and the power densities are 98.36, 105.47, 105.52, 105.96, and 107.56 W
kg™ for the samples GAC, GAC-t, GAC1, GAC3, and GACS5, respectively. It can be clearly seen that the energy and power
densities are increased with the Pt loading.

Since the electrochemical performance of an activated carbon-based supercapacitor is rely on the surface area, pore
characteristics, and surface chemistry, it is very important the find out the effect of the loaded materials on these properties.
In this work, the Ptloading caused a decrease in the surface area but no significant effect on the pore characteristics. It is also
obvious that the Pt loading has changed the relative amount of surface functional groups of activated carbon. These results
are in good consistent with previously reported works [25]. It is thought that the increase in the capacitive performance
can be attributed to the formation of hydrophilic Pt-OH groups due to the Eq. (2) [53]. The hydrophilic groups led to a
higher adsorption rate of electrolyte on the surface, and the increase in the specific capacitance as a consequence. However,
with the increasing Pt amount, the reaction between the Pt-OH and CO groups (Eq. (3)) caused the formation of CO,
and Pt active centres [53]. The increasing amount of Pt active centres may increase the pathways of charge transfer from
electrodes to the current collectors, thus caused higher ESR drops.

Pt+ H,O~ Pt— OH+H"+e™ (2)

Pt-OH+Pt-CO~2Pt+ CO,+ H" + e~ (3)

The self-discharge behaviour or in other words voltage holding character defines the capability of sustaining a constant
charge hold, and is a significant factor for determining the performance evaluation. The fabricated supercapacitors were
charged to 1V at a constant current density of 100 mA/g. The voltage loss against to the time was recorded during 150
min hold time. Figure 7 shows the 48th, 49th, and 50th self-discharge curves of 50 cycles regime for GAC-t and GAC3
sample. The voltage loss characteristics did not change more than 4% over the 50 cycles indicating that the electrochemical
performance of the supercapacitors was highly stable. As can be seen from the figure, Pt loading caused a 11% decrease in
the voltage holding which may be attributed to the increasing electrical conductivity with the Pt loading. This result is also
in good correlation with the EIS results.

4. Conclusions

In this work, the Pt loaded activated carbon materials were synthesized with different compositions and characterized by
N, physisorption, XPS, and Raman spectroscopy techniques. The fabricated supercapacitors were subjected to constant
charge-discharge tests in order to determine electrochemical performance. It is found that the Pt loading method (thermal
treatment) has a positive effect on the surface characteristics and electrochemical performance as expected. The Pt loading
method, itself, has changed the surface chemistry by the decomposition of surface functional groups. It is found that the
Pt loading led to a 130% increase in capacitive performance. The Pt loading significantly changed the surface chemistry.
The reactions seen in Eq. (2) and (3), are both responsible for the change in surface chemistry, increase in the capacitive

1497



YUMAK et al. / Turk ] Chem

1.0 = e GAC (a)

Current (mA)

_08 L] L] L] L] L] L] L] L] L]
0 100 200 300 400 500 600 700 800
Potantial (mV)
500
m GAC (b)
® GAC-t .
~ 4004 4 GACl 4
< v GAC3
[} [
E A
B 300 - o .
£ Va
2 v . ® L
£ 200 A
o vae "
g v A o .
~ | v oA ° [
N. 100 v ae [ ]
[
JI-IIIII L L
0 -
T T T T T
20 40 60 80 100 120
Z'/ Real Impedance (¢ )
6
. GAC ™ (c)
® GAC-t v s m
[ ]
s] 4 Gacl o ® T e v .
v GAC3 e ® A" 9
oy ]
° [ ] °
V. .
4 ® o H% ®

- Z / Imaginary Impedance (* 3

Z'/ Real Impedance (¢ )

Figure 5. Electrochemical performance of the as-synthesized samples in a three-electrode system: (a) CV curves at 10 mV/s; (b) Nyquist
plots from impedance spectroscopy (EIS) data; (c) The high frequency region of (b)
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Figure 7. Self-discharge (voltage holding) tests for a) GAC-t, b) GAC3 sample-based
supercapacitors.

performance. It is evident that the loaded Pt amount is the decisive factor for determining the electrochemical performance
of fabricated supercapacitors. In addition, is thought that the Pt loading method is highly effective on the surface chemistry
of activated carbon and chemical state of Pt.

Acknowledgments

This work was supported by Sinop University Scientific Research Projects Coordination Unit under Project Number, FEF-
1901-16-13. We would like to thank Dr. Riza Bayrak (Sinop University) for his valuable contribution to the discussion
section. We also acknowledge the use of East Anatolia High Technology Application and Research Center (DAYTAM) for
materials characterization.

Declaration of interest

The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

1500



YUMAK et al. / Turk ] Chem

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Tey JP, Careem MA, Yarmo MA, Arof AK. Durian shell-based activated carbon electrode for EDLCs. Ionics 2016; 22 (7): 1209-1216. doi:
10.1007/s11581-016-1640-2

Bose S, Kuila T, Mishra AK, Rajasekar R, Kim NH et al. Carbon-based nanostructured materials and their composites as supercapacitor
electrodes. Journal of Materials Chemistry 2012; 22 (3): 767-784. doi: 10.1039/c1jm14468e

Yan R, Antonietti M, Oschatz M. Toward the experimental understanding of the energy storage mechanism and 1on dynamics in 10nic
liquid based supercapacitors. Advanced Energy Materials 2018; 8 (18). doi: 10.1002/aenm.201800026

Largeot C, Portet C, Chmiola ], Taberna PL, Gogotsi Y et al. Relation between the ion size and pore size for an electric double-layer
capacitor. Journal of the American Chemical Society 2008; 130 (9): 2730-2731. doi: 10.1021/ja7106178

Frackowiak E. Carbon materials for supercapacitor application. Physical Chemistry Chemical Physics 2007; 9 (15): 1774-1785. doi:
10.1039/b618139m

Heimbdockel R, Hoffmann F, Froba M. Insights into the influence of the pore size and surface area of activated carbons on the energy
storage of electric double layer capacitors with a new potentially universally applicable capacitor model. Physical Chemistry Chemical
Physics 2019; 21 (6): 3122-3133. doi: 10.1039/c8cp06443a

Frackowiak E, Beguin F. Carbon materials for the electrochemical storage of energy in capacitors. Carbon 2001; 39: 937-950. doi: 10.1016/
S0008-6223(00)00183-4

Bhomick PC, Supong A, Karmaker R, Baruah M, Pongener C et al. Activated carbon synthesized from biomass material using single-step
KOH activation for adsorption of fluoride: experimental and theoretical investigation. Korean Journal of Chemical Engineering 2019; 36
(4): 551-562. doi: 10.1007/s11814-019-0234-x

Budinova T, Savova D, B.Tsyntsarski, Ania CO, Cabal B et al. Biomass waste-derived activated carbon for the removal of arsenic and
manganese ions from aqueous solutions. Applied Surface Science 2009; 255 (8): 4650-4657. doi: 10.1016/j.apsusc.2008.12.013

Wang K, Wang H, Ji S, Feng H, Linkov V et al. Biomass-derived activated carbon as high-performance non-precious electrocatalyst for
oxygen reduction. RSC Advances 2013; 3 (30): 12039. doi: 10.1039/c3ra41978a

Coromina HM, Walsh DA, Mokaya R. Biomass-derived activated carbon with simultaneously enhanced CO , uptake for both pre and post
combustion capture applications. Journal of Materials Chemistry A 2016; 4 (1): 280-289. doi: 10.1039/C5TA09202G

Senthilkumar ST, Selvan RK. Flexible fiber supercapacitor using biowaste-derived porous carbon. ChemElectroChem 2015; 2 (8): 1065-
1065. doi: 10.1002/celc.201500292

Subramanian V, Luo C, Stephan AM, Nahm KS§, Thomas S et al. Supercapacitors from activated carbon derived from banana fibers. Journal
of Physical Chemistry C 2007; 111 (20): 7527-7531. doi: 10.1021/jp067009t

Jin Z, Yan X, Yu Y, Zhao G. Sustainable activated carbon fibers from liquefied wood with controllable porosity for high-performance
supercapacitors. Journal of Materials Chemistry A 2014; 2 (30): 11706-11715. doi: 10.1039/c4ta01413h

Zhang LL, Zhao XS. Carbon-based materials as supercapacitor electrodes. Journal of Materials Chemistry 2009; 38 (29): 2520-2531. doi:
10.1039/b813846j

Jyothibasu JP, Kuo DW, Lee RH. Flexible and freestanding electrodes based on polypyrrole/carbon nanotube/cellulose composites for
supercapacitor application. Cellulose 2019; 26 (7): 4495-4513. doi: 10.1007/s10570-019-02376-2

Yumak T. Electrochemical performance of fabricated supercapacitors using MnO,/activated carbon electrodes. Hacettepe Journal of
Biology and Chemistry 2019; 47 (1): 115-122. doi: 10.15671/HJBC.2019.281

Wang H, Ma G, Tong Y, Yang Z. Biomass carbon/polyaniline composite and WO, nanowire-based asymmetric supercapacitor with
superior performance. Ionics 2018; 24 (10): 3123-3131. doi: 10.1007/s11581-017-2428-8

Yusin SI, Bannov AG. Synthesis of composite electrodes for supercapacitors based on carbon materials and the metal oxide/metal
hydroxide system. Protection of Metals and Physical Chemistry of Surfaces 2017; 53 (3): 475-482. doi: 10.1134/52070205117030261

Borenstein A, Hanna O, Attias R, Luski S, Brousse T et al. Carbon-based composite materials for supercapacitor electrodes: a review.
Journal of Materials Chemistry A 2017; 5 (25): 12653-12672. doi: 10.1039/c7ta00863e

Bagheri S, Julkapli NM. Effect of hybridization on the value-added activated carbon materials. International Journal of Industrial
Chemistry 2016; 7 (3): 249-264. doi: 10.1007/s40090-016-0089-5

ZhiM, Xiang C, LiJ, Li M, Wu N. Nanostructured carbon-metal oxide composite electrodes for supercapacitors: a review. Nanoscale 2013;
5 (1): 72-88. doi: 10.1039/c2nr32040a

Yumak T, Bragg D, Sabolsky EM. Effect of synthesis methods on the surface and electrochemical characteristics of metal oxide/activated
carbon composites for supercapacitor applications. Applied Surface Science 2019; 469: 983-993. doi: 10.1016/j.apsusc.2018.09.079

1501



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

2%

45.

46.

47.

YUMAK et al. / Turk ] Chem

LiY, Xu H, Zhao H, Lu L, Sun X. Improving the durability of Pt/C catalyst in PEM fuel cell by doping vanadium phosphate oxygen. Journal
of Applied Electrochemistry 2016; 46 (2): 183-189. doi: 10.1007/s10800-015-0902-4

Fan Y, Liu PE, Huang ZY, Jiang TW, Yao KL et al. Porous hollow carbon spheres for electrode material of supercapacitors and support
material of dendritic Pt electrocatalyst. Journal of Power Sources 2015; 280: 30-38. doi: 10.1016/j.jpowsour.2015.01.096

Akbayrak S, Ozgifci Z, Tabak A. Noble metal nanoparticles supported on activated carbon: highly recyclable catalysts in hydrogen generation
from the hydrolysis of ammonia borane. Journal of Colloid and Interface Science 2019; 546: 324-332. doi: 10.1016/].jcis.2019.03.070

Diaz-Rey MR, Cortés-Reyes M, Herrera C, Larrubia MA, Amadeo N et al. Hydrogen-rich gas production from algae-biomass by low
temperature catalytic gasification. Catalysis Today 2015; 257 (Part 2): 177-184. doi: 10.1016/j.cattod.2014.04.035

Okajima K, Sakumoto N, Toya T, Sudoh M. Evaluation of metal-loaded activated carbon electrode for electrochemical capacitor prepared
by plasma CVD method. Electrochemistry 2001; 69 (6): 428-430. doi: 10.5796/electrochemistry.69.428

Suzuki T, Nakajima H, Ikenaga N, Oda H, Miyake T. Effect of mineral matters in biomass on the gasification rate of their chars. Biomass
Conversion and Biorefinery 2011; 1 (1): 17-28. doi: 10.1007/s13399-011-0006-2

Ouyang SC, Wang LW, Du XW, Zhang C, Yang J. In situ synthesis of highly-active Pt nanoclusters via thermal decomposition for high-
temperature catalytic reactions. RSC Advances 2016; 6 (55): 49777-49781. doi: 10.1039/c6ra04681a

Aphale A, Maisuria K, Mahapatra MK, Santiago A, Singh P et al. Hybrid electrodes by in-situ integration of graphene and carbon-
nanotubes in polypyrrole for supercapacitors. Scientific Reports 2015; 5: 14445. doi: 10.1038/srep14445

Ruiz V;, Blanco C, Raymundo-Pinero E, Khomenko V, Béguin F et al. Effects of thermal treatment of activated carbon on the electrochemical
behaviour in supercapacitors. Electrochimica Acta 2007; 52 (15): 4969-4973. doi: 10.1016/j.electacta.2007.01.071

Figueiredo JL, Pereira MFR, Freitas MMA, Orfao JJM. Modification of the surface chemistry of activated carbons. Carbon 1999; 37: 1379-
1389. doi: 10.1016/S0008-6223(98)00333-9

Fan X, Li C, Zeng G, Gao Z, Chen L et al. Removal of gas-phase element mercury by activated carbon fiber impregnated with CeO,. Energy
and Fuels 2010; 24 (8): 4250-4254. doi: 10.1021/ef100377f

Thommes M, Kaneko K, Neimark AV, Olivier JP, Rodriguez-Reinoso F et al. Physisorption of gases, with special reference to the evaluation
of surface area and pore size distribution (IUPAC Technical Report). Pure and Applied Chemistry 2015; 87 (9-10): 1051-1069. doi:
10.1515/pac-2014-1117

Sing KSW, Everett DH, Haul RAW, Moscou L, Pierotti RA et al. Reporting physisorption data for gas/solid systems with special reference
to the determination of surface area and porosity. Pure Applied Chemistry 1985; 57: 603-619. doi: 10.1351/pac198557040603

Peng H, Ma G, Sun K, Mu J, Zhang Z et al. Formation of carbon nanosheets via simultaneous activation and catalytic carbonization of
macroporous anion-exchange resin for supercapacitors application. ACS Applied Materials and Interfaces 2014; 6 (23): 20795-20803. doi:
10.1021/am505066v

Sotomayor FJ, Cychosz KA, Thommes M. Characterization of micro/mesoporous materials by physisorption: concepts and case studies.
Accounts of Materials & Surface Research 2018; 3 (2): 34-50.

Chang X, Zhai X, Sun S, Gu D, Dong L et al. MnO,/g-C,N4 nanocomposite with highly enhanced supercapacitor performance.
Nanotechnology 2017; 28: 135705-135714. doi: 10.1039/C5CC06713H

Bleda-Martinez MJ, Macia-Agullé JA, Lozano-Castell6 D, Morallon E, Cazorla-Amords D et al. Role of surface chemistry on electric
double layer capacitance of carbon materials. Carbon 2005; 43: 2677-2684. doi: 10.1016/j.carbon.2005.05.027

Wei L, Yushin G. Nanostructured activated carbons from natural precursors for electrical double layer capacitors. Nano Energy 2012; 1:
552-565. doi: 10.1016/j.nanoen.2012.05.002

Graf D, Molitor F, Ensslin K, Stampfer C, Jungen A et al. Spatially resolved raman spectroscopy of single- and few-layer graphene. Nano
Letters 2007; 7 (2): 238-242. doi: 10.1021/NL061702A

Kemp KC, Baek S Bin, Lee WG, Meyyappan M, Kim KS. Activated carbon derived from waste coffee grounds for stable methane storage.
Nanotechnology 2015; 26 (38). doi: 10.1088/0957-4484/26/38/385602

MaE Ding S, Ren H, Liu Y. Sakura-based activated carbon preparation and its performance in supercapacitor applications. RSC Advances
2019; 9 (5): 2474-2483. doi: 10.1039/c8ra09685f

Zhang ], Gong L, Sun K, Jiang J, Zhang X. Preparation of activated carbon from waste Camellia oleifera shell for supercapacitor application.
Journal of Solid State Electrochemistry 2012; 16 (6): 2179-2186. doi: 10.1007/s10008-012-1639-1

Gong Y, Li D, Fu Q, Pan C. Influence of graphene microstructures on electrochemical performance for supercapacitors. Progress in
Natural Science: Materials International 2015; 25 (5): 379-385. doi: 10.1016/j.pnsc.2015.10.004

Liu PI, Chung LC, Ho CH, Shao H, Liang TM et al. Comparative insight into the capacitive deionization behavior of the activated carbon
electrodes by two electrochemical techniques. Desalination 2016; 379: 34-41. doi: 10.1016/j.desal.2015.10.008

1502



48.

49.

50.

51.

52.

53.

YUMAK et al. / Turk ] Chem

Zequine C, Ranaweera CK, Wang Z, Dvornic PR, Kahol PK et al. High-performance flexible supercapacitors obtained via recycled jute:
bio-waste to energy storage approach. Scientific Reports 2017; 7 (1): 1-12. doi: 10.1038/s41598-017-01319-w

Pinkert K, Oschatz M, Borchardt L, Klose M, Zier M et al. Role of surface functional groups in ordered mesoporous carbide-derived
carbon/ionic liquid electrolyte double-layer capacitor interfaces. ACS Applied Materials and Interfaces 2014; 6 (4): 2922-2928. doi:
10.1021/am4055029

Lufrano E Staiti P. Mesoporous Carbon materials as electrodes for electrochemical supercapacitors. International Journal of Electrochemical
Science 2010; 5: 903-916.

Wang H, Xu Z, Kohandehghan A, Li Z, Cui K et al. Interconnected carbon nanosheets derived from hemp for ultrafast supercapacitors
with high energy. ACS Nano 2013; 7 (6): 5131-5141. doi: 10.1021/nn400731g

Usha Rani M, Nanaji K, Rao TN, Deshpande AS. Corn husk derived activated carbon with enhanced electrochemical performance for
high-voltage supercapacitors. Journal of Power Sources 2020; 471: 228387. doi: 10.1016/j.jpowsour.2020.228387

Arico AS, Srinivasan S, Antonucci V. DMFCs: from fundamental aspects to technology development. Fuel Cells 2001; 1 (2): 133-161. doi:
10.1002/1615-6854

1503



