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Abstract

Carbon materials with developed porosity are usually used as supports for platinum
catalysts. Physico-chemical characteristics of the support influence the properties of
platinum deposited and its catalytic activity. In our studies, we deposited platinum on
carbon fibrous like materials obtained from platanus seeds - achenes. The precursor was
chemically activated with different reagents: NaOH, pyrogallol, and H,O,, before the
carbonization process. Platinum was deposited on all substrates to study the influence of
the substrate properties on the activity of the catalyst. Carbon materials were
characterized by nitrogen adsorption/desorption isotherms measurements, X-ray
diffraction, and scanning electron microscopy. It was noticed that the adsorption
characteristics of carbon support affected the structure of platinum deposits and thus their
activity.

Keywords: active carbon material; achenes; platinum; catalyst; formic acid
oxidation.

Introduction

Great research efforts have been done in order to develop platinum catalysts with
good activity, selectivity and stability for formic acid oxidation in acid solution due to the
possible application in fuel cells [1, 2]. Platinum (Pt) is a single-metal catalyst that shows
significantly high catalytic activity for this reaction. However, pure Pt alone in a fuel cell
system may be easily poisoned by the intermediate species. Also, the high cost of the Pt
catalyst limits its commercial application as an electrocatalyst. To improve the utilization
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of the Pt catalysts carbon materials are largely used as catalyst support. This is due to
carbon material special properties such as relative stability in both acid and basic
electrolyte, good conductivity, and high surface area for dispersion of metal catalyst,
physico-chemical characteristics and surface chemistry of carbon that can influence
properties of the support itself as well as of a catalyst [3-9].

According to Antolini [6], it is a great challenge to develop carbon supports with
high specific surface area, suitable porosity, high electrical conductivity and high stability
in a fuel cell environment. Carbon supports should possess a high proportion of
mesoporous regions to provide a large surface area that is accessible to both the catalyst
and the units of the Nafion ions to help excite the diffusion of the chemical species. That
carbon materials can provide the high dispersion of Pt nanoparticles and at the same time
enhance the electron transfer [6].

Active carbon materials can be made with a wide range of structures, compositions
and properties, depending on the nature of the organic precursor, process and process
parameters [3-14]. Amongst the precursors applied for the preparation of active carbon
fibers are polyacrylonitrile (PAN) fiber, cellulosic fiber, phenol resin fiber or pitch fiber.
To increase the durability of the catalyst the main requirement for catalyst support
materials is a high specific surface area (should be greater than 100 m?/g) [13]. To get a
high surface area, physical or/and chemical activation processes of material have usually
been employed. The activation of the material would provide a maximum substrate area
for good dispersion of the Pt catalyst nanoparticle.

Some criteria of a potential support material that should be considered are: suitable
porosity and porous structure, high stability in alkaline and acidic media, compatibility
with the electrodes, and the additional water handling capability to prevent flooding in
the catalyst layer [14]

A challenge in the field of carbon material supports is to produce very specific
materials with a given pore size distribution from low-cost precursors. So, in this study,
we examined a renewable type of a precursor for active carbon material —achenes from
the Platanus orientalis seeds. Platanus fruit balls are about 2.5 cm in diameter and consist
of several hundred seeds (achenes) densely packed together. The achene is about 1 cm
long and 1 mm thick. A tuft of many thin stiff bristle fibers is attached to the base of each
achene. The influence of different chemical activated agents on the porosity and
electrochemical properties of carbon material support were examined.

Experiment

The Platanus seeds were peeled off and achenes soaked in the 10% aqueous
solutions of NaOH (A1) Pyrogallol (A2) or H,O, (A3), for one hour. The wet samples
were dried at 100 °C. These fibers were carbonized under Ar flow up to 900 °C and kept
for 1 h. After cooling under Ar flow the samples were washed with distilled water at 60
°C. After that, the samples were grounded in a coffee mill. The final samples were
denoted as AC1, AC2 and AC3 according to a number of soaked achenes.

The adsorption  characteristics  were  determined  from  nitrogen
adsorption/desorption isotherms at 77 K using the gravimetric McBain balance method.
Specific surface area, Sger, and micropore volume, Vmic, of the samples were calculated
from the adsorption branch of the isotherm. The Sger was calculated using Brunauer-
Emmet-Teller (BET) method. The values of Vmic were calculated applying Dubinin-
Radushkevich equation. Total pore volume Vi is obtained under the assumption of the
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validity of the Gurvich rule which states that the amount adsorbed at the limiting plateau
of an isotherm is a measure of the total adsorption capacity. Pore size distribution was
estimated by applying the numerical method of Pierce modified by Orr and Dalla Valle
on the desorption branch of the isotherm [15].

The crystalline structure was examined by X-ray diffraction analysis using CuKa
radiation (XRD, Siemens D500). The particle size of Pt was estimated from the
broadening of the XRD reflections employing the Scherrer formula [16, 17].

The morphology was investigated by scanning electron microscopy (SEM, JEOL
JSM-35 Model).

These carbonized seeds, as well as the Pt catalysts supported on these seeds, were
characterized by the electrochemical method of cyclic voltammetry (CV). Pt catalysts
were synthesized by the polyol method [18]. These samples were denoted as AC + Pt.
The AC, as well as the catalysts AC+Pt, were applied in a form of a thin layer from the
water-Nafion suspensions onto polished glassy carbon disk substrate. Both suspensions
were prepared by ultrasonic homogenization during 1 h. After each application, the
electrode was dried in the air. CV measurements of samples were performed in 0.1 mol
dm3 HCIO4 with the sweep rates of 100, 50, 25 and 5 mV/s. Carbonized seeds supported
Pt catalysts were characterized by potential cycling between hydrogen and oxygen
evolution regions at 50 mV-s in 0.1 mol-dm~ HCIO,. The activities of the prepared Pt
catalysts were studied in 0.1 M HCIO, + 0.5 M HCOOH solutions upon their
characterization by cyclic voltammetry. Formic acid was added while the potential was
held at —0.2 V and the positive-going scan was initiated with the rate of 50 mV-s. All
experiments were done at room temperature in a three-electrode-compartment
electrochemical cell with Pt wire as a counter electrode and saturated calomel electrode
(SCE) as the reference. The electrolytes were purged with purified nitrogen prior to each
experiment.  Electrochemical experiments were performed on AUTOLAB
potentiostat/galvanostat PGStat 128N (MetrohmAutolab B.V., The Netherlands).

Results and discussion
The influence of activating agent on the adsorption characteristics of the
carbonized achens obtained by N; isotherms are presented in Fig. 1. and Tab. 1.
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Fig. 1. Nitrogen isotherms for carbonized achens activated with NaOH (AC1) and H,O,
(AC3): -solid sign for adsorption and open sign for desorption.




378 Metall. Mater. Eng. Vol 26 (4) 2020 p. 375-383

Figure 1 presents N, isotherms of samples activated with NaOH (AC1) and H20-
(AC3). These isotherms show that both activating agents induce specific surface area
increases. Each isotherm exhibits a hysteresis loop, which is associated with filling and
emptying of the mesopores by capillary condensation.

Impregnation with chemical agents increases the adsorption characteristics of the
carbonized seeds, but the adsorption capacities strongly depend on the chemical agent
used. Pyrogallol and H,O; as chemical agents induced a slight increase of specific surface
area Sger after carbonization comparing with achens carbonized without impregnation
(about 4 m?/g). The specific surface area of carbonized achens and AC2 were calculated
from results obtained in one point measurement due to poor adsorption characteristics,
while the Sger of carbonized AC1 and AC3 were obtained by analysis of the multipoint
adsorption. The obtained results are presented in Tab. 1.

Table 1. Adsorption characteristics of the carbonized achens.
Sample  Sger (M%) Vmic (cm®g) Vet (cm®/g)

AC1 377 0.070 0.144
AC2 17 - -
AC3 162 0.064 0.088

Hydroxides are generally very effective for the preparation of active carbon
material [10], which is confirmed in this case, too; see Fig. 1 and Tab. 1. The results
obtained for Sger of achens AC1 activated by NaOH is triple larger than the surface area
of achens AC3 activated by H,0,.
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Fig. 2. Pore size distribution for AC1 carbonized achens activated with NaOH.

Micropores developed during the chemical activation of seeds by hydroxide were
supermicropores (>0.7nm), as shown in Figure 2. Sample AC1 mostly consists of the
small mesopores (pore size L is between 2 and 6 nm). Sample AC3 only consists of the
micropores with L in the range from 0.5 to 1 nm. These results agree with the results
obtained for Vimic and Vi, for both samples, see Tab. 1.
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Fig. 3. XRD patterns of carbonized achenes AC1 and AC3 loaded with Pt.

Results of XRD analysis are presented in Fig. 3. The XRD sample patterns are
strongly influenced by activated carbon reflections, and the Pt reflections are not seen
clearly, especially for sample AC2+Pt. The carbonized achens can contain some
crystalline carbon structures indicated by the presence of a clear (002) band in the 20
region 22-25° and (10) weak band at ~ 43°. Further peaks placed at about 39.8°, 46.2°
(see Fig. 3 and Tab. 2) are associated with the (111), (200) planes, respectively, of the
face-centered cubic (fcc) crystalline Pt. There is no Pt reflection peak for sample AC2+Pt
only the reflections for crystalline carbon.

Table 2. Peak position (26), interlayer distance (dog2,) crystallite high (Lc), and size (La)
for different reflections of AC+Pt sample.

20 doo2 Lc La
Sample ] [nm] [nm [nm]
AC1+Pt 22.60 0.393 2.75 -
39.86 6.24
AC2+Pt 24.94: 43.20 0.357 1.01 3.30
AC3+Pt 23.80; 43.46 0.373 197 3.18
39.84 ’ 7.49

The (002) band indicates the spacing of the aromatic ring layer i.e., interlayer
spacing dog2. These observations suggest that the carbonized achenes support crystallites
have a random layer lattice structure so-called turbostratic structure. The position of this
peak is found to shift to a higher 20 value with an increase in elemental carbon content
[19]. In this case, the sample AC2+Pt has the lowest dog2. Which is to be expected, because
it is made by the reduction process and has the lowest porosity.
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The Lateral size (La) and the stacking height (Lc) of the crystallite are determined
using the Sherrer equation [16, 17]. The results of XRD analysis are presented in Tab. 2.

Sample AC1+Pt crystallite high L is larger than in the case of the other two
samples AC2+Pt and AC3+Pt. But this sample has no L, or its reflection placed at about
43° couldn’t be seen clearly due to nearby (200) Pt position.

Platinum grain size, obtained from its [111] reflection peak for AC1+Pt and
AC3+Pt, is 6.24 nm and 7.49 nm, respectively. The grain size of platinum corresponds to
the pore size of sample AC1 (see Fig.2), which indicates that platinum may have been
located in the mesopores of this sample. This is not the case for the AC3 sample,
consisting mainly of micropores, so it is assumed that the platinum grains are distributed
on the sample surface.

Morphology of activated nature fibers differs that could be seen at SEM
micrographs (Fig. 4).

Fig. 4. SEM micrographs of carbonized achenes: (a) AC1, (b) AC2, and (c) AC3.

Sample AC2 has a smooth surface (Fig. 4 (b)), while activation of achenes by
hydroxide (Fig. 4 (a)) or peroxide (Fig. 4 (c)) results in surface roughness of the material.

The influence of the chemical agent used for activation of carbonized achenes was
also analyzed by cyclic voltammetry, see Fig. 5. The results obtained showed that none
of the samples exhibited pure double layer properties. Also, each of them poses some
quantity of functional groups raveled by more or less defined redox peaks, similar to most
other carbon materials [20], as for example, Vulcan XC presented in Fig. 5.

The specific capacitance calculated from CVs for carbonized achenes AC1-3 are
presented in Tab. 3. The increase in charge is related to an increase in porosity, i.e.,
specific surface area Sger. Based on data from the electrochemical measurements, the
activity and porosity of the activated fibers is in order of AC1>>AC3>AC2.

Table 3. Total, the mesoporous and microporous capacitance of the carbonized
achens AC calculated from cyclic voltammetry data

Sample Ctot (F/g) Chic (F/9) Creso (F/Q)
AC1 222 203 19
AC2 16 13 3

AC3 18 16 2
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Fig. 5. Cyclic voltammograms of AC samples, and Vulcan XC applied on glassy carbon
electrode in 0.1 M HCIO, solution; sweep rate 100 mV/s.
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Fig. 6. Cyclic voltammograms of AC1 samples (upper) and AC1+Pt sample (lower)
applied on glassy carbon electrode in 0.1 M HCIO4 solution; sweep rate 100 mV/s.
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Cyclic voltammetry was also used for the characterization of Pt particles supported
on different fibers. The cyclic voltammograms of Pt catalysts depending on the fiber
support resemble the voltammogram for polycrystalline Pt electrode with more or less
well defined hydrogen adsorption/desorption region (-0.2 V< E < 0.15 V) and region of
surface oxidation at higher potentials (Fig. 6) for AC1+Pt and AC3+Pt electrodes.
However, these regions are poorly outlined for AC2+Pt catalyst, and this electrode has
not been examined further. VVoltammograms of formic acid oxidation are characteristic
for dual path reaction mechanism and similar in shape for AC1+Pt and AC3+Pt
electrodes. The degree of the activity also differs regarding the oxidizing agent applied in
the activation process, i.e. AC3+Pt electrode is about two times more active than AC1+Pt
one. Formic acid oxidation on Pt electrodes follows the dual path mechanism [21]. Due
to such mechanism oxidation of formic acid at Pt proceeds in the positive scan with a
slowly increasing current which reaches a plateau at ~ 0.25 V/SCE and ascends again at
~ 0.5 V/SCE attaining a maximum at ~ 0.62 VSCE. The slow increase of current at the
low potential region is a result of the dehydrogenation i.e. the direct path, based on the
oxidation of formate, as the active intermediate which does not need any oxygen-
containing species [22] to be oxidized to CO,. Similarly, the parallel path proceeds to
generate COgq through dehydration which can be oxidized to CO, only by oxygen-
containing species formed at higher potentials. Increasing COa.q coverage reduces the Pt
sites available for the direct path; the current slowly rises and reaches a plateau.
Subsequent formation of oxygen-containing species on Pt enables the oxidative removal
of COaq, more Pt sites become available for HCOOH oxidation and current increases until
Pt oxide, inactive for HCOOH oxidation, is formed, which results in the current peak at
~ 0.62 V/SCE. Bearing in mind the importance of oxygen-containing species for
oxidative removal of COgq, in this reaction mechanism, the difference in the activity
between AC1+Pt and AC3+Pt is probably due to surface morphology and content of
functional groups. Thus, the results obtained show the impact of the support properties
on the properties of the Pt catalyst.

Conclusion

These investigations show that waste such as platanus seeds — achenes is a very
promising raw material for active carbon materials production. The obtained materials in
fact are short fibers and can be used as a catalyst support or as an adsorbent. An activating
agent has an influence on the adsorption characteristics as well as on the structure and
texture of the obtained material. Activation of the platanus seed influences Pt dispersion,
particle size, and activity.
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