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ABSTRACT

Highly efficient bio-inspired platinum nanoparticles (Pt NPs) as an electrocatalyst with
superior intrinsic kinetics and high performance for methanol oxidation reaction (MOR)
derived from green synthesis of bio-waste utilization is of great interest. The bio-inspired Pt
NPs were examined for their kinetic parameters in terms of the Tafel plot, exchange current,
square root of the scan rate, methanol diffusion coefficient, activation energy (E.), and factors
influencing current density. Bio-inspired Pt NPs exhibit a fast kinetic reaction with a low
Tafel value of 179 mV dec? and exchange current, a = 0.33, compared to commercial Pt
black (233 mV dec?, a = 0.25). The bio-inspired Pt NPs display low activation energy, Ea, as
the potential increases, indicating improved intrinsic kinetics, and the MOR catalyzed by bio-
Pt NPs was discovered to be a diffusion-controlled process. The parametric effect of bio-
inspired Pt NPs concentration has a crucial influence on the anisotropic morphological
structure and interconnection to the current density (mA mg™) of MOR. Central Composite
Design (CCD) was applied for RSM-based modeling and analyzing the parameter effects,
including bio-inspired Pt NPs concentration, methanol concentration, and electrocatalyst
loading to optimize the current density. The optimized current density produced by bio-
inspired Pt NPs was 640.11 mA mge:! at ideal conditions of 1.5 mM bio-Pt NPs, 1.05 M
CH30H, and 2.14 mg. Ultimately, the passive DMFC single-cell powered by bio-inspired Pt
NPs generates power density with Pmax of 5.70, 6.67, and 8.28 mW cm at 25, 80, and 100
°C. Thus, bio-inspired Pt NPs derived from green synthesis pathways and biomass-mediated
extract have been proven to be viable and sustainable anode electrocatalysts for utilization in
the energy conversion of renewable energy with outstanding performance.

Keywords: Green synthesis; materials chemistry; Methanol oxidation reaction; Direct
methanol fuel cell; biomass utilization

1. INTRODUCTION

The energy crisis and the need for clean energy to sustain the environment have necessitated
the development of alternative renewable energy sources to replace the finite supply of non-

renewable fossil fuels and overcome their harmful environmental effects. Direct methanol
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fuel cells (DMFCs) are a possible solution to alleviate energy problems and obtained extreme
attention due to their high energy density, low-carbon emissions, easy handling, and portable
wise (Kamarudin and Hashim, 2012), (Zhang et al., 2016). DMFCs are electrochemical
energy devices that transform chemical energy from methanol (fuel stock) into electrical
energy cleanly and efficiently, with potential applications in electric vehicles and mobile
power sources (Shaari and Kamarudin, 2018). Platinum (Pt) and platinum-based
nanomaterials are regarded as state-of-the-art and exceed applied in many energy conversion
reactions due to their high catalytic efficiency for electro-oxidation reactions, highly excellent
electrooxidative materials and high specific surface area (Wo et al., 2023), (Mohamed et al.,
2016). Despite having great working catalysts, Pt has several downsides that prevent the
market acceptance of DMFCs, including scarcity, high cost, easy CO poisoning effect, and
sluggish kinetics (Yao et al., 2021). The advancement of DMFC technology requires a highly
active electrocatalyst to reduce the overpotential due to the sluggish kinetic reaction of anodic
methanol electro-oxidation, which correlates with the structure, morphologies, materials, and
synthesis methods that play a considerable role in the effectiveness of catalyst performance
(Du et al., 2013).

Innumerable efforts have been made to produce a catalyst with high catalytic
efficiency, including the discovery of new catalysts, morphology and size adjustments, the
inclusion of support, alloying with various noble and non-noble metals, and the addition of
dopants to the materials (Chen et al., 2020). However, researchers are also searching for
novel preparation routes (Chen et al., 2020). The development of new, practical, and risk-free
green synthesis technigques has been mandated by the principles of green chemistry due to the
growing need to avoid employing chemicals that pose a threat to the environment. Due to
their eco-friendly practices, biocompatibility, affordability, lack of harmful reagents,

simplicity, and scalability, green synthesis methods have recently gained prominence as a
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substitute for traditional physical and chemical synthesis. The biosynthetic process works
similarly to conventional chemical reduction, except that expensive, toxic, and dangerous
reagents such as N, N-dimethyl formamide (DMF), sodium borohydride, hydrazine, block
copolymers, and Tollens reagents are replaced by natural plant extracts to synthesize
nanoparticles. Plant extracts contain a diverse range of bioactive organic molecules, including
alkaloids, proteins, polyphenolics, and flavonoids, which are made up of a variety of
functional groups that reduce metal ions to metal nanoparticles in a single step in an ambient
condition (Mittal et al., 2013), (Dauthal and Mukhopadhyay, 2016).

Although research on the use of materials derived from biosynthesis, particularly in
the study of electrochemical energy conversion, is still in its infancy, it has been established
that these materials are superior catalysts. These bio-inspired materials, which are
synthesized from agricultural waste and employed as reducing agents in the chemical
reduction process, have shown remarkable efficiency and stability in various electrochemical
reactions, such as alcohol oxidation reactions, hydrogen evolution reactions, and oxygen
evolution reactions (Nayak et al., 2022), (Velazquez-Hernandez et al., 2020), (Fuku et al.,
2019), (Guo et al., 2019), (Selvanathan et al., 2023), (Darabi et al., 2023). As a result, they
hold great potential for revolutionizing energy conversion technologies and reducing reliance
on traditional catalysts derived from non-renewable resources. Similarly, this study created Pt
NP electrocatalysts using sugarcane (Saccharum officinarum L.) bagasse extract as a reducing
agent for efficient MOR activity. Numerous parameter variables, including catalyst
concentration, catalyst loading, molar ratio of catalyst to support, etc., have an impact on
electrocatalyst performance to operate at high current densities. Response Surface
Methodology (RSM) modelling is used to statistically identify the major components that
lead to the high electrocatalytic activity since the green biosynthesis procedures have a

substantial impact on the performance of the bio-inspired Pt NPs as an electrocatalyst. The
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utilization of the RSM based on the central composite design (CCD) approach facilitates a
more comprehensive assessment of the significance of individual factors and their
interrelationships with the designated response variable (Balajii and Niju, 2019). Kivrak et
al., (2018), proposed RSM based on the CCD model to optimize the current density of the Pd
electrocatalyst in the formic acid oxidation reaction, which includes catalyst loading, NaBH4
reducing agent concentration, water volume, and reaction time. Yahya et al., (2017)
determined the factors of NaOH electrolyte concentration and operating temperature for the
response of current density (mA/cm?) in the glycerol oxidation by PdAu/VGCNF. The study
of Karim et al., 2017 using cobalt phthalocyanine/carbon-tungsten oxide nanowires (W1gQOag)
demonstrated investigation of several parameters for optimization such as pyrolysis
temperature, mass ratio of CoPc/C to C:WCle and synthesis method, to the responses of
oxygen reduction reaction (ORR) activities. In applying the methanol oxidation reaction
(MOR), Abdullah et al., (2020) reported that a statistical model predicted the following
optimized conditions: 78.90% MXene composition, 19.71% Nafion content, and 2.82 M
methanol concentration, which is the maximum current density produced by the PtRu/Mxene.
In this context, changes in any of the variables leading to the need to significantly improve
methanol oxidation reactions both in the synthesis method and during methanol partial
oxidation cell operation are acceptable for further study. The previous findings served as a
foundation for conducting an optimization analysis of the reaction parameters involved in the
process of methanol oxidation for this study.

To better understand the fundamentals of the bio-inspired Pt NPs catalytic behaviors,
kinetic studies in MOR are conducted. Research on electrochemical kinetics holds significant
importance in the realm of fuel cell operation. There is an extensive amount of literature on
the topic of kinetics. For instance, Javan et al., 2019 conducted a study that explored the

electrochemical kinetics of Pd NPs supported by reduced carbon quantum dots in MOR.They
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extracted the kinetic parameters from cyclic voltammetry (CV) and Tafel plots, and it was
found that a higher active surface area of the catalysts can produce higher Kinetic catalytic
activity due to lower diffusion polarization. Douk et al., (2018a) fabricated bimetallic
platinum-silver NPs supported on graphene (Pt-Ag/G) catalysts for methanol oxidation. They
study the kinetic performance of MOR by using CV with different scan rates. It is found that
the higher sweep rate enhances the oxidation peak of methanol and shifts the peak potential
of MOR to a more positive value. The current versus vl/2 plot shows a linear increase in
oxidation peaks with the scan rate, indicating that mass transport controls the MOR. Herein,
this work aims to evaluate the effect of the catalyst concentration, catalyst loading, and
methanol concentration on the current density (mA/mget) of bio-inspired Pt NPs in MOR by
assessing it using one-factor-at-a-time (OFAT) and the statistical approach of the RSM model
to simultaneously determine the optimum condition for MOR. From our knowledge, there is
no previous optimization work on bio-inspired Pt NPs synthesized from agricultural waste S.
officinarum L. bagasse extract in electro-oxidation fuel cell studies using the RSM technique,
making our study innovative and superior. Further, this study aimed to investigate the
intrinsic kinetic activity of bio-inspired Pt NPs in MOR under the influence of Pt NP
concentration, methanol concentration, and temperature conditions, as well as the
physicochemical characteristics. Finally, the bio-inspired Pt NPs will be evaluated as the

anode electrode in the passive single-cell direct methanol fuel cell.

2. EXPERIMENTAL

2.1 One-step green synthesis of bio-inspired Pt NPs catalyst

In a typical experiment of the chemical reduction method, the S. officinarum, L. bagasse
extracts were added dropwise to a varied concentration solution of 0.5, 1.0, 1.5, and 1.75 mM

H2PtCls.6H20 in a conical flask and heated up to 100° C following our previous studies,
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denoted as Bio-Ptos, Bio-Ptio, Bio-Ptis, and Bio-Pty75, respectively (Ishak et al., 2020),
(Nurul Atigah lzzati Md Ishak, S.K. Kamarudin, Sharifah Najiha Timmiati, Nabila Karim,
2021). After the reaction was completed by observing the changes to a black solution, then
the colloidal suspension was sonicated, and afterward, it was washed using deionized water
by being repeatedly centrifuged. Finally, the purified pellet was dried at 110 °C for 6 hours.

2.2 Electrochemical analysis

The electrochemical measurements of bio-inspired Pt NPs for MOR performance were
conducted using an Autolab PGSTAT204 (Netherlands) instrument with the features of a
three-electrode system consisting of a glassy carbon electrode (GCE), Ag/AgCl sat. KCI as
the reference electrode, and a Pt rod as the counter electrode. 2.5 uL of bio-inspired Pt NPs
dispersion from a mixed ink catalyst of deionized water, 2-propanol, and 5% Nafion®
solution was dropped onto a GCE surface and let dry. MOR tests were conducted in 0.5 M
H>S0O4 with or without 1 M CH3OH in a potential window of -0.25 and 1.0 V (vs. Ag/AgClI).
The same procedure was also compared on a commercial Pt black (HISPEC 1000, Alfa

Aesar, USA).

2.3 Design of Experiment

The experimental design involves a screening one-factor-at-a-time (OFAT) experiment to
identify key factors and estimate required factor values before optimizing using the RSM
method. Design Expert 10.0.3 software (Stat-Ease Inc., Minneapolis, USA) was used to
produce a platform to perform parameter optimization via RSM. In this study, the Central
Composite Design (CCD) design was selected to determine the optimal factor values for the
MOR using bio-inspired Pt NPs as an electrocatalyst. The variables used were the bio-Pt NPs
concentration (X1), electrocatalyst loading (X2), and CHsOH concentration (X3z). The

response measured in this study is the current density (mA/mgpt) of MOR. Factor codes and
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experimental levels are presented in Table 1. Based on CCD analysis, the experimental
arrangement uses a matrix design. According to CCD, the total experiment number for three
parameters was determined to be 20 using the equation 2¥ + 2k + 6, where K is the number of
independent parameters. The experimental data were adjusted with a polynomial regression

model, expressed by Eq. (1):

Y=o+ Xii BiXy + Xy BuXP + X X3 BuXi X; (1)

Where, y = response variable (current density); Xi and X; = are the independent parameters
i.e., bio-inspired Pt NPs concentration, electrocatalyst loading, and CH3OH concentration; fo,
Bi, Bii, Bij = fixed term i.e., is a constant coefficient, (fo is a constant, Si is a coefficient for
linear terms, pii is a coefficient for quadratic terms; fijj is a coefficient for second-order
interaction terms). The predicted model is evaluated by analyzing the values of regression
coefficients, ANOVA, F-value, and P-value. The appropriate quality of the polynomial
equation model is determined by the regression coefficient, R? near 1, and insignificant lack-
of-fit. Validation experiments are then conducted to confirm the predictive value derived

from the model using the optimal values of these three factors.

Table 1. Experimental ranges and levels of the independent parameters studied in CCD.

Independent parameters  Symbol Range and level
Uncoded Coded -1 0 +1

Bio-Pt NPs concentration Xi X1 0.5 1.0 1.5

(mM)

Electrocatalyst loading (g) X2 X2 1.5 2.0 2.5

CH3OH concentration (M) X3 X3 1 1.5 2.0

2.4 Membrane electrode assembly (MEA) preparation and passive single cell DMFC

performance

The selected bio-Pt NPs were tested as anode porous layers in membrane electrode assembly

(MEA). MEA comprises a membrane and two electrodes, with a Nafion 117 proton exchange
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membrane sandwiching between the anode and cathode electrocatalysts. Prior to MEA
fabrication, the Nafion 117 membrane (DuPont Inc., USA) was protonated as applied in
Hasran et al. (Hasran et al., 2013) by sequent immersed in a beaker of deionized water and
boiling solution of 3 vol.% H»Ox, both for 1h at 80 °C. Then, the Nafion 117 membrane was
immersed in deionized water for 20 minutes to rinse before immersed in 1 M H2SO4 at 80°C
for 1 h. Finally, the membrane was placed in a beaker of boiling deionized water to remove
any impurities and produce a clear transparent membrane. The protonated membrane was
then stored in deionized water until it was ready to use.

The next process is to fabricate a microporous layer (MPL). An Electrochem, Inc.
carbon cloth (CC-060) was used as the anode and cathode backing layer and was treated by
immersing in 5 wt % of polytetrafluoroethylene (PTFE) solution and dried at 380 °C for 30
minutes. The MPL is composed of Vulcan XC-72 carbon powder mixed with deionized
water, isopropanol, and Nafion dipersion D520 (DuPont), with each stage being sonicated for
10 to 15 minutes to create a carbon slurry. The carbon slurry was then cast on the
hydrophobic carbon cloth and dried in an oven at 100 °C for 1 h to form a gas diffusion layer
(GDL). The backing layer is covered with a GDL of carbon, with a loading of 2 mg cm™.
Then, 8 mg cm™2 loading of the bio-Pt NPs electrocatalyst was mixed with 1000 uL deionized
water, 1500 pL isopropanol and Nafion dispersion (34 mg) was uniformly brushed on the
GDL to form the anode electrode. Meanwhile, 8 mg cm™2 loading of the Pt black commercial
(HIiSPEC 1000, Alfa Aesar, USA) serves as cathode electrode is prepared similarly. Then, the
anode and cathode catalyst layer were dried at 110 °C for 1 h. For comparison, commercial Pt
black with same loading and method preparation were also evaluated. Eventually, the MEA
was fabricated in-house by hot pressing at 135 °C and 30 bars for 180 s. A schematic diagram

of the experimental setup is shown in Fig. 1.
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Fig. 1. Schematic process of MEA fabrication and structure of passive DMFC single cell

components.

2.5 Operation of Passive Single cell DMFC performance

The bio-Pt NPs was further envisaged as anode electrode in a geometric area of 4 cm? passive
single cell DMFC with a built-in 10 ml methanol solution container. The MEA was mounted
into the single cell and operated passively with 2 M CH3OH injected into the anodic
compartment. A potentiostat (Zive, WonATech Co., Ltd, Korea) was used to measure the
voltage, current density, and power density of the cell at room temperature and atmospheric.
The working electrode and working sense were connected, and the reference electrode was
connected to the counter electrode and clipped onto the end terminal current collector of the
single cell DMFC, as shown in the Fig. 1. The voltage response and current values of the cell
were recorded by Zive Zman software, allowing for the collection of I-V polarization data.

3. RESULTS AND DISCUSSION

3.1 Physicochemical properties of synthesized bio-inspired Pt NPs
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Herein, we demonstrate a green chemical reduction through the biosynthesis route by using
plant extract as a reducing agent toward fabricating Pt NPs with compositions that are
tunable. The crystallographic characteristics of all bio-Pt NPs were first examined using XRD
analysis (Fig. 2). The resulting bio-Pt NPs were denoted as Bio-Ptos, Bio-Pt1o, Bio-Pti 5, and
Bio-Pty175. The five distinct peaks of the face-centered cubic (fcc) structure of platinum were
observed in all samples and corresponded to the (111), (200), (220), (311), and (222) planes.
All the peaks are located in the standard diffraction peaks of Pt (JCPS No. 04-0802) and

represent the typical profile of polycrystalline Pt (Ocampo-Restrepo et al., 2017).
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Fig. 2. XRD patern for bio-inspired Pt NPs with varied molar concentrations of 0.5, 1.0, 1.5
and 1.5 mM.

The size, shapes, and distributions of all bio-inspired Pt NPs were then examined by
TEM at various magnifications to ascertain the impact of different Pt NP concentrations.
Figs. 3a - 3d represent the TEM images of bio-inspired Pt NPs with different concentrations
of 0.5, 1.0, 1.5, and 1.75 mM, respectively. From the overall images in Figs. 3a — 3d, a
uniform distribution and nanosize of all bio-Pt NPs were successfully achieved through the
biosynthesis route through plant mediated as reducing agents. Interestingly, this plant

mediated synthesis has a significant impact on the shape and size control of Pt NPs. The
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effect of Pt NP concentration on morphological changes was seen as anisotropic structures

began to emerge as concentration increased. Based on Figs. 3a and 3b, the resulting Bio-Ptos

and Bio-Pt1 o have a spherical shape.
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Fig. 3. TEM image, particle size distribution histogram, and SAED pattern of concentration-
tunable bio-inspired Pt NPs of (a) Bio-Ptos, (b) Bio-Ptyo, (c) Bio-Ptys, and (d) Bio-Pty.7s.

As the concentration increases to 1.5 and 1.75 mM, the Bio-Pt15 and Bio-Pt1 75 start to

emerge as anisotropic structures comprising cubic, triangle, and rhombus shapes despite

11
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mostly displaying spherical shapes. Besides, the mean of particle sizes is also increased as the
concentration is elevated from 0.5 to 1.75 mM. The mean particle sizes of Bio-Ptos, Bio-Pty o,
Bio-Pt1s, and Bio-Pti7s are 3.85 + 1.15, 4.75 + 1.4, 6.15 + 1.53, 13. 47 £ 2.76 nm,
respectively, as portrayed in the histogram bar shown in the inset of Fig. 3. Based on the
micrograph, the spherical shape is found to have a smaller size compared to the anisotropic
structure. Another inset of Fig. 3 shows the Selected Area Electron Diffraction (SAED) with
four bright rings pattern that indicate the degree of crystallinity, suggesting the
polycrystallinity of the Pt NPs and resembling the index planes of (111), (200), (220), and
(311) reflections of face-centered cubic phase that are congruent to XRD analysis.

3.2 Electrochemical evaluation and kinetic reaction assessment on methanol oxidation
reaction (MOR)

3.2.1 Electrochemical active surface area (ECSA)

To verify the effectiveness of this plant-mediated biosynthesis route, the electrocatalytic
activity of these bio-inspired Pt NPs was demonstrated in the MOR. This path was believed
to have exposed the surface area of the bio-inspired Pt NPs with many catalytically active
sites, offering a promising avenue for making electrocatalysts. To measure the attainable
active sites of the bio-inspired Pt NPs, cyclic voltammetry (CV) measurement was performed
in N»-saturated 0.5 M H>SOs solution (Fig. 4a) to determine the electrochemical active
surface area (ECSA) value. The calculated ECSA value by integrating the H> desorption peak
for Bio-Pt15 delivers the highest ECSA of 93.41 m? g, exceeding that for commercial Pt
black (27.49 m? g1), Bio-Ptos (18.63 m? g1), Bio-Pt1o (77.16 m? g1), and Bio-Pt1.75 (16.05
m2g1).

3.2.2 Effect of bio-inspired Pt NPs concentration on MOR

The high ECSA value demonstrated by the bio-inspired Pt NPs could significantly enhance
the MOR and accelerated the faster electron transfer during the electrochemical reaction.

Therefore, Bio-Pty 5 exhibits the highest peak catalytic current density toward MOR, reaching
12
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581.50 mA/mget, by a factor of 3.67 than that of commercial Pt black (158.12 mA/mge) (Fig.
4b). The effect of Pt NPs concentration, [Pt NPs] varied from 0.5 to 1.75 mM (Bio-Ptgs, Bio-
Pt10, Bio-Pty 5, and Bio-Pty75) was observed that with increasing the [Pt NPs], the methanol
oxidation peak referring to the current density was found to increase from 0.5 to 1.5 mM i.e.,
from 46.35 mA/cm? (230.36 mA/mger) to 117.00 mA/cm? (581.50 mA/mger). However, the
current density decreased to 16.05 mA/cm? (98.89 mA/mge) when the [Pt NPs] was
increased to 1.75 mM, as presented in Fig. 4b - c. This is due to the increasing and saturated
total concentration of Pt on the active site of the electrocatalyst, preventing the adsorption of
methanol molecules on it. This parameter confirms that the concentration of bio-inspired Pt

NPs has a significant effect on the current density of MOR.

Kinetic studies in the MOR for bio-inspired Pt NPs can be examined via Tafel plot
analysis, charge transfer coefficient (o), and exchange current density, jo. The linear regions
of Tafel plots in Fig. 4c are fitted to the Tafel equation, yielding Tafel slopes of 199 (o =
0.30), 191 (o = 0.31), 170 (o = 0.35), 241 (o = 0.25) and 233 (o = 0.25) mV/dec for Bio-Ptos,
Bio-Pt10, Bio-Ptys, Bio-Pt175s and commercial Pt black, respectively. Tafel slopes with lower
values suggest a higher Kinetic rate of the MOR process that results in faster hydrogenation
rates and lower overpotentials, representing the first rate-determining step of COag migration
from the Pt active site, as demonstrated by Bio-Ptis. The kinetic parameters for all
electrocatalysts presented in Table 2 are derived from the Tafel equation:
n=a+blog] )
where 1 (V) is the overpotential, a (V) is the intercept, b (mV/dec) is the Tafel slope, and j
(mA cm) is the current density.

The constant of ‘a’ and ‘b’ can be expressed as:
a=(2.303RT)/(aF) log jo 3)

b = (2.303RT)/(aF) 4

13
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where R is the universal gas constant (8.314 kJ mol* K1), T is the temperature in K, a is the
charge-transfer coefficient, and F is the Faraday constant (96,485 C mol™). The jo can be
calculated by applying jo =10 according to the relationship between n and log j. The
calculated values of jo are: 3.58, 28.5, 6.25, 15.67 and 2.13 pA cm for Bio-Ptos, Bio-Ptyo,
Bio-Pty 5, Bio-Pt1.75, and commercial Pt black, respectively.

Table 2. Tafel slope (b), charge transfer coefficient (o)), and exchange current density (jo) for
bio-Pt NPs catalysts in 0.5 M H2SO4 + 1.0 M CH30H.

Electrocatalysts Tafel slope Charge transfer Exchange current density, jo
(mV/dec) coefficient, (a) (mA cm?)

Bio-Ptos 199 0.30 0.0358

Bio-Pt1o 191 0.31 0.2858

Bio-Pt1s 171 0.35 0.0625

Bio-Pt1.75 241 0.25 0.1567

Commercial Pt black 233 0.25 0.0213

To correlate the obtained CV in MOR performance, there is a relationship between
the synthetic parameter on the morphological structure and the percentage of Pt species
present with the current density yield. XPS characterized the chemical states and composition
of bio-Pt NPs. Fig. 5 shows the relationship between the XPS spectra of Pt elements, and the
morphological structure of Bio-Ptos, Bio-Ptio, Bio-Ptis, and Bio-Pti7s as influenced by Pt
concentration. The integrated peak area of XPS suitability, the calculated species density
ratio, and the percentages of Pt (0), Pt (Il), and Pt (IV) obtained and correlated with the
current density produced are shown in Table 3. Three pairs of peaks can be fitted to the Pt 4f
spectrum of the bio-Pt NPs to determine the different oxidation states of Pt. The 4f7 signal is
observed in all spectra of the bio-inspired Pt NPs at around 71.4 - 74.8 eV, and this signal
represents the Pt (0). The peaks corresponding to 74.0-75.0 eV and 72.4-74.9 eV refer to Pt**
and Pt?*, respectively, which are derived from PtO, and/or Pt (OH)4 (Eris et al., 2018). The

percentage of integration of the bio-inspired electrocatalyst peak areas of Bio-Ptio and Bio-
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Pt1s, has the highest Pt (0) species, which is the Pt ion of metal nanoparticles that have been

successfully reduced to ~ 73 %.
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Fig. 4. CV voltammogram of bio-inspired Pt at different concentrations from the range of 0.5
to 1.75 mM (a) H adsorption/desorption in 0.5 M H2SO4, (b) methanol oxidation in 0.5 M
H>SO4 + 1.0 M CH3OH, (c) current density trend, (d) Tafel plot, (€) comparison in specific
area and mass activity of MOR at different bio-Pt NPs concentration, and (f) the retained

current density (mA cm) and retention rate of all electrodes from chronoamperometry test.
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Increasing the percentage of metallic Pt (0) area, promotes an increase in the large
number of active sites, and is supported by the high ECSA value as shown in Table 3 and
accompanied by a uniform and nanosized nanoparticle distribution, resulting in the highest
current density exhibited by Bio-Ptis. The diameter size was found to increase with the
increasing concentration of Pt NPs. The average diameter size of the bio-inspired
electrocatalyst Bio-Ptos was 3.85 nm, while Bio-Pti0was 4.75 nm. A sharp four-angle image
such as rhombus morphological geometry for Bio-Pti7s has a length of 22.86 nm and a
rectangle of 17.19 nm, while a triangle has a length of 15.83 nm compared to Pt NP of
concentration 1.5 mM, Bio-Pty1s, which has a triangle length of 7.89 nm and a rectangle with
a size of 7.87 nm. By increasing Bio-Pt1.75, particles become larger, and the calculated species
density of Pt (0) decreases, causing the ECSA value to decrease, which explains the lower
performance of Bio-Pti7s in MOR activities. As a result of this finding, it is likely that the
higher valence state of Pt is related to the high mass/specific activity (Hui et al., 2022).

Table 3. Integral percentage of peak area to calculate Pt species formed and particle size
diameter with current density (mA/mgey).

Electrocatalyst Pt (0) Pt (II) Pt (IV) Diameter Mass ECSA

bio-Pt NPs 715eV  724eV  75.0eV  size (nm) activity, j (m?g?)
(mA/mget)

Bio-Ptos 5163% 32.76% 1559%  3.85 230.36 18.63

Bio-Pt1o 7297% 27.02% - 4.75 397.35 77.16

Bio-Pti 5 73.32% 26.70% - 15.83 581.50 93.41

Bio-Pty 75 47.08% 2270% 30.20% 22.86 98.89 16.05

To track the CO-tolerance against carbonaceous species, the I/l ratio were extracted
from the peak current density of the MOR CV curve of the forward scan (lf) to backward (Ip)
scan. By analyzing the I+/l, peak current density ratio, it can determine the extent to which
carbonaceous species are affecting the catalytic activity (Cheng et al., 2022). The determined
value of I¢/lp for Bio-Ptos, Bio-Pt1o, Bio-Ptys, and Bio-Pt1.7s were 0.66, 0.74, 0.68, and 0.85.
The low I/l, ratio may be explained by a lower Pt surface covered by oxygenated species,

resulting in a greater Iy in the backward scan (Md Ishak et al., 2023). This suggests that the
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oxygenated species on the Pt surface are not as stable or abundant during the backward scan,

leading to a higher current in the opposite direction (Toghan et al., 2021). Additionally, it is

possible that other factors such as electrode morphology or reaction kinetics could also

contribute to this observed difference in Ip.
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Fig. 5. XPS spectra of bio-inspired Pt element species density ratio and morphological
structure correlation on TEM image with diverse influence of bio-Pt concentration of (a) 0.5
mM (Bio-Ptos), (b) 1.0 mM (Bio-Pty0), (c) 1.5 mM (Bio-Ptys), and (d) 1.75 mM (Bio-Pty.7s).

To gain a better understanding of the performance of methanol electrooxidation, the
chronoamperometry (CA) test is used to investigate the stability of bio-inspired Pt NPs.
During the test, the oxidation reaction of methanol molecules is continuously processed on
the electrode, resulting in a rapid drop in current at the initial stage because the methanol
dehydrogenation mechanism produces intermediate carbonaceous species that occupy the
active site of the catalyst and impact the catalyst performance drop. As the reaction rate
lowers, the residue methanol concentration reaches constancy; on the one hand, the CO
adsorption and oxidation achieve an equilibrium state, and the CA curve remains stable (Ding
et al., 2021). The reserved value and retention rate can measure explicitly the stability of the
catalysts, as illustrated in Fig. 4f. Apparently, Bio-Pt1s showed the highest retention rate of
70.83% and the lowest retention rate was Pt black of about 22.11%, and superior to Bio-Pti1o
(56.94%) > Bio-Ptos (46.38%) > Bio-Pt1.75 (30.26%). Hence, conceivably, speculate the
biosynthesis method-plant mediated improvises the electrocatalytic properties of bio-inspired

Pt nanostructures.

3.2.3 Effect of scan rate on MOR and reaction kinetics

Other parameters influencing methanol oxidation activity can be measured by scan rate
variability techniques. Fig. 6a and 6b illustrate the bio-Pt NPs and commercial Pt black
voltammograms subjected to different scan rates from 10 to 100 mV st in 0.5 M H2SO4 + 1.0
M CHsOH. To study the kinetics of methanol oxidation by bio-Pt NPs and commercial Pt
black electrocatalysts, the relationship between anodic peak current (j) and peak potential
(Ep) as a function of the different scan rates (v) was studied and shown in Fig. 6¢c. The

observation shows that increasing the scan rate causes the oxidation peak of E, MOR to
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increases and result in a more positive direction. Fig. 6¢ shows that the anodic peak current of

the E, MOR increases linearly with the square root of the scan rate, (v’) which is a sign that

the methanol oxidation reaction by bio-Pt NPs is a diffusion-controlled process (Shafaei

Douk et al., 2018b). This linear relationship proves that mass transport controls the methanol

oxidation reaction (Ojani et al., 2015), (Shafaei Douk et al., 2018a). Furthermore, the anodic

peak potential is also increased linearly with In (v) as shown in Fig. 6d, indicating that

methanol oxidation is an irreversible electrode process (Li et al., 2011). According to the

plotted graph from Fig. 6c¢, a linear relationship between peak current density, j vs the square

root of the scan rate, (v*'2), an Eq. (5) is obtained:

It (MA cm?) = 9.04359 v}2 (mV/s) + 6.74123, R? = 0.8088
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Fig. 6. MOR voltammograms at different scan rates of 10 — 100 mV s for (a) bio-Pt NPs and

(b) commercial Pt black and (c) plot of anodic peak current density, j against the square root

of scan rate, v’2 and (d) peak potential, Ep as a function of In scan rate, v for MOR of bio-Pt

NPs and commercial Pt black.
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The higher slope given by bio-inspired Pt NPs shown in Fig. 6¢ and 6d indicates
superior MOR Kinetics in the rate-determining step (Huang et al., 2017), (W. Chen et al.,
2020). It can be concluded that the bio-Pt NPs electrode has higher electrocatalytic activity in
MOR than the commercial Pt black electrode. Another parameter that can be studied from the
evaluation of different scan rates is the methanol diffusion coefficient. Methanol diffusion

coefficients were calculated using the Randles-Sevcik equation according to Li et al. (2011):

nFvD\g 5

Ip = 0.4463nFAC(—-) (6)

Where, Ip, n, C and D represent the peak current density (mA cm), the number of electrons
involved in the reaction (n = 6), the methanol concentration (mol cm=) and the diffusion
coefficient (cm? s1), respectively. F is the Faraday constant (96,485 C mol™?), A is the
electrode surface area, R is the universal gas constant (8.314 J/K.mol) and T is the absolute
temperature (298 K). The methanol diffusion coefficient, D calculated for the bio-Pt NPs is
1.96 x 10°® cm? s which is higher than the commercial Pt black, which is 3.82 x 10" cm? s,
The D value of the bio-Pt NPs electrocatalyst approaches the D value of 2,369 x 10° m? st
described by Derlacki et al. (1985) for 1.0 M CH3OH in aqueous solution at 298 K.

The reaction kinetics on the electrode surface are also studied because they are
essential for a better understanding of the heterogeneous electron transfer process. Based on
the relationship between peak current and peak potential of the complete, irreversible
electrode reaction, a ks’ rate constant for methanol electrooxidation on a fuel cell

electrocatalyst can be calculated as recommended by Ma et al. (2013):
aF
I = 0.227nFACKs exp (— (Er— E?) (7)

Where n, A, and C are the total number of electrons transferred in the overall reaction (in this
case, it is 6), the surface area of the electrode (0.071 cm?), and the bulk concentration of the
reactant (in this case, 0.001 mol cm™). Other parameters have common meanings. Based on
Eq. (6) and Eq. (4), it is obtained (Ma et al., 2013):
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Hence, Eq. (8) is used to evaluate the rate constant, ks. For convenience, the values of
E° were taken as 0.8 and 0.7 V for reference purposes in polarization measurements for bio-
Pt NPs and commercial Pt black, respectively. The value of the rate constant, ks for the bio-Pt
NP was 0.0421 cm s mg? Pt and was found to be 2.48 times higher than the ks of the
commercial Pt black, which was 0.017 cm s mg*Pt.
3.2.4 Effect of methanol concentration on MOR and reaction order
Further electrokinetic studies concerned the influence of CH3OH concentrations in the range
of 0.3t0 2.0 M in 0.5 M H2SO4 at a scan rate of 50 mV s was evaluated in Fig. 7a. The order
of the bio-Pt NPs electrocatalyst reaction for the MOR was quantified according to the
following equation by plotting the logarithm of the anodic current density against the
logarithm of the methanol concentration (Amin et al., 2012):
Rate = Ip = kC" (10)
logj=logk+nlogC (12)
Where j is the forward anodic sweep current density, k is the reaction rate constant, n is the

reaction order, and C is [CH30H].
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Fig. 7. (&) MOR voltammogram of bio-Pt NPs at CH3sOH concentration range from 0.3 — 2.0
M, (b) performance comparison graph and, (c) logarithm plot of anodic peak current (log j) vs

logarithm of methanol concentration (log C).

As illustrated in Fig. 7a, a MOR voltammogram with CH3OH concentrations varying
from 0.3 M to 2.0 M resulted in an increase in the current density and anodic peak potential
(Ekrami-Kakhki et al., 2019). Higher methanol concentrations promote a linear increase in
MOR current density. Studies on the influence of CH30OH concentration on bio-Pt NPs
activity showed that 1.5 M CH3OH was the optimum concentration by recording a current
density of 451.40 mA mg™p. However, as can be seen in Fig. 7b, when the methanol
concentration increases to 1.8 M, the pattern begins to decline. This condition indicates that
the active site has been saturated, and because of poisoning by the carbonate intermediate
species adsorbed on the surface of the electrocatalyst (Ojani et al., 2015). Nevertheless, plots
for the logarithm of the peak oxidation current density vs. the logarithm of the methanol
concentration show a linear relationship (see Fig. 7c¢). From the slope of the logarithmic plot,

the following Eq. (11) is obtained, the order value of the reaction, a is around 0.46.

Log j = 0.46453 log [CH30H] x + 1.89371, R? = 0.98873 (12)

3.2.5 Effect of temperature on MOR

Fig. 8a and 8b illustrate the effect of temperature at 25-60 °C on the oxidation rate of
methanol in 0.5 M H>SO4 + 1.0 M CH3OH using bio-Pt NPs and commercial Pt black at 5
mV st The MOR current density increases with temperature and the shape of the
polarization curve does not change. This indicates that the MOR mechanism remains
constant, but the reaction rate changes. Arrhenius plots of methanol oxidation in acidic
medium derived from Fig. 8a and 8b were shown in Fig. 8c and 8d, respectively, and were

calculated using the following equations (Jing et al., 2013):
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i = AeEaRT (13)
As described in the Arrhenius Equation, the current in the region of low overpotential is
related to temperature in logarithmic form and can be determined by the following equation

(Veldzquez-Palenzuela et al., 2011):

Ea

i = Ea 1
logi=logA - 3R (T) (14)

where A is a frequency constant; T = temperature, K; R = universal gas constant, 8.314
JIK.mol; and Ea = activation energy, kJ.mol™?. By performing the linear equation In i against
T1, Ea can be determined from the plot gradient values for the bio-Pt NPs and the

commercial Pt black.
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Fig. 8. Polarization curves of methanol oxidation at different temperatures of 25, 45, and 60
°C at a scan rate of 5 mV s of (a) bio-Pt NPs and (b) commercial Pt black; and Arrhenius
plot of In i (MA cm?) vs. temperature (K) of methanol oxidation measured at different
potentials 0.35 — 0.60 V for (c) bio-Pt NPs and, (d) commercial Pt black.
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Each plot in Fig. 8a and 8b shows good linearity. The value of activation energy, Ea
calculated from the slope of this Arrhenius plot for bio-Pt NPs is 46.10 kJ mol™. The E, for
methanol oxidation visible by bio-Pt NPs is getting smaller as the potential, E increases from
0.35, 0.40, 0.45 to 0.60 V as shown in Table 4. This indicates a higher intrinsic activity and a
faster charge transfer process by the bio-Pt NPs (Shafaei Douk et al., 2018b). A smaller Ea
leads to faster charge transfer on the catalyst surface. The Ea value calculated in this study
obtained in the acidic medium corresponds to the reference Pt-based electrocatalyst values in
the reference range of 36-86 kJ/mol?, as reported by Douk et al. (2018) for Pt-Ag/G
bimetallic, Jing et al. (2013) for Pt/C, Velazquez-Palenzuela et al. (2011) for PtRu, Colmati et
al. (2006) for Pt and Aramata et al. (1988) for Pt. This indicates the presence of higher
intrinsic activity and a faster charge transfer process by the bio-Pt NPs (Shafaei Douk et al.,

2018a).

Table 4. Activation energy for methanol oxidation reaction in acidic medium at different
potentials.

Electrocatalysts Activation energy, Ea (kJ mol?) at different potential (V)

0.35 0.40 0.45 0.60
Bio-Pt NPs 46.10 4461 37.17 4.87
Commercial Pt black 11.78 13.77 15.35 6.90

Yet in contrast to commercial Pt black, where at the same potential, the Ea increases
from 0.35 V to 0.45 V and then decreases when it reaches 0.60 V. This is likely due to the
Kinetic rate of the oxidation reaction occurring slowly compared to the bio-Pt NPs. If
observed to be related to the onset potential, Eonset, 1.€., the onset of the oxidation reaction,
occurs in which, Eonset for commercial Pt black shifts to a more positive potential value than
bio-Pt NPs, which Eonset Shifts to a more negative potential as the reaction temperature
increases. The more negative the Eonset potential means the faster for a methanol oxidation

reaction to occur.
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3.2.6 Effect of electrocatalyst loading on MOR

Electrocatalyst loading is another OFAT parameter significantly affecting the current density
response. As shown in Fig. 9a and 9b, when the bio-inspired Pt NPs loading increased from
1.5 mg to 2.0 mg, the current density, j of MOR was remarkably enhanced; however, a
further increase in electrocatalyst loading to 2.5 mg deteriorated MOR performance, as can
be seen from a large drop of jp. This is possible because high electrocatalyst loading causes
particle aggregation and reduces the surface area for the oxidation reaction, contributing to
the dispersion of undesirable reactants and products. Therefore, the best results were obtained

at an electrocatalyst loading of 2.0 mg with a current density of 397.35 mA mg ..
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Fig. 9. (a) CV voltammogram of bio-Pt NPs electrocatalyst at varied catalyst loading, and (b)

performance comparison graph.

3.3 Process optimization: Statistical analysis of developed model using RSM

3.3.1 Analysis of regression model

The electrocatalytic performance of MOR by the bio-inspired Pt NPs was modeled using
RSM by CCD design. Table 5 shows the experimental design, predicted values, and actual
values of the current density (mA/mgpt) of MOR produced by the bio-inspired Pt NPs. The
experimental data was subject to multiple regression analysis to acquire a second-order
polynomial equation from analysis of variance (ANOVA) by assessing the statistical

significance of the model equation. The developed regression model is evaluated by
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calculating the value of the coefficient of determination (R?), analysis of variance (ANOVA),

F-value and P-value which are significant, so that one can confirm the significance of each

experimental variable carried out (Zafari et al., 2019). Using regression techniques, the

experimental results are matched with a quadratic model. The second-order polynomial

model for current density (mA/mget) of MOR using electrocatalyst bio-inspired Pt NPs is

given by Eq. (15):

y = +407.14 + 152.40X1 + 62.06 X2 - 27.21X3 + 5.86X1X2 + 7.65X1X3 - 4.65X2X3 + 40.10X,2

- 103.22X,? + 10.66X3

Table 5. Experimental design matrix, actual and predicted value of responses of current

density for MOR.
Run  Variables Response (Y)
Current density
(mA/mget)

Xi: Xa: X3:  CHsOH Actual Predicted
Concentration Electrocatalyts  concentration
of bio-Pt NPs loading (mg) (M)

1 0.5 2 1.5 230.42 294.84

2 0.5 2.5 1 309.15 297.98

3 1.5 2.5 1 590.69 599.21

4 0.5 2.5 2 230.36 218.97

5 1 2 15 458.87 407.14

6 0.5 1.5 2 135.90 115.87

7 1 2 15 382.80 407.14

8 1.5 15 1 454.18 454.06

9 1 2 15 455.67 407.14

10 1.5 15 2 424.58 424.25

11 0.5 15 1 198.11 176.29

12 1 2.5 1.5 362.26 365.98

13 1 15 15 199.56 241.86

14 1.5 2.5 2 540.49 550.80

15 1 2 15 446.49 407.14

16 1.5 2 1.5 618.03 599.64

17 1 2 2 369.15 390.59

18 1 2 1.5 382.80 407.14

19 1 2 1 420.43 445.01

20 1 2 15 408.25 407.14

ANOVA is used to determine the significant values of F, P-value, and R? in the

interaction between independent variables, as interpreted in Table 6. The quality of the
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selected quadratic model is determined by the coefficient of determination (R?), and the
predicted R? for the selected quadratic model was 0.9500, which indicates that the model
exhibits 95.00% variability and confirms its consistency in achieving the predicted values.
Furthermore, the model recorded a predicted R? value of 0.7899, which is in reasonable
agreement with the adjusted R? (0.9050), confirming a good relationship between the
predicted and adjusted values of the current density percentage suggested by the model. The
ANOVA result indicates a statistically significant quadratic model at a 95% confidence
interval owing to its low p-value (< 0.0001) and a high F-value for the current density
response (MA/mget) of 21.11. An F-value of 21.11 describes only a 0.01 % chance that a
large F-value could occur due to interference. A higher F value and a lower P value mean the
significance of the regression model is high (Idris et al., 2020).

The predicted model gave a standard deviation value of 40.54 and 0.9500 for the
standard deviation and R? value, which indicated that 95 % of the total variation in response
could be explained by the model. In addition, this model has sufficient accuracy because the
ratio of signal to noise is 16.878, which is > 4. Therefore, the presented model is consistent
with the experimental data and can be used to predict the next response. Furthermore, the
adequacy of this second-order polynomial model is also confirmed by a non-significant lack
of fit. This shows that the model is a good fit for all the data. This result indicates that the
model accurately and appropriately predicts the data in the experimental region. In
conclusion, all parameters tested from the bio-inspired Pt NPs utilization as electrocatalyst in
MOR are significant for the current density response (mA/mget).

Table 6. ANOVA analysis for response function y which is current density (mA/mge) for
methanol oxidation activity.

Source Sum of df Mean F-value p-value
square square (Prob > F)
Model 3.121E+005 9 34679.03 21.11 <0.0001
(significant)
X1: Bio-Pt NPs 2.323E+005 1 2323E+005 141.35 <0.0001
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concentration

Xa: 38516.57 1 38516.57 23.44 0.0007
Electrocatalyst
loading
Xa: CH30OH 7402.52 1 7402.52 451 0.0598
concentration
X1 X2 275.00 1 275.00 0.17 0.6911
X1X3 468.30 1 468.30 0.29 0.6051
X2X3 172.94 1 172.94 0.11 0.7523
X2 4421.88 1 4421.88 2.69 0.1319
X2? 29299.96 1 29299.96 17.83 0.0018
X3? 312.55 1 312.55 0.19 0.6720
Residual 16431.62 10 1643.16
Lack-of-fit 10077.41 5 2015.48 1.59 0.3126 (not
significant)

Pure error 6354.21 5 1270.84
Correlation total 3.285E+005 19
Standard 40.54 R? 0.9500
deviation
Mean 380.91 Adj R? 0.9050

Pred R? 0.7899

Fig. 10a shows the plot of the predicted value against the experimental value of the
current density (mA/mget), which shows a high correlation between the actual value and the
predicted value because the data distribution is relatively close to the 45° diagonal angle
(Balajii and Niju, 2019). The percentage of normal probability of the residual plot obtained
by the model is given in Fig. 10b. Studentized residuals are used to check the hypothesized
intimacy of variance by plotting residuals against normal probability values. The data spread
homogeneously lie on the straight line, indicating that the residual follows the normal
distribution and has appropriate normal error terms, showing the appropriateness of the
model for this study (Kivrak et al., 2018). Fig. 10c is a plot of residuals against predictions
showing a random distribution of points on the plot, showing that there is a constant range of
residuals, and no unusual patterns are detected. This shows that the proposed quadratic model

is adequate.
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Fig. 10. Correlation evaluation of RSM predictions for current density (mA/mget) produced
by bio-Pt NPs electrocatalysts (a) Predicted versus actual plot, (b) Normal plot of residuals,

and (c) Residual versus predicted plot.

3.3.2 Parametric effect of process variables on current density response

Contour 2D plots and surface 3D plots represent the interaction effects between process
parameters and responses. In this second-order polynomial equation plot, two parameters are
manipulated within a defined experimental range and one parameter is kept constant. Fig. 11a
and 11b represent the contour 2D plot and surface 3D plot explaining the interaction of

parametric effects between Xi: Bio-Pt NPs concentration (mM) and X»: electrocatalyst
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loading (mg) on the current density response (mA/mgpt). The X1 parameter varies from 0.5 to
1.5 mM and the X, parameter from 1.5 to 2.5 mg, while, the X3 parameter is constant at a
central level of 1.5 M. As the concentration of the bio-inspired Pt NPs increases, the current
density reaches an optimum at a maximum concentration of 1.5 mM. Contrary to the
electrocatalyst loading, the current density increases when it reaches the optimum value at 2.0
mg electrocatalyst loading, then decreases as the factor increases. As can be seen in the 2D
contour plots and 3D surface plots, the red area represents the area of optimal response values

of high current density.

From the effect of X1X; interaction at a low level of both X; and Xz, the graph shows
a low current density (<200 mA/mget). This is because the availability of low active sites and
the low surface area of the electrocatalyst cause the amount of methanol to adsorp on the
surface of the electrocatalyst to be insufficient (Balajii and Niju, 2019). However, the current
density continues to rapidly increase when the X: factor is increased up to 1.5 mM. The
presence of many active sites and the availability of a high and sufficient surface area,
provide a reaction path between the reactants that is also high and promotes the activity of the
methanol oxidation reaction, and reaches a maximum value of 618.034 mA/mgpet. However,
at the same time, when the X, factor is increased to 2.5 mg, the current density decreases.
This can be related to the increase in electrocatalyst loading causing particle agglomeration
and then reducing the total surface area of the electrocatalysts, and the electrocatalyst loading

value of 2.0 mg is the ideal amount of electrocatalyst loading for MOR activity to occur.

Fig. 11c and 11d illustrate the interaction effect between the parameters of bio-Pt NPs
concentration (Xi) and CH3OH concentration (X3) at the electrocatalyst loading setting of 2
mg. Based on the 2D and 3D plots shown in Fig. 11c and 11d, it shows that the current
density increases with increasing bio-Pt NPs concentration from 0.5 to 1.5 mM and CH3;0OH

concentration from 1.0 to 1.5 M and then remains relatively constant. This trend is also
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observed to be strongly influenced by the effect of the bio-Pt NPs concentration parameter, as
shown in Fig. 11a. Statistically, of the three selected parameters, the bio-Pt NPs concentration
(X1) term is the most crucial parameter to the methanol oxidation current density response
because it shows the highest F-value (141.35) and low p-value (<0.0001). This phenomenon
can be attributed to the difference in the number of reactant particles between the solid
(electrocatalyst) and liquid (methanol) phases (Yang et al., 2020). The higher the
concentration of bio-Pt NPs in the methanol solution, the higher the chance of the collision
frequency between the reactant particles occurring, and the reaction rate also increases.
However, when the concentration of CH3OH increases further, the dynamic equilibrium is
already reached because the adsorption on the active site of the electrocatalyst is saturated
and the reaction rate becomes constant.

Fig. 11e and 11f show the interactive effect between parameters Xz: electrocatalyst
load (mg) and Xs: methanol concentration, while the bio-Pt NPs concentration remains at the
final level (1.5 mM). A graph of the X2X3 interaction shows a modest increase in current
density from 454.179 mA/mgp: to 618.034 mA/mge: as X2 is increased from 1.5 mg to 2.0
mg, and then a slight decline to 590.689 mA/mget as Xz is further increased. Similarly, the
same pattern is observed when the X3 parameter is increased, the current density increases
from 1.0 M to 1.5 M. However, when the methanol concentration is increased, the current
density tends to decrease slightly due to the coverage of the active site by carbonaceous
intermediate species generated during the methanol oxidation process, which impedes the
diffusion of reactants and worsens, resulting in electrocatalyst poisoning (Amani et al., 2015).
In Fig. 11f, the 3D plot with a flat surface indicates that the combination of the X>X3
parameters has a minimal effect on the current density result. In light of the ANOVA results,

the bio-Pt NPs concentration is the most significant parameter, followed by electrocatalyst
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Fig. 11. Parametic effect for current density (mA/mgpt) of methanol oxidation reaction from
electrocatalyst bio-Pt NPs (a — b) bio-Pt NPs concentration vs. electrocatalyst loading, (c - d)
bio-Pt NPs concentration vs. methanol concentration and (e — f) Electrocatalyst loading vs.
methanol concentration.

3.3.3 Validation of optimum process parameters

The optimal conditions for achieving the maximum current density for methanol oxidation
activity are achieved by performing numerical optimization analysis in the CCD RSM design
provided by Design-Expert software. From the desirability function, ideal values can be
obtained for three parameters, including bio-inspired Pt NPs concentration, CH3OH
concentration, and electrocatalyst loading to ensure the highest selectivity of the maximum
power density (mA/mget). The model predicts the maximum current density found at ideal
conditions: 1.5 mM bio-Pt NPs concentration, 2.14 mg electrocatalyst loading, and 1.05 M
CH3OH concentration with a desirability of 1.000, as indicated in Fig. 12a and 12b.
Validation experiments were performed in triplicate at the stated conditions and presented in
Fig. 13a difference between the experimental result and the prediction of the current density
response (MA/mgPt) is used to calculate the error and is shown in Table 7. The experimental
result obtained 640.11 mA/mgp: in average with only 0.63% error for the current density
response results (mA/mgpt) is almost sufficient to confirm the reliability of the developed

model.
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Fig. 12 The 2D contour plot for the numerical optimization of the optimum selection with a
range of bio-Pt NPs concentration, CH3OH concentration and electrocatalyst loading (a)
numerical optimization desirability, and (b) expected optimal selection from numerical

optimization.

Table 7. Validation test from numerizal optimization for the current density model.

Experiments  Bio-Pt  NPs Electrocatalyst CHsOH Current density Error
concentration  (mg) concentration  (mA/mgpy) (%)
(mM) (M) Experim Prediction

ent

1 1.5 2.14 1.0 640.25  636.07

2 1.5 2.14 1.0 656.27  636.07

3 1.5 2.14 1.0 623.80  636.07

Average 640.11  636.07 0.63

The results from the validation experiments of the optimal bio-inspired Pt NPs are
compared with several other Pt-based electrocatalyst studies and are tabulated in Table 8 and
illustrated in Fig. 13b. Compared to other electrocatalysts, bio-inspired Pt NPs performed
best in the comparative study, with the highest current density values (Chen et al., 2016),
(Yao et al., 2021), (Li et al., 2020), (Li et al., 2016), (Xiong et al., 2017), (Lu et al., 2018),
(Yang et al., 2021), (Ren et al., 2019), (Y. Chen et al., 2020), (Shuli Yin,{ Rajaiah Dhilip
Kumar,i Hongjie Yu, Chunjie Li, Zigiang Wang, You Xu, Xiaonian Li, Liang Wang, 2019),
(Fu et al., 2016). As such, this bio-inspired Pt NPs as anode electrocatalyst is therefore very
relevant from the perspective of performance and economics since it can reduce the cost of
electrocatalyst preparation, is environmentally friendly, is an effortless technique, and is
capable of generating a higher current density than existing electrocatalysts developed from

various synthesis processes.
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Table 8. Comparison of current density (mA/mget) of unsupported Pt-based electrocatalysts

in 0.5 M Hz2SO4 + 1.0 M CH3OH.

References Electrocatalyst Synthesis methods ECSA Mass
and the (m?/g Pt) activity (mA
morphologies mgpt™)

This study Bio-Pt NPs One-pot 94.78 640.11

after biosynthesis  using

optimization plant extract

This study Bio-Pt NPs One-pot 77.16 398.20

before biosynthesis  using

optimization plant extract

Chen et al. Cubic PtSn Coreduction 17.1 346.3

(2016)

Yao et al. Pt-Ag DSNCs Hydrothermal 17.8 566.8

(2021)

Lietal. (2020) Pd@mPtAu CBs Solvothermal 46.4 540.0

Lietal. (2016) Pt/C-CusP 50% Conventional - 578.02

chemical reduction

Xiong et al. Pd@Pt core-shell Seed- mediated 6.3 520.0

(2017) hexapods

Lu et al. PtssRhgs Conventional 32.9 412.0

(2018) nanosponge chemical reduction

Yang et al. PtsSni- Conventional 46.60 316.2

(2021) SnO2/CNTs-D chemical reduction

Ren et al. Pt;Cos@N-C Galvanic 20.0 ~480.0

(2019) nanorods array replacement

reaction

Chen et al. PtssFess Conventional 48.1 466

(2020) nanowayar chemical reduction

Fu et al. PtCu wavy Hydrothermal 20.3 634.78
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3.4 Passive DMFC single cell performance

As a study component, bio-inspired Pt NPs were evaluated as anode electrodes in a passive
single-cell DMFC to test their performance. Fig. 14 illustrated the polarization curve of the
power density of passive DMFC for bio-inspired Pt NPs and commercial Pt black fed with 2
M CH3OH. It was observed that the maximum power density of bio-inspired Pt NPs reached
5.70 mW cm at a temperature of 25 °C with a limiting current density of 81.61 mA cm and
an open circuit voltage (OCV) of 0.61 V. The single cell performance by the bio-inspired Pt
NPs anode electrode seems satisfactory and is close to 86.62 % with the power density of the
commercial Pt black anode electrode which recorded 6.58 mW cm™ at a current density of
30.53 mA cm at a temperature of 25 °C. Nevertheless, the limiting current of the bio-Pt NPs
electrode has been found to be higher, which is 81.61 mA cm, in comparison to the limiting
current of the commercial Pt black electrode (67.61 mA cm). For further comparison, the
DMFC single cell performances were also tested at operating temperatures of 80 and 100 °C
as shown in Fig. 14 and Table 9. The operating temperature of the passive DMFC influences
cell performance. A rise in operating temperatures increase cell performance at maximum

power density (Pmax).
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Fig. 14. Polarization curve of Current-Voltage (I-V) and current density of DMFC single cell
performance for bio-Pt NPs and commercial Pt black at 2 M CH3sOH and varied temperatures
(25, 80 and 100°C).

The power density of bio-Pt NPs reaches 6.67 mW cm at 80 °C and almost 1.25
times that of 8.28 mW cm at 100 °C. Meanwhile, commercial Pt black increased to reach
10.35 mW cm™ at an operating temperature of 100 °C. Several factors contribute to the
increase in power density in single cell performance. First, increased temperature induces the
kinetic reactions of both sides of the anode and cathode (MOR and ORR), thereby reducing
the loss of activation during the discharging process (Pan et al., 2019). Second, as the
operating temperature increases, concentration loss decreases. Higher temperatures facilitate
the transport of reactants in the anolyte and catholyte (Pan et al., 2019). There is also an
increase in the transport of cations penetrating the membrane. Consequently, this increased
transport allows reactants to reach the active sites in the electrocatalyst layer more quickly,
lowering the concentration loss rate since the lack of reactants is resolved. Finally, as the

operating temperature escalates, the conductivity of the single cell will improve, reducing
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ohmic losses (Li et al., 2009), (Pan et al., 2019). Comparing the bio-inspired Pt NPs to the
commercial Pt black, the bio-inspired Pt NPs demonstrated satisfactorily comparable high
current-voltage (IV) polarization curves for passive DFMC single cells and even
outperformed previously reported Pt-based catalysts in single cell DMFC tests, as shown in
Table 10. Specifically, the single cell performance tests conducted in passive mode cannot be

compared to those conducted in active mode.

Table 9. Passive DMFC single-cell test assessment output.

Electrocatalysts OCV (V) Maximum power Maximum
density, Pmax (MW current density,
cm?) imax (MA cm)

Bio-Pt NPs 25 °C 0.61 5.70 81.61

Pt black 25 °C 0.68 6.58 67.61

Bio-Pt NPs 80 °C 0.64 6.67 70.85

Pt black 80 °C 0.58 6.99 42.02

Bio-Pt NPs 100 °C 0.61 8.28 51.14

Pt black 100 °C 0.58 10.35 108.56

Table 10. Comparison of passive DMFC single cell performance results with previous
studies.

References Electrocatalyst Synthesis methods Power density
(mW/cm?)
This study Bio-inspired Pt One-pot  biosynthesis 5.70 (25 °C), 6.67
NPs using plant extract (80 °C), 10.35
(100 °C)
Abdullah et al. PtRu/TiO.-CNF Conventional chemical 3.8
2018 reduction and high
temperature pyrolisis at
600 °C
Ramli etal. 2020  PtRu/CNC Microwave polyol 3.35

reduction and high
temperature pyrolisis at

750 °C
Amani et al. 2015  PtSn/C-PANI Impregnation reduction ~4.0
Gharibi et al. 2013 Pt/C-PANI- Impregnation reduction 2.5
PTSA
Munjewar & PtRu/C Commercial 4.227

Thombre 2019

4. CONCLUSION
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The biosynthesis protocol was fine-tuned to deliver the bio-inspired Pt NPs to catalyze the
methanol oxidation reaction for the first time efficiently. Bio-inspired Pt NPs have been
found to have the highest catalytic activity among those synthesized using physiochemical
techniques, possibly underpinned by the effect of organic biomolecular conjugations. The
bio-inspired Pt NPs performance reaches a high current density of 581.50 mA mge? and a
greater ECSA of 93.41 m? g%, in contrast to commercial Pt black (158.12 mA mge:1/27.49
m? g1). The Bio-Pt15 showed a lower Tafel slope, 179 mV dec? with exchange current, o =
0.33, than that of commercial Pt black (233 mV dec? and o = 0.25), meaning improved
intrinsic kinetic activity. The RSM framework through the CCD model was used to optimize
and maximize the current density of MOR by the bio-inspired Pt NPs. The effect of the bio-
inspired Pt NPs concentration gave the most significant results on the current density
(mA/mge) response and influenced the formation of the anisotropic morphological structure
of bio-inspired Pt NPs. The current density of bio-inspired Pt NPs leverages 640.11 mA/mgpt
at the optimum parameter conditions of 1.5 mM bio-Pt NPs concentration, 1.05 M CH3;OH
concentration, and 2.14 mg of the electrocatalyst. Finally, the single-cell performance test of
passive DMFC by bio-inspired Pt NPs yielded power densities, Pmax of 5.70, 6.67, and 8.28
mW cm? at temperature of 25, 80, and 100 °C. Therefore, this study demonstrates that a
biosynthesis-based plant extract-modified Pt NPs catalyst can improve electrocatalytic
performance and control reaction chemistry in electrochemical reactions, such as MOR, at a
meager cost and in a sustainable manner, making it an ideal option for anode electrodes in
DMFC.
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