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Abstract
Carbon nanofibers (CNFs)were prepared via the deposition of acetylene gas on bimetallic catalyst (Fe–Co) supported on kaolin
in a catalytic chemical vapour reactor. Carbon nanofibers/Pt nanocomposite (Pt catalyst) was synthesized by immobilization of
potassium tetrachloroplatinate (IV) (K2PtCl4) onto the carbon nanofibers (CNFs) by a wet impregnation method. The effects
of mass of carbon nanofibers (CNFs) (0.25–0.30 g) and deposition time (150–180 min) on the percentage of platinum (Pt)
deposited on the nanofiber were investigated. The developed CNFs/Pt was characterized using different analytical tools such
as HRSEM, EDS, HRTEM, BET, TGA, XRD, XPS and cyclic voltammetry (CV). The XRD patterns revealed the crystallite
size of the Pt catalyst ranged between 5.54 and 6.69 nm, and the size decreased with increasing mass of support (CNFs).
The HRTEM/HRSEM analysis of the CNFs/Pt catalyst showed that the dispersion and distribution pattern and the shape of
the catalyst changes as the amount of CNFs increased from 0.25 to 0.3 g. However, deposition time did not influence the
crystalline nature of the catalysts. XPS analysis demonstrated the existence of different oxidation states of Pt particles on
the surface of CNFs. The CV analysis revealed that CNFs/Pt catalyst supports the oxygen reduction reaction and hydrogen
oxidation reaction in the fuel cell. The platinum loading of 0.002–0.004 mgpt/cm2 in the fabricated electrodes using the
developed CNFs/Pt nanocomposite was compared well with other electrodes (fabricated with other support materials) such
as carbon black, carbon nanotubes, aerogel and titanium.

Keywords Pt catalyst · Carbon nanofiber · Nanoparticles · Characterization · Wet impregnation · Cyclic voltammetry

1 Introduction

The global search for alternative energy has brought about
the use of fuel cell. Fuel Cell (FC), a device for conversion
of chemical energy to electrical energy, was considered due
to its efficiency, easy to operate and environmental friend-
liness [1]. There are three basic components of FC, namely
the membrane, the electrode and gas diffusion layer called
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membrane electrode assembly (MEA). The functions of the
components include: transport electrons between the elec-
trodes, carry out electrochemical reactions and guide the
diffusion layer, respectively [2]. Pt catalysts are employed
in FC to aid electrochemical reactions at the electrodes [3].
The choice of Pt in its elemental form is attributed to its abil-
ity to resist corrosion, while it remains chemically active to
allow adsorption of ions from fuel and oxygen from air on
its surface for effective reactions. Also, selectivity as well as
its stability that supersedes other metals makes it the right
choice for electrode development [4]. Among all factors that
affect the electrocatalytic activity of the electrodes in FC,
particle size distribution plays a crucial role [5]. The synthe-
sis of Pt in its nano form compared to bulk nature usually
enhances particle size and distribution of Pt particles on the
support. Not only have that, Pt in nanosize range guaranteed
improved surface area and simultaneous occurrence of three
phase reactions at the electrode surface.

Despite the advantages of FC in relation to its numerous
applications, its disadvantages constitute serious setback to
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its mass market commercialization. These obstacles include
short-time durability and carbon monoxide poisoning due to
the Pt used as catalyst in the electrodes [6]. The short-term
durability of FC is also caused by Pt agglomeration which
restricts its mobility. Carbon monoxide poisoning is due to
the introduction of trace amount of carbon monoxide dur-
ing reforming process of hydrogen production. The itemized
shortcomings usually lead to reduction in the FC ability to
convert chemical energy to electrical energy, leading to low
efficiency. Hence, there is the need for the development of
a catalyst electrode with high surface area that will promote
the electrochemical reactions. To address this problem, a sup-
ported Pt catalyst is employed as electrode materials.

Carbon black has been widely considered as a choice sup-
port material in Pt catalyst synthesis. On the other hand, the
dense structure and corrosive nature of carbon black when
used continually affect the performance of FC [1]. In other
to solve these problems associated with the use of carbon
black as a supportedmaterial for Pt catalyst synthesis, carbon
nanofibers (CNFs) of unique structures and better properties,
good structural arrangements, chemical stability, mechanical
strength and electrical conductivity have been recognized a
perfect alternative to carbon black. Additionally, CNFs as
an alternative candidate can impact better durability to the
electrode and improve the catalyst activity of Pt compared to
carbon black.

Many researchers have synthesized Pt catalysts by vari-
ous methods. For instance, Afolabi [1], Aritonang et al. [3]
and David et al. [7] individually reported the preparation
of Pt catalyst by impregnation of metallic nanoparticles on
a nanomaterial support with the aid of a dispersant. This
was followed by oven drying to remove the moisture and
finally calcination to remove the residual moisture by reduc-
tion and conversion of the salt into their respective oxides.
Seth et al. [8] andWenzhen et al. [9] independently employed
polyol method to synthesis Pt nanoparticles in ethylene gly-
col, followed by modification with sodium hydroxide to
control the solution pH for effective particle size reduc-
tion. Other methods employed by other researchers include
microwave-assisted polyol [10], magnetron sputtering [11],
microemulsion [12], supercritical fluid chemical deposition
[13] and electrochemicalmethod [14, 15].However, based on
simplicity, impregnation–reduction method has been widely
chosen by researchers [1, 3, 7].

The most applied source of Pt nanoparticles is the chloro-
platinic acid (H2PtCl6) using a dispersant such as the
formaldehyde, hydrazine, borohydrates and ethylene glycol
[16]. These dispersants also serve as reducing agent and sol-
vent for homogenous dissolution of Pt salt to form solution.
The performance of Pt particles depends on the synthesis
parameters such as mass of support, precursor concentration
[3], temperature and deposition time [1], types of reducing
agents used and the precursor types. The Pt particles have

been synthesized using precursor such as K2PtCl4 by other
researchers. For instance, Aritonang et al. [3] synthesized
Pt nanoparticles from solution of K2PtCl4 using a matrix of
bacterial cellulose (BC). The precursor concentrations were
varied between 3 and 30 mM. The results of their findings
indicated that Pt particle sizes obtained from XRD analysis
ranged from 6.3 to 9.3 nm and this particle size increases
with increase in the precursor concentration. The effects of
deposition technique (conventional refluxing and microwave
irradiation), water content, carbon support and metal loading
on the average Pt particle size and electrochemically active
surface area (ECSA) using polyol deposition process on car-
bon nanotube (CNT)–CNFs support were reported by Seth
et al. [8]. Other researchers who used CNFs as support for
synthesis of Pt nanoparticles include:Mineo andMasaru [17]
and Sergey et al. [11]. They used supercritical fluid chemical
deposition and sputtering deposition methods, respectively,
for the deposition of Pt particles on the CNFs. Sergey et al.
[18] reported the effect of the surface chemistry of the carbon
support on the physicochemical and electrochemical proper-
ties of Pt catalyst.

Furthermore, Bassel et al. [19] demonstrated the poten-
tials of graphitic nanofibers-supported platinum catalyst as
an electrode for fuel cell application. The authors found that
5 wt% sample exhibited higher performance in comparison
with a 25wt%platinum inVulcan carbonwith lowpoisoning.
Also, the electrochemical activity of the developed electrode
was studied, but the performance of the developed electrode
was not tested in a fuel cell stack.

Similarly, Antolini [20] reported the formation,
microstructural characteristics and stability of carbon-
supported platinum catalyst for low-temperature fuel cells.
The author opined that preparation method had a great
influence in the choice of carbon support and the distribution
pattern of the platinum nanoparticles. The amount of plat-
inum in the Pt/C catalyst by impregnation method induced
more oxygen sites on the carbon surface and hence high
oxidation activity at the electrode in comparison with col-
loidal method. The authors reviewed a comparison between
various preparation methods for carbon-supported platinum
catalyst using preparation methods. However, this present
work is on the use of carbon nanofibers-supported platinum
catalyst as electrode in low-temperature fuel cell. In further-
ance of Antolini 2003, Kvande et al. [21] also revealed that
low platinum loading is a function of preparation methods.

This reports for the first time the effect of variation ofmass
of support (CNFs) in relation to the amount of Pt nanoparti-
cles adsorbed for electrochemical reactions.Mass of support,
a parameter which has great impact on the size and morphol-
ogy of the Pt nanoparticles, forms the basis of this study. The
prepared CNFs/Pt was characterized using different analyt-
ical tools, and the fuel cell application of the materials was
evaluated using cyclic voltammetry.
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2 Methodology

2.1 Synthesis of Carbon Nanofiber

Carbon nanofibers (CNFs) were synthesized by the decom-
position of acetylene (C2H2) gas in a CVD reactor. In this
case, 0.5 g of the catalyst was stacked into a quartz boat
(120 mm×15 mm) at room temperature and placed at the
centre of the tube. The furnace was set at 10 °C/min starting
at room temperature, while argon gas was allowed to flow
over the catalyst at rate of 472 ml/min. Once the set reac-
tion temperature of 550 °C was attained, the argon flow rate
was adjusted and after which carbon source (C2H2/H2 gas
mixture) was introduced. The reaction was then allowed to
proceed until 40 min reaction time was attained, after which
the carbon source flow was stopped and the furnace was
allowed to cool down to room temperature under a contin-
uous flow of argon. The boat was then removed from the
reactor and re-weighed to quantify the amount of CNF pro-
duced. Percentage of CNFs produced was determined using
Eq. (1)

% CNFs � Mtotal − Mcatalyst

Mcatalyst
× 100 (1)

where Mtotal is the total mass of the final catalyst and CNFs
produced after CVD reaction process and Mcatalyst is the ini-
tial mess of Fe–Co/kaolin catalyst introduced into the CVD
reactor.

2.2 Purification of CNFs

In the purification process, 1 g of as-produced CNFs was
weighed and placed inside a 50 ml beaker containing 30 ml
of distilled water. 0.1 M HNO3 and H2SO4 mixture (v/v 3:1)
was then added to the as-synthesized CNFs in the beaker
to remove the impurities present. Distilled water was added
to make the content up to 100 ml. The mixture was stirred
vigorously and then sonicated for 90 min at 40 °C in an ultra-
sonic bath to introduce oxygen group to the surface of the
treated CNFs so as to open the edges for substrate binding.
The oxidized CNFs were then cooled to room temperature,
and 300 ml of distilled water was added to wash off the acid
and the washing continued until the pH became neutral. The
slurry was filtered and the residue oven dried at 120 °C for
12 h. The dried CNFs were grinded and sonicated to prevent
agglomeration, and the purified CNFs were then character-
ized to determine the surface area, functional groups and
morphology.

2.3 Synthesis of CNFs/Pt

A known concentration (20 mM) of K2PtCl4 stock solution
was prepared. Absorbance profiles of this working solution
were obtained using ultraviolet visible (UV) spectroscopy to
determine the absorbance of different concentrations of the
platinic salt at a specific Pt wavelength of 320 nm. Serial
dilutions of this solution were prepared and used to plot
the calibration curve. This serves as a basis for the deter-
mination of the adsorbed Pt on the CNFs support. 0.1 g of
purified CNFs was mixed with a 5% polyethylene glycol
(PEG) solution and stirred vigorously using magnetic stirrer
for 4 h. A known volume of prepared working solution of
Pt was then added to the mixture and allowed to be mixed
via continuous stirring for about 2 h, after which the slurry
was filtered. The absorbance of the filtrate was determined
using a UV spectroscopy. The concentration of this solu-
tion was then determined using the calibration curve from its
initial working solution. The difference between this concen-
tration and the initial concentration gives the concentration
of the adsorbed Pt on the CNFs. The CNF/Pt nanocomposite
formed as residue was dried in an oven at 120 °C for 12 h
and then calcined at 300 °C for 16 h.

2.4 Characterization of CNFs/Pt Catalyst

TheCNF/Pt compositewas characterized using thermogravi-
metric analysis (TGA4000, PerkinElmer, USA) to determine
the thermal stability. Brunauer–Emmett–Teller (BET;NOVA
4200e, Quantachrome Instruments, USA) was utilized to
determine the surface area based on nitrogen adsorption–des-
orption isotherm. The degree of crystallinity, morphology,
elemental compositions and microstructure of the samples
were determined using X-ray diffractometer (XRD; PW
1800 diffractometer, Philips, Netherlands), high-resolution
scanning electron microscope coupled with electron diffrac-
tion spectrometer (HRSEM-EDX; Zeiss Auriga) and high-
resolution transmission electronmicroscope (HRTEM, Zeiss
Auriga). The surface oxidation states of the CNFs were
determined using X-ray photoelectron spectroscopy (XPS).
Cyclic voltammetry (CV) was used to determine the electro-
chemical properties of the developed electrode.

2.5 Electrochemical Measurements of CNFs/Pt
Catalyst

A slurry of the CNFs/Pt composite was prepared by dissolv-
ing a known quantity of platinum-CNF/5% nafion solution
in distilled water. The slurry was then sonicated for 3 h, and
the cyclic voltammetry (CV) analysis of the slurry was con-
ducted to determine the real electrochemical surface area,
rate of reaction, roughness factor and catalyst utilization.
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CV procedure entails the use of a conventional air–tight
three-electrode cell using 0.5 M H2SO4 electrolyte at room
temperature. The electrochemical measurements were car-
ried out with a computer controlled potentiostat (663 VA
Stand Metrohm) which consists of a platinum wire counter
electrode and Ag/AgCl saturated in KCl salt bridge as the
reference electrode. The working electrode was a 7-mm-
diameter glassy carbon electrode. The cathode of the cell
was connected to the working electrode and the anode to
the reference and counter electrodes of the potentiostat. The
cathode was fed with deionized (DI) water (N2 was purged
to DI water for about 30 min before it was fed to the cathode)
at 1.0 ml min−1, and anode was fed with the hydrogen gas at
20.0 ml min−1.

2.6 Performance Evaluation of theMEA in a Fuel Cell
Stack

Carbon cloth (Espeed Logistic International Limited, Hong
Kong) of 310µm thickness was cut into 5 by 5 cm taking into
consideration that the reaction surface area was 25 cm2. An
ink of the catalystwas formedbymixing 600mgof 5%nafion
solution with 50 mg of CNFs/Pt catalyst powder, and the
mixture was sonicated for 30 min. 300 mg isopropanol was
then added and stirred. The mixture was then poured into the
spraying equipment andfittedwith argon at 1.5MPapressure.
A low-pressure spraying technique was used to spray the
catalyst on one side of the carbon cloth. The resulting catalyst
electrode sample was allowed to dry at room temperature
before it was coupled with a nafion membrane to make the
MEA unit. The MEA unit formed from the coated surface
of the fabricated electrodes, and the treated membrane was
sandwiched and the unit hot pressed at 100 °C and pressure
of about 1196 kN/m2 for 3min. The resultant unit was cooled
to room temperature.

The performance of the fabricated MEAs was tested in a
single FC consisting of two graphite plates, the gaskets con-
taining the gas inlet and outlet and ribbed grooved channels
for distribution of the fuel gases behind the porous gas–d-
iffusion electrodes. The MEA was placed between the two
graphite plates with the Teflon coated gasket placed between
themembrane and each of the graphite plates to prevent leak-
age, and to avoid excessive compression of the electrodes.
Copper wires were used as current collectors and were posi-
tioned behind the graphite plates. Two stainless steel end
plates with bolts and nuts were used to compress the overall
assembly, with Teflon sheets for electric insulation placed
between the single cell and the end plates.

The single cell was installed in a FC stack equipped
with gas sources, temperature control, gas flow–rate control
rotameters, back pressure regulators for both hydrogen and
oxygen and a load of resistant box. High purity (99.99%)
hydrogen and oxygen gases (Afrox, South Africa) were used

Table 1 BET results of as-received and purified CNF

As-produced CNF Purified CNF

BET surface area (m2/g) 397.8 592.9

Pore volume (cm3/g) 0.162 0.212

Pore size (nm) 2.88 3.148

in the operation as fuel and oxidant, respectively. Hydrogen
was passed through a humidifier at room temperature to wet
the gas and was fed into the anode at an excess flow rate of
712 ml/min and 20 kPa, while humidified oxygen entered
the fuel cell through the cathode at an excess flow rate of
433 ml/min and 15 kPa. The electrons generated from the
anode were connected to a digital multimeter (1906 Com-
peting Multimeter), with an external variable resistance to
measure the current and voltage produced by the cell. The
multimeter was used to measure the voltage and current with
an accuracy of ±0.001 V and±0.001 A, respectively. The
cell performance of each MEA was determined from its
polarization curve, plotted between voltage and current volt-
age. The power density was also calculated. The results of
the performance evaluation of the developed MEA from the
Pt–CNF composite are presented in Table 7.

2.7 Results and Discussion

This present work investigates the electrochemical and
thermal stability ofCNFs/Pt nanocomposites. Prior to the for-
mulation, CNFs were synthesized by CVDmethod followed
by purification of as-produced CNFs. The as-produced and
purified CNFs were characterized, and the results are hereby
presented.

Presented in Table 1 is the BET surface area of as-
produced and purified CNFs.

From the result presented in Table 1, the BET surface area,
pore volume and pore size of as-produced CNFs were found
to be 397.8 m2/g, 0.162 cm3/g and 2.88 nm, respectively.
The high surface area exhibited by the as-produced CNFs
shows that it will be a good electrode material for energy
storage facilities. After purification, the surface area, pore
volume and pore size increased to 592.9 m2/g, 0.212 cm3/g
and 3.148 nm, respectively. The increase in surface area of
the CNFs after purification might be associated with the cre-
ation of more bonds on the surface of the CNFs by the acids
used. Also, during this process of acid treatments, residual
catalysts were removed as well as impurities thus allowing
more spreading of CNFs particles within the fibre structures
and hence increase in the amount of surface available as
anchoring sites for substrate adsorption. This large surface
area could provide the required three phase reaction zones
when used as a support, in line with the work of Asanda
[22]. The increase in both the pore volume and pore size
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Fig. 1 HRSEM image of a as-produced CNF and b purified CNF

Fig. 2 a HRTEM image of as-produced CNF showing the internal and external fibre diameter b HRTEM image of purified CNF showing the
deformation as a result of acid treatment

may be linked to the effectiveness of purification process.
These results are in agreement with the study of Yehya et al.
[23] that purification could lead to increase in surface area
and consequently improvement in its catalytic activities.

The morphology and size distribution of as-produced and
purifiedCNFswere examined usingHRSEM,while the inter-
nal texture diameter and size distributions were measured by
a HRTEM. The HRSEM images of as-produced and purified
CNFs are presented in Fig. 1.

From Fig. 1, it can be noticed that the as-produced sample
contains CNFs in a winding form surrounded by impurities
from kaolin used as catalyst support. The micrograph also
contains spread of Fe–Co catalyst nanoparticles which was
used to promote the growth of CNFs in the CVD reactor.
After acid treatment, the sample contains twisted form of

CNFs with homogenous size entangled covered one another
and grown both in length and diameter as observed in Fig. 1b.
The growth both in length and diameter may be linked to the
creation of functional groups onto the surface of the CNF.
These functional groups facilitated the chemical interactions
between the anchoring sites on the metal catalyst and the
modified CNF. Though impurities in the form of amorphous
carbon, metal catalyst as well as the support materials was
still noticed in the purified catalyst, substantial parts of them
were removed. Complete removal of the impurities cannot
be achieved as this often leads to destruction of the fibre
structure. Figure 2 shows the HRTEM micrograph of both
as-produced and purified samples.

From Fig. 2, it can be seen that the nanofibers have inner
diameter in the range of 19.5–40 nm. The outer diameter
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Fig. 3 FTIR spectrum of as-received and purified CNF

of CNF ranges between 25 and 100 nm which could be
controlled by adjusting the synthesis time [24]. The image
also showed that the diameter of purified CNF remains the
same with as-produced CNFs, an indication that there was
no significant change in spite of the acid treatment. Some
metal particles were maintained at both the middle and the
end of the fibres showing that the growth process prob-
ably followed the deposition diffusion–nucleation–growth
mechanism [25]. The formation of metal particles at the mid-
dle of the fibres indicated that the support material (kaolin)
which has severalmetal oxides had provided numerous active
sites in which nucleation and subsequent growth of CNFs
occurred. This observation contradicts tip or base growth
mechanism observed with the use of other support mate-
rials such as alumina, silica and calcium carbonates [26].
However, during purification, it was observed that some
deformations were formed on the fibres (see Fig. 2b). This
deformation exhibited is one of the disadvantages of using
acid treatments method for purification of CNFs.

The changes in the molecular structure of as-synthesized
and purifiedCNFwere studied using FTIR analysis. Thiswas
done to study the chemical bonding changes in the surface
of the samples at a frequency range of 500–4000 cm−2. The
spectrum is presented in Fig. 3.

From Fig. 3, it was noticed that all the four regions in the
mid-infrared spectrum were identified for both as-produced
(A-CNF) and purified (P-CNF) CNF. Also, both spectra have
all the fundamental vibrations in the 2500–4000 cm−1 due to
the presence of O–H, C–H and N–H stretching in line with
the observations of [27]. The band frequencies observed in
the FTIR spectrum of both as-received and purified CNF are
presented in Table 2.

From Table 2, it can be seen that the peaks at 1570 cm−1

correspond to the start of the carbonyl stretching and
appeared at 1993 cm−1 on the purified CNFs and the broad
stretch between 3477 and 3799 was assigned to O–H group.
The carbonyl stretch observedmay be due to free oxygen rad-
icals produced during acid treatment which turned to oxygen
atoms and later combined with the carbon atom to form the
>C=O. This >C=O group joined with the –OH group of the

Table 2 The four regions of the mid-infrared spectrum
(500–4000 cm−1)

Band frequency
region

Identified band
frequency for
as-synthesized CNF

Identified band
frequency for
purified CNF

Finger print region
(600–1500 cm−1)

707 and 1079 791 and 1000

Double bond region
(1500–2000cm−1)

1506 and 1991 1570 and 1993

Triple bond region
(2000–2500cm−1)

2384 2232

X–H stretching
(2500–4000cm−1)

2965 and 3726 2581, 3477 and
3799

same carbon atom to form –COOH [1, 23, 27]. The organic
molecules such as the carboxylic, hydroxyl carbonic and sul-
phonic group were attached covalently to the CNFs. These
are the functional groups that yielded the sites for attach-
ment of substrates such as Pt ions which were subsequently
reduced to Pt nanoparticles.

2.8 Pt Catalyst Synthesis

Presented in Fig. 4a and b are the influence ofmass of support
(CNFs) and stirring time on the percentage of pt adsorbed
onto the support.

The result as presented in Fig. 4a indicated that the Pt
adsorption on CNFs increases from 20.94% using 0.25 g
of CNF to about 76.27% using 0.3 g mass of CNFs. The
increased higher surface provided for adsorption by CNFs
which serves as support for Pt during synthesis. Also, as
the mass of CNF increases, more active sites were available
for adsorption and subsequent increase the nucleation of Pt
nanoparticles. The adsorption sites were created by the CNFs
support due to the presence of hydroxide ions impacted on
it during acid purification treatment method. The nucleation
was promoted by the reduction in bulk Pt to Pt nanoparticles
by polyethylene glycol (PEG) during dispersion. The result
obtained is in concordance with the findings of Seth et al. [8].
The mass of support (CNF) of 0.3 g which gave the highest
percentage Pt (76.27%) was utilized to study the effect of
deposition time on the amount of Pt adsorbed, and the result
obtained is presented in Fig. 4b.

It can be deduced from the result shown in Fig. 4b that
at stirring time of about 150 min, the percentage of Pt parti-
cle adsorbed by 0.3 g CNFs during catalyst preparation was
found to be 80.38%. The result further revealed that when
the stirring time was increased to 180 min, the amount of
Pt adsorbed increases to about 80.94%. This showed that
between 150 and 180 min, there was an effective stirring that
enabled the creation of active sites for proper adsorption of
Pt on the surface of the support. However, increase in stir-
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Fig. 4 Effect of a mass of CNF and b stirring time on Pt adsorption

Fig. 5 XRD spectrum of CNFs/Pt catalyst

ring time from 180 to 210 min revealed no further increase
in the percentage of Pt adsorbed. This may be ascribed to the
fact that at this time, the amount of CNF used during catalyst
preparation has been saturated and there was no further space
for adsorption ofmore Pt particle. The developedCNF/Pt cat-
alyst was characterized to determine the crystalline nature
using XRD, and the result is presented in Fig. 5.

From Fig. 5, the XRD patterns revealed five intense
diffraction peaks at 2 theta values of 26.53°, 39.94°, 46.57o,
68.24° and 81.55°. The 2 theta of 26.53° with a correspond-
ing crystal plane (100) depicts graphitic CNFs support. Other
peaks identified showed the presence of a Pt structure at crys-
tal planes of (111), (200), (220) and (311), respectively. This
is in line with the work of other researchers such as afolabi
[1], Aritonang et al. [3] and Prabhu [28], who independently
reported formation of complex crystallite formof Pt nanopar-
ticles. These spectra are indication that the Pt salt used in
this work reduced to Pt atom in the form of nanoparticles.
Another important information derived from the spectra in
Fig. 5 is that the peaks becamemore sharper when 0.3 gmass
of CNFs was used compared to 0.25 g CNFs support, which

Table 3 XRD and TEM average crystallite size of the Pt catalyst and
their crystallinity index

Pt synthesis
conditions

XRD (nm) TEM (nm) Crystallinity index

0.25 g
CNF/150 min

5.55 5.31 0.96

0.25 g
CNF/180 min

5.54 5.50 0.97

0.3 g CNF/150 min 6.69 5.75 0.86

0.3 g CNF/180 min 5.57 5.88 1.06

implies that more crystalline phase of Pt catalyst was syn-
thesized with 0.3 g than 0.25 g. More so, small amount of
support such as 0.25 gwas not enough to absorb the available
Pt concentration impregnated on it. However, irrespective
of the stirring time, the Pt phases showed no differences in
the diffraction pattern and this suggests that the lower stir-
ring time (150 min) is enough for dispersion of Pt onto the
matrix ofCNFs at specified concentration of stabilizing agent
(PEG). This is in agreement with the reported work of [1].
Average crystallite size of the catalyst was determined using
Debby–Scherrer equation. The average crystallite size of Pt
catalystwas between 5.54 and 6.69 nm.This is in close agree-
ment with crystallite size obtained using HRTEM image
(5.5–5.88 nm) as revealed in Table 3. The lattice parame-
ter of the developed CNFs/Pt catalyst was calculated to be
3.902174Å.

Depicted in Fig. 6a–d are the HRTEMmicrographs of the
developed CNFs/Pt catalyst and their corresponding EDX.
The HRTEM images revealed the presence of Pt nanopar-
ticles scattered on the surface of CNFs. The presence of
anchored Pt nanoparticles on the surface of CNFs was also
confirmed by their respective EDX spectrum. The anchor-
ing sites for adsorption of Pt nanoparticles were provided
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Fig. 6 aTEM images ofCNF/ Pt catalyst and their correspondingEDXusing 0.25 gCNFs.bTEM images ofCNF/Pt catalyst and their corresponding
EDX using 0.3 g CNFs

by the CNFs. This was as a result of introduction of func-
tional groups such as hydroxyl and carboxylic group during
the purification step. The EDX spectra also revealed trace
amount of other elements such as cobalt, iron silica, alu-
minium and carbon. The presence of carbon indicates a
graphitic nature of CNFs which serves as support and pro-

vides the anchoring sites for the Pt nanoparticles. Cobalt,
iron, aluminium and silica are the traces of kaolin-supported
Fe–Co catalyst used in the synthesis of CNFs.

However, the micrographs also revealed variations in the
distribution pattern of Pt catalyst on the CNFs due to dif-
ference in the mass of support used during impregnation. Pt
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Fig. 6 continued

nanoparticles were sparsely distributed onCNFs using 0.25 g
(Fig. 6a). The disparity in the nature of the distribution may
be explained based on the fact that during impregnation, the
Pt particles spread to occupy the space provided by 0.25 g

of CNFs. Also, since the same amount of PEG was used for
dispersion, more of the Pt was dispersed into the matrix of
the CNF instead of onto the surface. In contrast, in Fig. 6b,
Pt nanoparticles were more dispersed on the surface of the
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CNFs because more of Pt particles were trapped at the sur-
face when 0.3 g of CNFs used. This was attributed to higher
quantity of carbon support requirements to match the con-
centration of Pt used during impregnation.

ThePt nanoparticles formedwere of different shapes rang-
ing from circular, rhombic, cubic and hexagonal (Fig. 6b).
The shapes were as a result of polyhedral Pt nanoparticles
brought about by better distribution into the matrix of CNF
during synthesis [29]. The particle size distribution of Pt
nanoparticles calculated ranges between 5.31 and 5.88 nm.
This is in agreement with what is obtained as average crys-
tallite size using Scherrer equation in XRD spectrum as
presented in Table 3.

It has been reported that for nanoparticles of size less than
100 nm, there is tendency for the diffraction lines in XRD to
be broad [30]. However, the peak breadth is a specific phase
of Pt, and it is directly proportional to mean particle size of
the material. It is also believed that sharp peaks denote crys-
talline materials [31]. It is therefore important to determine
the crystallinity indices of the Pt nanoparticles to ascertain
the type of crystals in the composites. The literature also
revealed the relationship presented in Eq. (2).

Icry � Dp(SEM or TEM)

Dcry(XRD)
[32] (2)

where Icry is the crystallinity index, Dp is the crystallite size
obtained using TEM or SEM analysis, and Dcry is the crys-
tallite size obtained using XRD.

The crystallinity index was determined, and the results are
presented in Table 3.

From Table 3, it can be observed that the crystallinity
index of synthesized sample using 0.25 g of CNF stirred
for 180 min is 1.06. This implies that the Pt crystallites in
the CNFs matrix are polycrystalline in nature and the struc-
ture is well indexed. Other calculated crystallinity indices
are between 0.86 and 0.97. All these values are less than 1,
an indicative of monocrystalline Pt in the matrix of CNFs.
The monocrystallinity of the material may be linked to the
complete reduction in Pt salt into its atom during impreg-
nation wherein PEG performed dual roles of dispersant and
reducing agent.

SAED patterns observed in all the samples tested are
presented in Fig. 7. This is evidenced by the presence of
sharp and bright diffraction rings. The brightness of the
rings connotes the polycrystalline Pt nanoparticles. This is
in agreement with the result of crystallinity index. Each ring
in the SAED pattern represents the diffraction from crystals
of almost the same size.Anoticeable bright spot in the pattern
corresponds to each diffraction peak in XRD pattern..

From Fig. 7, the visible (dhkl) indices for Pt nanoparti-
cles were (111), (200), (220) and (311). These correspond
to diffraction angles of 39.91°, 46.43°, 67.76° and 81.69°

respectively. However, from Fig. 7a and b, it was observed
that only the planes (200) and (220) rings were prominent.
This corresponds to diffraction angles of 46.98° and 69.80°,
respectively. Figure 7c reveals the planes (200) and (311)
with corresponding diffraction angles of 46.47° and 84.72°,
respectively, while that of Fig. 7d shows only plane (311) at
a diffraction angle of 84.28°. These peaks are in good agree-
ment with the peaks assigned in XRD data. This implies the
presence of highly crystalline Pt nanoparticles. This result
is in line with the works of Viet-Long et al. [29] who also
reported the presence of these planes for a typical face cubic
centre of Pt nanoparticles. The interplanar spacing (d) as a
function of the Miller indices and the length between two
bright spots in the SAED patterns were determined. The
reciprocal interplanar spacing (1/d) was calculated using the
pronounced peaks shown in SAED patterns of Fig. 7. The
result of the interplanar spacing as a function of the miller
indices is presented in Table 4.

According to Table 4, the d-spacing of the Pt nanoparti-
cle’s crystals of planes (200)was 0.195 and 0.227 for samples
synthesized with 0.25 g of CNFs (0.25 g) stirred for 150
min and 180 min, respectively. This indicated mixture of
polyhedral facet and cubic shaped Pt nanoparticles, respec-
tively. Other lattice fringes such as (220) and (311) d-spacing
occurredwithin the ranges of 0.107–0.196. This can be linked
to the presence of hexagonal structured octahedral, and tetra-
hedral or truncated cubic, octahedral and tetrahedral. The
difference in dhkl of the Pt crystals synthesized at different
conditions was ascribed to different shapes of Pt nanoparti-
cles in the catalyst [29].

XPS analysis was used to determine the chemical state
composition of Pt nanoparticles as well as the nature of Pt
compoundpresent. The full spectrumfor the catalyst showing
its elemental composition is presented in Fig. 8, while the
spectrum for the Pt core level states is presented in Fig. 9.

In Fig. 8, carbon and oxygen remain the dominant ele-
ments. The carbon at the binding energy of 284.5 eV
corresponds to graphiticCNFsused as a support for thePt cat-
alyst during impregnation. Other elements identified include
O (1s), Ar and Si as well as a very low concentration of Pt.
The O1s and O KLL are the main peak and auger peak of
oxygen in the sample, respectively. The O1s is the photoelec-
tron line that was observed as a peak after sputtering, while
the OKLLwas formed at a K and double L vacant shell in the
form of oxygen peak after sputtering. The binding energies
of both O (1s) and O KLL are 533 eV and 744 eV, respec-
tively. The presence of argon (Ar) was as a result of the Ar
ion beam used for sputtering. Si (2s), Si (2p) originated from
the kaolin used for the CNFs synthesis. Si peak appeared as
a major peak because it was released as free element during
heat treatment of CNF growth.

Figure 9 reveals the presence of two chemical states of
Pt with an overlapping region of Al 2p. The two peaks cor-
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Fig. 7 SAED patterns of the CNF/Pt catalyst a at (200) and (220) for 0.25 g CNF/150 min. b At (200) and (220) for 0.25 g CNF/180 min. c (200)
and (311) for 0.3 g CNF/150 min. d At (311) for 0.3 g CNF/180 min

Table 4 Phase identification for Pt catalyst in SAED pattern

Pt-CNF catalyst samples h,k,l dhkl (nm) 1/dhkl (nm−1)

0.25 g CNF/150 min 200 0.195 5.128

220 0.138 7.246

0.25 g CNF/180 min 200 0.227 4.405

220 0.196 5.102

0.3 g CNF/150 min 220 0.169 5.917

311 0.107 9.346

0.3 g CNF/180 min 311 0.154 6.494

respond to Pt 4f 7/2 and 4f 5/2 orbital, respectively, while the
overlapping of the presence of aluminiumoriginated from the

kaolin used as support for the bimetallic catalyst employed
for synthesis of CNFs. The relatively flat background on the
higher binding energy side indicates Pt in the surface atomic
layer. The Pt 4f -A represents Pt 4f 7/2 at binding energies
of 71.125 eV and 75.5 eV. The Pt 4f -B denotes Pt 4f 5/2 at
binding energies of 74.5 eV and 77.5 eV. According to XPS
reference table of elements, 71.0 eV is used to identify the
chemical state of atomic Pt [33]. However, it was noted that
the chemical states of all the Pt peaks fall above 71.0 eV.
This is an indication that the Pt salt used in this study did not
undergo complete reduction into Pt atom, rather a compound
of Pt was formed.

It is obvious from Table 5 that the Pt exists in the catalyst
in the following forms: Pt2Si, Pt (OH)2, Pt oxides, Pt Cl4 and
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Fig. 8 XPS general survey of
CNFs/Pt catalyst

Fig. 9 The spectrum of Pt 4f
core level in the catalyst

Pt(IV) halides. For instance, Pt (OH)2 detected was linked to
the reaction of hydroxyl functional groups in the PEG with
Pt, while the oxide formation of Pt oxides was due to the
presence of polyethylene oxide. Also, during impregnation
of Pt nanoparticles by ethylene glycol method, the metallic
Pt on the surface of the support formed intermediate product
and remains unreduced to Pt (OH)2. The presence of silica
as an halide attached to Pt atom to form Pt2Si was as a result
of free silica generated during dehydroxylation of kaolin in
the synthesis of Fe–Co/kaolin catalyst used for the growth of
CNFs. PtCl4 was derived from the compound of Pt (K2PtCl4)

precursor used for the catalyst synthesis, while Pt(IV) halides
were formeddue to the reactionwith the chlorine in the parent
sample of Pt used in this study.

The TGA profiles of CNFs and CNFs/Pt catalyst are pre-
sented in Fig. 10. It can be noticed that the purified CNFs
exhibited about 83% decomposition in air at a temperature
of about 467 °C. This indicated a characteristic curve of a
crystalline carbon showing little or no presence of impurities
in the form of metal particles and amorphous carbon. In con-
trast, slight changes were observed at temperature between
400 and 420 °C for all the Pt-CNF catalysts. This indicated
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Table 5 Pt compounds formed and their binding energy

Binding energy (eV) Compound

72.125 Pt2Si, Pt (OH)2
74.5 Pt oxides

75.5 Pt Cl4
77.5 Pt (iv) halides

that the Pt salt used reduced at standard reducing tempera-
tures as reported by Afolabi [1].

However, the difference between these curves and that of
purified CNF depicted the amount of Pt impregnated on the
CNF.ThepurifiedCNFsamplewas stable up to a temperature
of about 600 °C, while all Pt-CNF samples were stable to
a temperature of between 500 and 550 °C (Fig. 10). The
differences in stability may be attributed to the presence of Pt
particles in the latter andnot in the former. This temperature is
far higher than the working temperature of low-temperature
fuel cell, which is in the ranges of 60–100 °C [2].

2.9 Electrochemical Measurement of CNFs/Pt
Catalyst

The electrochemical activity of the synthesized catalysts was
carried out using cyclic voltammetry (CV) technique to deter-
mine the specific and mass activity of the catalyst. The CV
was carried out by cycling the potential between two points,
while currents generated were recorded. These currents rep-
resent the anodic and cathodic reactions in the fuel cell. The
results of CV of Pt catalyst are presented in Figs. 11 and
12. Figure 11a and b shows the cyclic voltammogram of Pt
catalyst obtained using 0.30 g CNFs at a deposition times of

150 min and 180 min, respectively. From the CV, the oxida-
tion and reduction areas represent the charge amount of the
hydrogen electrodesorption on Pt.

As shown in Fig. 11a, the negative direction of potentials
of between 0.8 and − 1.8 V implies no visible peaks and
this corresponds to hydrogen evolution. On the other hand,
adsorption of hydrogen onto the Pt surface was observed
around the potentials of − 0.5 and − 0.3 V. The subsequent
higher potentials represent oxide reduction and formation.
This imply that hydrogen oxidation reaction (HOR) currents
were noticed, but partial oxygen reduction reaction (ORR)
current occurred over the potential ranges studied. However,
the actual Pt reduction began at a potential of − 0.2 V, show-
ing a single peak with no oxidation currents observed during
scanning. This invariably means that the sample exhibited
electrocatalytic activity for HOR. The result as presented in
Fig. 11b revealed that adsorption of hydrogen onto the Pt
surface was observed around the potentials of − 0.8 and −
0.3 V. The figure also shows no peak attributed to ORR. The
reason for the similarity in Fig. 11a and b could be traced to
the same amount of Pt used during the deposition process as
well as same mass of CNFs but at different deposition times.
The variation in deposition time has no effect on the catalytic
activity of the catalysts.

Figure 12a shows the CV of catalyst synthesized using
0.25 g CNFs deposited on Pt surface for 150 min, while
Fig. 12b shows the voltammogram of catalyst synthesized
using the same amount of CNF but deposited for 180 min.

The result as presented in Fig. 12 showed that the peaks
for hydrogen evolution, adsorption and desorption were par-
tially revealed at potentials of between − 0.4 and − 0.3 V,
while peaks corresponding to Pt oxide formation and reduc-
tion were observed at potentials of between higher potentials

Fig. 10 TGA spectrum of
CNF/Pt catalyst
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Fig. 11 Cyclic voltammogram of 0.30 g Pt catalyst at deposition time
of a 180 min, b 150 min at a scan rate of 20 mV/s in nitrogen-saturated
0.5 M H2SO4

of − 0.2 and 1.2 V. The difference between these voltage
ranges using 0.3 g Pt catalyst was because at these poten-
tials, the electrochemical activities of this catalyst were more
pronounced and the performance of the electrodes was easily
captured. These correspond to peak current density of around
0.014 A/mg Pt. This implies that ORR activity was observed
in the catalyst. The evidence of the presence of ORR cur-
rent could be ascribed to the shape of the voltammogram
owing to the increasing inert gas purge rate during scanning.
When this occurs, there was possibility of hydrogen being
swept away from the electrode surface thereby decreasing
its partial pressure. For instance, Jäger et al. [34] revealed
that when the partial pressure of hydrogen reduced, the pos-
sibility of increasing in reversible potential for hydrogen
evolution is high. This usually caused difficulty in quanti-

Fig. 12 Cyclic voltammogram of 0.25 g Pt catalyst at deposition time
of a 180 min, b 150 min at a scan rate of 20 mV/s in nitrogen-saturated
0.5 M H2SO4

fying the hydrogen adsorption from the voltammogram, and
by extension formation of oxide and occurrence of reduction.
Also, the shape as shown in the figure suggested the presence
of approximately about 20% Pt oxide as confirmed by XPS
analysis. However, the shape of cyclic voltammogram in Ar-
saturated 0.5 M H2SO4 solution depends slightly on the Pt.
Also, the shape connotes the incomplete reduction in Pt salt
in the form of PtO. This shows that the small Pt loading
and small amount of CNF used as support in this study sup-
port ORR kinetics. The result as presented in Fig. 12b also
revealed partial hydrogen evolution and adsorption between
the potentials of − 0.5 and − 0.3 V. This implies that the
voltammogram of 0.25 g CNF-supported catalyst synthe-
sized at deposition time of 180 min partially supported HOR
activity. However, at higher potentials of between − 0.2 and
1.2 V, the peaks corresponding to Pt adsorption and subse-
quent formation of its oxide were revealed. This shows that
ORR activity is supported by the catalyst. This corresponds
to a current density of about 0.016 A/mg Pt.

The electrochemical active surface area (ECSA), catalyst
utilization and roughness factor of the Pt catalyst were cal-
culated from the voltammogram, and the result is presented
in Table 6.
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Table 6 ECSA, catalyst utilization and effective roughness factors
obtained from the CV of synthesized Pt catalyst

Catalyst
synthesis
conditions

ECSA (m2/g) Catalyst
utilization (%)

Roughness
factor

0.25 g
CNFs/150min

125.90 31.65 68.64

0.25 g
CNFs/180min

84.80 25.58 51.84

0.3 g
CNFs/150min

141.86 38.19 75.58

0.3 g
CNFs/180min

166.14 37.61 98.04

Table 6 reveals availability of higher active surface area
for reactions (ECSA) with catalyst synthesized using 0.30 g
CNF as compared to those synthesized using 0.25 g CNFs.
This higher ECSA may be attributed to partial hydrogen
adsorption and desorption peaks obtained during cyclic
voltammetry experiment leading to longer ORR activities.
Also, there may be lower aggregation of Pt nanoparticles on
CNFs due to deactivation after potential cycling. This result
corroborates the findings ofYu-chun et al. [35]who attributed
higher ECSA to the scattered and non-agglomeration nature
of metallic nanoparticles on the support. This is evidenced
from the HRTEM characterization results. The lower ECSA
attributed to catalyst synthesizedwith 0.3 gCNFsmay be due
to loss of Pt owing to support porosity and eventual block-
age of mass transfer pathways. This result is in line with the
reported observations of Farokh et al. [36]. The authors found
that lower ECSA may be due to Pt loss or crystal merging
due to collapse of carbon support. However, the increase in
ECSA noticed as a result of increase in mass of CNF from
0.25 to 0.30 g was due to an improvement in particle dis-
persion, as well as reduction in particle size as confirmed by
XRD and TEM results. The dispersion time variation from
150 min to 180 min showed no specific pattern because both
dispersion times used were sufficient for proper dispersion
of Pt on the surface of CNF and reduction in complexity of
nucleation process induced by the PEG.

From Table 6, it can be seen that about 37.61 and 38.19%
of the catalyst were utilized by 0.30 g CNFs-supported cat-
alyst as against 25.58 and 31.65% catalyst utilization by
0.25 g CNF-supported catalyst. This may be associated with
the larger surface area created by the porosity of the cat-
alyst and no loss of Pt nanoparticles during the process.
Also, since CNFs are not liable to corrosion in comparison
with carbon black, mass transfer pathways were enlarged,
and triple phase boundary was created, hence more catalyst
utilized. The roughness factors showed that dispersion of
Pt nanoparticles onto the pores of the support took place.
This result is in agreement with the outcome of Noramalina

Fig. 13 Polarization curve of a single cell operated at 25 °C with H2/O2
ratio of 1:2

[2] who observed that for a well-dispersed polycrystalline
Pt nanoparticle, the roughness factor of carbon-supported
catalyst ranged between 1 and 105. However, according to
[37], for a typical Pt electrodes, the roughness factor should
be 2, although higher values were obtained in this study.
This might be attributed to leakage through the Pt and glass
electrodes as a result of diffusion of water along Pt/glass
boundary leading to the formation of an aqueous film that
covers the Pt wire.

The performance of the developed electrodes (CNFs/Pt
composite) was evaluated through influence of catalyst load-
ing on the fuel cell performance. Depicted in Fig. 13 is the
polarization curve of the influence of catalyst loading on the
cell performance at constant fuel/oxidant ratio (1:2), oper-
ating temperature (25 °C), operating pressure (1 bar) and
humidity (50%).

Figure 13 shows an increase in current density leads
to a drop in cell voltage irrespective of the catalyst load-
ing. This can be linked to the well distribution of platinum
nanoparticles on the CNF-supported matrix which aided the
transportation of electrons within the electrodes. This result
is in line with the observations of Afolabi [1]. The author
opined support material such as the CNF has the ability to
transport electrons from the anode to the cathode via the cur-
rent collectors of the fuel cell. This can lead to lower voltage
drops across the cell. High surface areas of the CNFs can
also be responsible for this observation.

Figure 13 also reveals an increase in the open-circuit volt-
age (OCV) of the fuel cell with increase in catalyst loading.
For instance, theOCVof the fuel cell of 20, 25, 30 and35wt%
Pt catalysts loading was 0.36, 0.63, 0.88 and 0.93 V, respec-
tively. However, the obtained OCVs of the electrode of the
fuel cell deviated from the standard OCV of PEMFC at stan-
dard conditions (1.2 V). These differences may be ascribed
to the overpotentials induced during the MEA fabrication.
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Table 7 Characteristics of the
fabricated electrode Electrode

sample
(wt% Pt)

Open-
circuit
voltage (V)

Power
density
(W/cm2)

Exchange
current
density
(A/cm2)

Pt catalyst
loading
(mgPt/cm2)

Mass
activity
(A/g)

Tafel
constant

20 0.369 0.028 2.44 0.002 0.3 0.8821

25 0.635 0.045 2.42 0.003 0.3 1.4788

30 0.876 0.066 2.41 0.003 0.4 2.1556

35 0.934 0.095 2.31 0.004 0.4 2.3865

Large voltage drop also occurred at low current density due
to slow kinetics of ORR at the cathode of the cell. This is
because, at low current densities, slow kinetics of ORR is the
controlling factor that leads to low voltage drop and hence
slow performance of the fuel cell.

Generally from Fig. 13, there was an increase in cell
voltage at higher current densities with increase in catalyst
loading. This shows that the performance of the electrodes
of the cell increases with increase in catalyst loading when
fabricated using the same process and operated at the same
operating conditions. The higher performance at higher load-
ings may be connected with the smaller particle size of the
platinum in the catalyst with low agglomeration as evidenced
in HRTEM results. The power density of the electrodes as a
function of the current density shown in Fig. 13 also con-
firmed that an increase in catalyst loading resulted in an
increase in power density of the fuel cell. Thus, the max-
imum power density of electrodes fabricated with catalyst
loading of 20 wt% Pt increases from 0.027 to 0.095 W/cm2

for electrode fabricated with 35 wt% platinum catalyst load-
ing. This also indicated that the performance of the electrodes
increases with increase in platinum loadings. This may be
connected with the ability of platinum catalyst to promote
electrochemical reactions. The general characteristics of the
developed electrode in a fuel cell were evaluated with the aid
of Tafel equation, and the result is presented in Table 7.

According to Table 7, it is obvious that the amount of Pt
catalyst in the electrode sample increases from 20 wt% Pt
to 35 wt% Pt, and the open-circuit voltage (OCV) increases
from 0.369 to 0.934 V. This implies that the high surface
areas CNFs as shown in BET analysis result of Table 1 cre-
ated more active sites for homogenous distribution of Pt
catalyst in the MEA for electrochemical reactions to take
place at the electrodes of the fuel cell. This is an evidence of
direct proportional relationship between reaction kinetics at
the electrodes and voltage generated by Tafel equation. The
table also revealed that an increase in open-circuit voltage
(OCV) caused an increase in power density from 0.028 to
0.095 W/cm2. The increase in OCV might be attributed to
no crossover current at this point due to its lower value, and
hence, the resistance to flow of current was felt by the sup-
porting material yielding high OCV. It has been reported that

when the cell voltage is not corrected at its initial stage due
to crossover current, there may be loss of voltage and can be
otherwise led to high OCV [38].

It can also be seen from Table 7 that the values of Tafel
constant increase from 0.8821 to 2.3865 as the amount of Pt
catalyst in the electrode sample increases from 20 to 35 wt%.
At low Tafel constant, electron transfer pathways reduced
due to sluggish reaction mechanism. With increased Tafel
constant, the mechanism of reaction improves due to change
in oxygen reaction pathways caused by loss inmass transport
posed to the Pt electrode by the CNFs particles. This resulted
into increase in mass activity of the electrode from 0.3 to
0.4 A/g. This result is in tandem with the report of Shukla
[38], Liang et al. [39], Rashmi et al. [40] andMorawietz et al.
[41]. However, as presented in Table 7, it could be seen that as
the amount of Pt catalyst in the electrode increased from20 to
35 wt%, the exchange current density decreases from 2.44 to
2.31 A/cm2. The decrease in exchange current density was a
result of polarization that occurred in the cell owing to ohmic
losses during MEA fabrication. This occurrence of ohmic
losses may be due to resistance posed by the electrolytes
and the electrodes in fuel cell. The effects of these losses
were mostly pronounced at intermediate current densities of
between 1 and 5 A cm−2 [2].

The increase in the amount of Pt catalyst in the electrode
samples and increase in the Pt catalyst loadings (the amount
of Pt catalyst that actually participated in the electrochemical
reaction) as observed in Table 7 may be explained as fol-
lows. The CNFs provided more space for anchoring of the Pt
nanoparticles due to its high surface area which is considered
a necessity for the good development for the electrode of the
fuel cell. Not only that, the reduction in Pt loading resulted
in decrease in the resistance of the passage of electrons in the
electrode and at the same time increase in the electrochemi-
cal active surface area (ECSA). This in turn allows for influx
of oxygen through the membrane film to the catalyst site.
At the site, the oxygen eventually reacted with the incom-
ing hydrogen to form water as one of the by-products. Also,
water management of the membrane was improved thereby
increasing the efficiency of the electrode yielding high per-
formance. The result of Pt catalyst loading from this research

123

Author's personal copy



Arabian Journal for Science and Engineering (2020) 45:7329–7346 7345

Table 8 Pt loadings of reference catalyst

Electrocatalyst
type

Pt loading
(mgpt/cm2)

Open-circuit
voltage (V)

References

Pt–C 0.1 0.95 [42]

Pt–CNT 0.06 0.90 [43]

Pt–Ti 0.038 0.89 [44]

Pt–AuC 0.04 0.946 [45]

Pt–SiC 0.2 0.90 [46]

Pt–xerogel 0.4 0.964 [5]

Pt–C 0.05 0.90 [41]

Pt–C 0.2 0.80 [47]

Pt–CNFs 0.004 0.934 This study

showed an improvement compared to other catalyst support
materials as presented in Table 8.

3 Conclusions

CNFs/Pt catalyst was successfully synthesized from precur-
sor solution of K2PtCl4, Fe-Co/kaolin by combination of
chemical vapour deposition and wet impregnation method.
The variation of dosage of CNFs and deposition time influ-
enced the stability, microstructures, crystalline and oxidation
states of Pt on the surface of CNFs. The particle size, shapes
and morphology of the catalyst were affected by the mass
of CNF (0.25 g and 0.3 g) used and, however, independent
of the stirring times between 150 and 180 min. The catalyst
was stable to a temperature of about 500 °C and 550 °C and
can withstand the working temperature of a low-temperature
PEM fuel cell. The XPS analysis revealed that the synthe-
sized catalyst was of two chemical states at binding energies
of between 71.125 and 77.5 eV, an indication that the cata-
lyst exists as compound. The electrochemical measurement
of the catalyst by cyclic voltammetry revealed that the cata-
lyst developed supported both ORR andHOR in the fuel cell.
Performance evaluation of the fuel cell using the MEA fab-
ricated from the electrode showed that the Pt loading of the
developed electrode from this research showed an improve-
ment compared to other catalyst support materials.
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