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Abstract: Proton exchange membrane fuel cells (PEMFCs) are highly efficient and non-polluting electrical power generators based on
two electrochemical reactions. Therefore, PEMFCs are considered to be alternative electricity sources for electric vehicles, portable appli-

cations and stationary power systems due to their high power density and eco-friendly environment. However, PEMFCs are associated
with many problems for their commercialization such as the high price of electrode catalyst and the slow rate of oxygen reduction reaction
(ORR). In this study, two different reducing agents NaBH,; and HCHO were used in the synthesis of carbon supported Pt-Fe catalysts (Pt-
Fe/C-HCHO and Pt-Fe/C-NaBH,). Both catalysts were characterized using x-ray diffraction (XRD), transmission electron microscopy
(TEM) and cyclic voltametry in the range 0.05 -1.2 V' vs. SHE. It was observed that reducing agent HCHO is more effective than NaBH,. In
order to reduce amount of platinum, the 20% Pt-Fe/C catalyst was prepared by using Fe. The catalysts were heat treated up to 600 °C for
improve the activity and stability. It was found that a temperature of 500 °C yielded the best catalyst morphology and ORR activity at 0.9

V.
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1. INTRODUCTION

To solve the problem of energy and environment in the future,
the research on renewable energy is being carried out in many
fields such as solar, wind, water energy etc [1]. Among those, the
fuel cell which uses hydrogen energy is very interesting. It has
been studied actively as a future power device. Proton exchange
membrane fuel cells (PEMFCs) are efficient and non-polluting
electrical power generators based on two electrochemical reac-
tions; one is the oxidation of hydrogen occurring at cathode and
other is the reduction of oxygen at the anode. These have many
benefits such as high current density and are available at low tem-
perature (100°C) better than the other fuel cells. Consequently,
PEMFCs are considered to be alternative electricity sources for
electric vehicles, portable applications and stationary power sys-
tems [2-6]. But the expenditure on rare metals such as Pt in
PEMFCs is one of the most important barriers to the commerciali-
zation of fuel cells. The state-of-art PEMFCs use an expensive
carbon supported platinum catalyst which is very expensive. In
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addition, the slow reaction of the oxygen reduction reaction (ORR)
leads to a higher potential at the cathode. Therefore, the study of
the cathode catalyst with high catalytic activity for the ORR and
decreased amount of Pt must be needed for the commercialization
of PEMFCs [7-14]. To solve this problem, researchers proposed
many methods such as Pt-alloy method, non-Pt catalyst and the
crystallization structure of Pt controlled method [15-17]. In par-
ticular, according to the results of a recent study, it was found that
transition metals such as Ni, Fe and Co are good candidates for
forming an alloy with Pt. Also, the other metals such as Ta, W and
Zr have investigated the capability of non-Pt catalyst. These metals
have some catalytic activity for the ORR and are stable in acid
state, although it is still not sufficient when compared to Pt. Addi-
tionally, Ti oxide catalyst were studied for their catalytic activity.
Although the catalytic activity of Ti oxide catalyst was low, Ti
oxide is value being studied as a non-Pt catalyst for the PEMFC
because of plentiful natural resources and supports the electro-
chemical reaction [18,19].

This study was conducted to investigate the feasibility of pro-
ducing a commercial PEMFC while reducing the use of the cata-
lyst made of Pt, which is expensive, and Pt-Fe alloy cathode cata-
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Figure 1. Schematic flow chart used for the prepared process of
20% Pt-Fe/C catalyst by chemical reduction method.

lyst was proposed as an alternative. In order to produce PEMFC
catalyst with high catalytic activity, the most appropriate reducing
agent for the study was selected through an experiment. Also, the
amount of Pt used was reduced by substituting it with Fe. The cata-
lytic activities for the ORR of 20% Pt-Fe/C alloy catalysts were
evaluated using electrochemical measurements. Finally, the particle
size and degree of crystallization of the Pt-Fe alloy catalyst were
adjusted through heat treatment at a low temperature. The prepared
catalysts were characterized by transmission electronic microscopy
(TEM) and X-ray diffraction (XRD).

2. EXPERIMENTAL

2.1. Preparation of 20% Pt/C catalysts

The 20% Pt/C catalysts were synthesized by a chemical reduc-
tion method. Fig. 1 shows the schematic flow chart of preparation
of catalyst using this method. First of all, we prepared pre-
treatment high surface area carbon (Vulcan XC-72R (Cobot. Co.))
as a Pt supporting material. Further it was stirred in 60% HNO; for
5 hrs at 70 °C and the obtained carbon was filtered, washed with
distilled water and dried for overnight at 80 °C in an electrical
oven. The 0.4 g of carbon which finished pre-treatment was dis-
persed in 100 ml of distilled water with ultrasonic treatment for 40
min with ultrasound treatment. Later for synthesis of 20% Pt/C
particles metal salt H,PtCls (Kojima Co., 99%) was added to the
pretreated carbon in the weight ratio of 1:4. And the above solution
was added to 1g of NaOH. It stirred vigorously for 2hr at 80°C. To
investigate the effects of different reducing agents, we used the

reducing agent NaBH, or HCHO. For this purpose 50 mL of each
NaBH or HCHO were added separately to above solutions and
stirred for 1 hr at 80 °C. Finally, these were filtered, washed with
distilled water and acetone. Thus prepared catalysts were dried for
overnight at 80 °C in an electrical oven. To compare to commercial
catalyst, we used 20wt% Pt/C catalyst which made by E-TECK.
Co., Ltd.

2.2. The synthesis of Pt-Fe alloy catalyst by adding
Fe in 20% Pt/C catalysts

During preparing 20% Pt/C catalyst, we added Fe to the prepared
20% Pt/C catalyst instead of decreasing amount of Pt. At this time,
the amount of carbon was fixed. The source of Fe in this experi-
ment was iron (II) chloride and the purity of the reagent was 99%.
The compositions of the 20% Pt-Fe/C catalyst used are detailed
below:

1) 20% Pto'gFeo'z/C
2) 20% Pto'ﬁFe()A/C
3) 20% Pto'4Feo'6/C

2.3. Electrochemical measurements

In order to evaluate electrochemical measurements, the three-
electrode cell system was carried out under N, and O, at room tem-
perature in a 1M H,SOy, electrolyte. The Ag/AgCl electrode and Pt
wire used as the reference and counter electrodes. The working
electrode was prepared. The 0.025 g of prepared 20% Pt-Fe/C cata-
lyst was used. It was added into a nafion solution (DuPont Co.,
Type: SE-5012), which contained water and nafion in 9:1 mass
ratio. After ultrasound treatment for 30 min, coating of the catalyst
was done on a glassy carbon disk electrode. The catalyst coated
glassy carbon disk electrode was then subjected for heat treatment
at 120 °C for 1 hr. The electrochemical stability was evaluated by
cyclic voltammetry under N,. The summary of cyclic voltammetry
ambiance is summarized in Table 1. It was measured in the range
from 0.05 to 1.2V (versus SHE) and scan rate was 30mV/sec. The
ORR current was obtained by the difference in the cathodic sweep
current of the cyclic voltammograms in N, and O,. And the steady
potentials were measured in the range from 0.9 to 0.6V for 5 min,
respectively.

2.4. Heat treatment of prepared 20% Pt-Fe/C cata-
lyst

In attempt to control for the particle size and degree of crystalli-
zation of prepared 20% Pt-Fe/C catalyst, it were heat treated at 300,
400, 500 and 600°C for 1 hr in an electrical furnace under an inert
atmosphere of Ar gas which was supplied at flow rate of
200mL/min. The temperature was raised at a rate of 4°C/min. After
the heat treatment, we took out 20% Pt-Fe/C catalyst and preserved
it at room temperature.

Table 1. The summary of cyclic voltammetry atmosphere

The range of electro potential 0.05-1.5 V vs. SHE
30 mA / sec

1 M, H,SO,

The rate of searching

At atmosphere
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Figure 2. Current density of the oxygen reduction reaction (iggg)
for the prepared 20% Pt/C using different reducing agents and
commercial 20% Pt/C catalysts at room temperature with 1M sul-
furic acid.

Figure 3. TEM images for (a) reducing agent: NaBHy, (b) reducing
agent: HCHO.
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Figure 4. XRD patterns for the prepared 20% Pt-Fe/C using differ-
ent reducing agents (a) reducing agent : NaBHy,, (b) reducing agent
: HCHO.

2.5. Physical characterization

The Physical properties of catalysts were characterized by TEM.
The samples for the TEM analysis were prepared by dispersing in
ethanol with ultrasound treatment for 10 min. To investigate degree
of crystallization of 20% Pt-Fe/C catalysts, XRD analysis was also
conducted at rate of 2°/min.

3. RESULT AND DISCUSSION

3.1. Analysis of prepared Pt/C depend on different
reducing agents

We prepared 20% Pt/C catalyst by using different reducing
agents e.g. NaBH,and HCHO. Fig. 2 shows the ORR current of
prepared 20% Pt/C at room temperature using the difference reduc-
ing agents. On-set potential was measured at 0.8 - 0.1 V. The ORR
current was irregularly appeared below 0.6 V because ORR can be
affected catalytic activity as well as the movement of reactant by
stirring in this part. Therefore, it was reasonable to evaluate the
catalytic activity at high voltage. According to the graphs, we can
see that prepared 20% Pt/C catalyst has highly ORR rate using
HCHO. In particular, the current density of 20% Pt/C catalyst using
HCHO was higher 0.04 than 20% Pt/C catalyst using NaBH,at
0.8V. The results were concluded on the basis of distribution rate
of Pt particles. To confirm distribution rate, TEM and XRD were
carried out. Figs. 3 (a) and (b) show the TEM images of as pre-
pared 20% Pt/C catalyst using NaBH, and HCHO reducing agents.
In case of using NaBHy, Fig. 3 (a) reveals the surface morphology
on which Pt particles were distributed heterogeneously and the
average crystallite size was found as 10 nm. On the other hand, Fig.
3 (b) shows that Pt particles were almost distributed homogene-
ously on the substrate surface. The average crystallite size was
found as 3 nm. The distribution rate was differenced as reducing
agents. The most of the Pt particles are combined when using
NaBH,. And the activity sites were markedly reduced. In order to
investigate degree of crystallization of 20% Pt/C catalysts, XRD
was used at rate of 2°/min with Cu-Ka. Corresponding patterns are
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Figure 5. Eogg at -0.025 mA and iggg at 0.9 V for the prepared
20% Pt-Fe/C catalysts with different reducing agents and Fe con-
centrations.
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Figure 6. Current density of the oxygen reduction reaction (iggr)
for the prepared 20% PtygFe,,/C using different reducing agents
and commercial 20% Pt/C catalysts at room temperature with 1M
sulfuric acid.

shown in Fig. 4. For pattern (a) near the peak at 25°the carbon is
indicated as used substrate and the peaks at 39.7°, 46.2°, 67.4°,
81.2°are indicated as Pt. When using NaBH, (Fig. 4 (b)), the peak
was sharper and containing larger intensity than using HCHO (Fig.
4 (a)). The sharp and large intensity peaks mean having a larger
particle size and degree of crystallization. In conclusion, the HCHO
as a reducing agent was a found to be most optimal.

3.2. The electrochemical activity of the prepared
20% Pt-Fe catalysts
Under the condition of using NaBH, or HCHO, we examined the
effect of addition of Fe instead of decreasing the amount of Pt. We
performed seven different cases. Fe was added in the range of
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Figure 7. Cyclic voltammograms of the prepared 20% Pty gFe,/C
using different reducing agents and commercial 20% Pt/C catalysts
at room temperature in the presence of N, with 1M sulfuric acid
electrolyte.

0.2~0.6% of the amount of Pt, respectively. Fig. 5 shows the cata-
lytic activity of the 20% Pt-Fe/C catalyst produced in the experi-
ment and the commercial Pt/C catalyst purchased from E-TECK.
Co., Ltd. Fig. 5 summarizes the current measured at 0.9V and the
voltage measured at 0.025mA. The black rectangle and the right
axis represent the electric current at 0.9V and the white circle and
the left axis represent the on set potential obtained at 0.025mA. The
impact of Fe can be found by measuring the ORR (iorg at 0.9 V)
and on-set potential (Eogr at 0.025 mA). They demonstrate differ-
ent effects depending on the amount Fe. The ORR of 20%
Pty sFe,/C catalyst shows best result among the entire composition
ratio using HCHO. While for using HCHO maximum iogg at 0.9 V
was found 0.0548 mA and Eorr was the 0.9442 V at 0.025 mA.
When using NaBH,, maximum iorr of 20% PtygFeq,/C catalyst
was found as 0.0508 mA at 0.9 V and Eqrg was 0.9340 V at 0.025
mA. They were higher than catalytic activity of commercial cata-
lyst despite of decreasing amount of Pt. Meanwhile, the activity of
Pty4Feo¢/C catalyst was lowest regardless of the reducing agents.
Fig. 6 shows the actually ORR current of prepared 20% Pt,gFe,/C
and commercial catalysts were evaluated at room temperature. As
per nature of graphs, we can see that in spite of the reduction in
amount of platinum of synthesized 20% Pt,sFe,,/C using HCHO
as reducing agent, ORR current in this case and the commercial
20% Pt/C catalysts are almost the same. When adding Fe in 20%
Pt/C catalyst, some of the Pt particles were substituted by the Fe.
The 20% Pt/C catalyst adding Fe has changed with a substitution
solid solution of Pt-Fe alloy.

The cyclic voltammograms of commercial 20% Pt/C and pre-
pared 20% Pt-Fe/C catalyst are shown in Fig. 7. In the beginning,
the cathode current was appeared due to the adsorption of hydro-
gen. And anodic current was appeared due to the oxidation of ad-
sorbed hydrogen in the range of 0.05 — 0.3 V successively. Since
the activity site of Pt was decreased by assembling Pt particles,
anodic current is not observed using NaBH,. The anodic sweep (0.4
— 0.7 V) was an electrical double layer which was responsible for
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Figure 8. Variation of cathode current with variation in steady
potentials (V vs. SHE) during 5 min for the prepared 20% Pt-Fe/C
under 1 M sulfuric acid in O, using different reducing agents; (a)
NaBH,4 and (b) HCHO.

the flow of charging current. Above 0.7 V, the reactions by the
oxidation of H,O on the Pt surface which gave an anodic current
have been written as follows:

Pt+H,0 — Pt-OH + H + ¢’ (1)
Pt-OH — Pt-O + H +¢” 2)
Pt-O — PtO (3)
P-O+H,0 - PtO,+H + ¢ @

Table 2. . The EAS results of prepared and commercial catalysts

Also, Pt electrochemical active surface area (EAS) was measured
during potential cycling test. The EAS results are shown in Table 2.

EAS=Qu/ [Pt] x 0.21 (5)

The columbic charge for hydrogen desorption (Qy) was used to
calculate from 0.05 to 0.4V at 30mV/sec. where [Pt] represents the
platinum loading (mg/cm?), Qi the charge for hydrogen desorption
(mC/em?®), 0.21 represents the charge required to oxidize a
monolayer of H, on bright Pt. An EAS level was related to catalytic
activity because a high EAS level has many activity sites [20,21].
The EAS of prepared 20% PtogFeo,/C catalyst with HCHO and
commercial 20% Pt/C catalyst are 45.841 and 46.7855 cm*/mg,
respectively. They are almost the same. The activity of 20% Pt-
Fe/C catalyst with NaBH, was lowest as a 27.6679 cm*/mg.

Further, we also performed the experiment on steady potential in
oxygen atmosphere at 0.9, 0.8, 0.7, 0.6 V, respectively for 5 min.
The results obtained are shown by the Fig. 8 (a) and (b). Fig. 8 (a)
exhibits variations in cathode current with time at different steady
potentials when NaBH, was used as a reducing agent. All four
catalysts gave results of similar nature. However, the prepared
PtysFe,/C catalyst gave maximum cathode current (0.06555 mA)
at steady potential 0.9 V. On the other hand, Fig. 8 (b) presents the
variations in cathode current with time at different steady potentials
with the use of HCHO. The prepared 20% Pt sFe,,/C catalyst gave
maximum value of current (0.07617 mA). Also these results show
consistency with previous results depicted. Therefore, it is notewor-
thy that the types of reducing agent and concentrations of Fe-ion
had a lucid influence on the catalytic activity for ORR.

Jahn and Teller proposed [22-24] that the Pt-Pt nearest-neighbor
distance and the particle size of Pt are the main factor affecting the
catalytic activity for ORR. If the particle size of Pt was large by
assembling Pt particle, ORR would become low because of de-
creasing a number of activity sites of Pt. On the contrary, if the
particle size of Pt was too small, as well ORR would become low
because of another reason that decreasing an EAS of Pt. In our
experimental, when Fe-ion was added to the catalyst of Pt, it con-
trolled the size of particle upholding properly the Pt-Pt nearest-
neighbor distance which results the optimal particle size of Pt for
highly ORR.

3.3. The effects of heat treatment on ORR
Experiments were carried out for investigating the effect of heat
treatment on  PtogFe(,/C catalyst which has the best catalytic ac-
tivity using HCHO. For this purpose, it was heat treated in an elec-
trical furnace in the presence of oxygen at 400, 500 and 600 °C for
1 hr. After the heat treatment the catalyst was employed for cyclic

EAS: (electrochemical active surface area)

BAS=Qu/ [Pt] x 0.21

Qu: charge for hydrogen desorption (mC/cm?)
[Pt]: represents the platinum loading (mg/cm?)

0.21: represents the charge required to oxidize a monolayer of H, on bright Pt

Catalyst The prepared The prepared The commercial
¥ 20% Pty sF,/C 20% Pty gFo,/C 20% Pt/C
Reducing agent HCHO NaBH,4 HCHO
EAS(cm?/mg) 45.841 27.6679 46.7855
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Figure 9. Variation of cathode current with variation in steady
potentials (V vs. SHE) during 5 min for the 20% Pt-Fe/C as pre-
pared and heat treated at different temperatures under 1M sulfuric
acid in O,.

voltametry at different steady potentials 0.9, 0.8, 0.7, 0.6 V respec-
tively for 5 min and variations in cathode current with time were
recorded. Corresponding data were plotted in Fig 9. These results
show that the catalyst which was heat treated at 500 °C yielded
average cathode current 0.09 mA and best suited for high ORR.
This value is higher than the value obtained by the catalyst without
heat treatment (0.085 mA). As a results, we infer that the heat treat-
ment affects to the catalytic activity for ORR. Particle size and
degree of crystallization by heat treatment can be considered as the
factors affecting ORR of prepared Pt-Fe/C catalyst.

Fig. 10 shows a photograph of the TEM image as prepared with-
out heat treatment (a) and heat treated catalysts at 400 (b), 500 (c),
600°C (d) for 1hr, respectively. All particles of the Pt-Fe/C catalyst
were homogeneously distributed on the substrate surface. But Pt-Fe
particles were formed clusters on heat treatment. The particle size
was almost 1-5 nm before heat treatment of the catalyst (Fig. 10
(a); however the particle size was 2-7 nm after heat treatment at
400°C (Fig. 10 (b)). In case of heat treatment at S00°C, the particle
size was 2-13 nm (Fig. 10 (c)). In addition, when heat treatment
was done at 600°C, the larger particles were observed over 25 nm
(Fig. 10(d)). The lowest activity was observed at 600°C because of
decreasing activity site. The results are consistent with steady po-
tential results. XRD was carried out and pattern is shown in Fig.
11. This pattern reveals that the degree of crystallization was in-
creased by heat treatment. Generally, the EAS was larger in the
catalyst that was crystallized than that in an amorphous state
[25,26]. However, the Pt/C catalyst produced through the chemical
reduction method is in nearly an amorphous state, where no crystal-
lization has occurred. Because the particle size is 2-4nm, the EAS
of Pt is small. Placing this type of Pt/C catalyst under heat treat-
ment at a high temperature will increase the particle size and degree
of crystallization of Pt, which in turn expands the EAS, yet reduces
activity site number. This suggests that there is a negative correla-
tion between the EAS and number of activity site, both of which

12 3 4 8 & T 8 ¥ W
Particis uizs | nm
S ——

I EEREEEEEEL LT
Particls wiee |

EREREEREETEEEEEE]
aiiale sioe { nm

Figure 10. TEM images of 20% Pt-Fe/C (a) as prepared, (b) heat
treatment at 400 °C, (c¢) 500 °C, and (d) 600 °C.
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Figure 11. XRD patterns for the prepared 20% Pty sFe,,/C catalyst
with various heat treatment temperatures at Room temperature,
400 °C, 500 °C, and 600 °C.

determine the activity of Pt catalysts. Thus, there is a need to pro-
duce a Pt-Fe/C with an appropriate particle size and degree of crys-
tallization. In this study, the prepared 20% Pt-Fe/C catalyst was
manufactured when heat treatment was performed at 500°C.

4. CONCLUSION

We prepared 20% Pt-Fe/C alloy catalyst for highly ORR. In the
first step, the experiment was carried out using different reducing
agents NaBH, or HCHO. The prepared Pt/C catalyst using a HCHO
shows that Pt particle were almost distributed homogeneously on
the substrate surface. On the other hand, the prepared catalyst using
a NaBH, reveals the surface morphology on which Pt particles
were distributed heterogeneously and the average crystallite size
was found as 10 nm. The 20% Pt/C catalyst which used HCHO had
highly ORR. In the next step, this analyzed the properties of pre-
pared 20% Pt-Fe/C catalyst adding Fe-ion instead of decreasing
amount of Pt. The prepared 20% PtogFey,/C catalyst obtained
maximum value iorr at 0.9V as 0.0548mA and Eqgyr at 0.025mA as
the 0.9442V better than commercial 20% Pt/C catalyst. Thus EAS
of Pt catalyst was measured during potential cycling test. The EAS
of prepared 20% PtogFeo,/C catalyst using HCHO as 45.841
cm’/mg was almost same the commercial catalyst as 46.7855
cm’/mg despite of reducing amount of Pt. The final step involved
the control of the particle size and degree of crystallization of pre-
pared 20% Pt-Fe/C catalyst by using heat treatment. When heat
treated at 500 °C, it has the best catalytic activity all the prepared
and commercial catalysts by optimizing the particle size and degree
of crystallization.
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