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1. INTRODUCTION

As an electrochemical device that converts chemical energy from hydrogen and oxygen
directly into electrical energy, proton exchange membrane fuel cell (PEMFC), which shows high
energy conversion efficiency, environmentally friendly and produces only water (no hazardous gases,
such as NOy, SOx and CO), has become an preferred clean and efficient power generation technology
widely used in the world.[1-3] Currently, Pt/C catalysts are the most commonly used catalyst species
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for PEMFCs due to their high catalytic activity and stability.[4, 5] However, the lack of Pt resources
and high cost has become a major problem which affects its further application. Therefore, the
development of new catalysts with low Pt loading and high catalytic performance is particularly
important.

The performance of PEMFC is limited by the kinetics of membrane electrode assembly (MEA)
(the hydrogen oxidation and oxygen reduction), and the reaction rate of catalysts has played a decisive
role during the reaction in fuel cells.[6] In the previous work, researchers found that the main reason of
catalyst efficiency loss in the PEMFC is due to the low kinetics process of the oxygen reduction
reaction at working temperature (-30~100°C). [7 8] Moreover, the reaction rate ofythe oxygen

cused on the low Pt loading range
FC is usually up to 400pug/cm?,
which is a large difference in the oxygen reductioniest herefore, the traditional RDE test

fuel cell cathode catalyst by RDE
The electrochemical agti

lower the measured electrode potential. Lin et al. found that the peak potential of
hydrogen adSerption/desorption would appear a significant shift if the reaction of
adsorption/desorption processes of H* in the Pt surface become very slow (or shortage).[14] This
means that the peak potential shift of hydrogen adsorption/desorption can be observed in the CV curve
(which is clearly observed in our laboratory) if hydrogen diffusion is restricted in high Pt loading
electrode. Therefore, under the influence of mass transfer, it is important to reexamine the
electrochemical performance of Pt/C catalysts with different Pt/C loading.

In this paper, the oxygen reduction performance of a series of Pt/C catalysts with Pt/C loading
from 12ug/cm? to 400pg/cm? was investigated by using cyclic voltammetry (CV) and linear scan




Int. J. Electrochem. Sci., Vol. 12, 2017 4632

voltammetry (LSV). The main goal of this work is to study the effect of Pt loading on oxygen
reduction activity at different stages, to explain the decrease of ECSA in the case of high Pt loading.
Moreover, we propose a method to calculate the content of effective Pt loading under the condition of
high Pt loading (>100pg/cm?, or electrode thickness >2.17um).

2. EXPERIMENTAL AND CHARACTERIZATION

2.1 Preparation of the Electrode

Twelve electrodes with different Pt load
catalysts (TKK Corporation, Japan) with

5. The Pt loading of electrodes were
ihy? 40pg/cm? (thickness 0.87um), 60pg/cm?
. 100pg/cm? (thickness 2.17um), 150pg/cm?
, 250pg/cm? (thickness 5.12um), 300pg/cm?
) and 400pg/cm? (thickness: 8.67um) respectively.

2.2 Cyclic voltammetry (CV) analysis of the Pt/C catalyst

Before the experiment, the electrolyte was bubbled with 99.999% high-purity N> for 30
minutes to exclude O,. And then, the electrodes were scanned for 80 cycles at a high scan rate
(100mV/s) to remove the impurities on the electrode surface. The experimental voltage range is set to
0~1.2V (vs. RHE). According to the measured CV curve (Hydrogen adsorption peak area), the ECSA
can be calculated using Equation 1:
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ECSA=— > (1)
2.1xV xM
V is the scan rate (V/s), ECSA is the electrochemical active area (m?/ger), S is the integral area

between the current and voltage in the hydrogen adsorption area (mA+V), M is the Pt loading (mg).

2.3 Linear scan voltammetry (LSV) analysis of the Pt/C catalyst

Similar to the CV test, the electrolyte was bubbled with 99.999% high-purity Q» for 30min to
achieve oxygen saturation. The experimental voltage range is set to 0~1.2V (vs. RHENand the scan
rate is SmV/s.

In this paper, the reaction current at 0.9V is divided by the true surfac
of the Pt to obtain the specific activity (SA). The reaction current at 0.9V 4s di
of the Pt to obtain the mass activity (MA). The SA is calculated using E

e actual mass

I0.9V

Ao )
ECSAX Pt uging
The MA is calculated using Equation 3:
MA= _losv 3)
Pt

Loading

lo.ov is the reaction current in the LSV ¢
catalyst electrode (mg).

), Ptioading is the Pt loading of the

3. RESULTS AND DISCUSSION
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Figure 1. (a) The CV curves of a series of Pt/C catalyst electrodes with the same I/C ratio and different
Pt loading; (b) Relationship between ECSA and Pt loading of Pt/C catalyst electrodes with the
same |I/C ratio and different Pt loadings. The testing condition was in 0.1M HCIO4 solution

under nitrogen atmosphere, the voltage range was set to 0~1.2V (vs. RHE), scan rate was set to
50mV/s.
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Figurela shows the CV curves of Pt/C catalyst electrodes with the same 1/C ratio and different
Pt loading. The hydrogen adsorption/desorption peak is at about 0.2V, which is consistent with
previous literature.[15] The hydrogen adsorption/desorption peak area (or total active area) is gradually
increased with the increasing Pt loading (or thickness). According to the hydrogen
absorption/desorption peak (potential: 0.05~0.4V vs.RHE) of the CV curves, the ECSA of Pt/C catalyst
electrodes can be calculated by the eRec software and Equation 1. In our calculation, all Pt loadings in
the electrode were considered to be electrochemically active. The results showed that the ECSA of Pt
loadings (from 12pg/cm? to 400ug/cm?) were 85.89m?/g (12ug/cm?), 82.24m?g (20pg/cm?),
82.08m?%/g (40pg/cm?), 84.52m?/g (60pg/cm?), 84.08m?/g (80ug/cm?), 81.55m?/g N100ug/cm?),
79.05m?/g (150pg/cm?), 72.81m?/g (200ug/cm?), 71.90m?%/g (250ug/cm?), 6

significant hydrogen adsorption/desorption peaks with longitudinal his resplt indicated
that the adsorption/desorption process of hydrogen on the electro sible, and there is
no mass transfer. Theoretically, under the same testing conditions, the E Pt/C catalysts with the

CSA is about 85m?/g
articles which gave range
t experience mass transfer

ed in this experiment (50mV/s) was very slow.
electrode thickness was due to the incomplete H-

Hy+e f Hy 4)
ydrogen ion adsorbed on the electrode surface, H_, is hydrogen atom adsorbed on the

electrode surface.

When the electrode thickness is very thin (low Pt loading), there is no mass transfer limitation

for H" and electron-transfer reaction, the reaction shown in Equation 4 is very rapid and reversible.

That is, the peak potential of adsorption/desorption is independent of the H* transfer rate (or the scan

rate) in solution. So the peak potential of adsorption/desorption (Ep,iow) does not shift. The peak current
(Ir,10w) can be calculated by Equation 5:

n*FvAT"

| = 5
P,low 4RT ( )
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Where n is the stoichiometric number of electrons involved in the electrode reaction, F is the
Faraday constant, A, is the real surface area, I'* is the moles of adsorbed hydrogen atoms per unit Pt
surface area, R and T are the gas constant and temperature, respectively. In the case of thin electrode
thickness, same as low Pt loading, Ar is equal to the total surface area (A) in catalysts, and Ip 0w and Ar
show a linear relationship. Therefore, ECSA values remain unchanged.

When the electrode thickness increased with the increasing Pt loading, the H™ is difficult to
transfer between the electrode surface and solution due to the shortage of H* inside the electrode, the
electrical conversion reaction represented by Equation 4 significantly slowed down got partially
reversible. So the peak potential of adsorption/desorption is related to the H* transfer rate(or the scan
rate) in solution. When the scan rate is constant, the H* transfer rate caused by iCkpess will

increase the mass transfer resistance. Thus the peak potential of adsorpti will
shift. The peak current (Ip nign) can be calculated by Equation 6:
nan,F2VAT"

— a A (6)

PAigh T 9 718RT

oading (C) by Equation 8:

— real _ Shigh _ ECSAhigh (8)
toign 2.1xV xECSA,,, x Ptyign ECSA,.,

resti he thickness of MEA which the Pt loading is 400ug/cm? in the fuel cell is

norma and the’ ECSA values for MEA in the fuel cell are around 60m?/g, which is in

values obtained the catalyst of Pt loading greater than 250ug/cm? (or electrode

thicknes m) as measured by a rotating disk electrode system.

Figure 2a showed the LSV curves of Pt/C catalyst electrodes with the same I/C ratio and
different Pt loading. The limiting current obtained in the experiment fluctuates in the range of
1.0~1.2mA, and did not change with the Pt loading and electrode thickness. The half-wave potential
increased with the increasing Pt loading. The current at 0.9V showed a positive correlation with the Pt
loading. That is, with the increase of Pt loading, the current at 0.9V also increased. MA (see Figure 3a
and Table 1) and SA (see Figure 3b and Table 1) were calculated by current at 0.9V, which were used
to evaluate the oxygen reduction activity of the catalyst.
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Figure 2. (a) The LSV curves of a series of Pt/C getrodes Wwith the same I/C ratio and
different Pt loading; (b) Relationship bety 9V and Pt loading of Pt/C catalyst
electrodes.
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Figure 3. Relationship between MA and Pt loading of Pt/C catalyst electrodes (a) and SA and Pt
loading of Pt/C catalyst electrodes (b).
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Table 1. ECSA, current, MA, SA and limiting current of a series of Pt/C catalyst electrodes with the
same |I/C ratio and different Pt loading.

Pt loading Pt mass ECSA Limited lo.ov MA SA
pg/cm? g m2/gpt Current mA Almgp:  pA/cm?y
mA
12 2.4 85.89 1.00 0.183 0.0763 88.776
20 4 82.24 1.00 0.254 0.0635 77.213
40 8 82.08 1.07 0.472 0.0590 71,881

60 12 84.52 1.05 0.624 0.0520
80 16 84.08 1.12 0.718 0.0449
100 20 81.55 1.06 0.748
150 30 79.05 1.15 0.890
200 40 72.81 1.15 0.910

250 50 77.90 1.12 0.946
300 60 61.31 1.21 0.987
350 70 61.90 1.19 1.00
400 80 52.36 1.20 1.000

Blizanac et al. announced that MA in their ex Was about 0.03A/mge; at
0.9V.[24]While Huiyuan Zhu et al. reported that g t/C catalysts was 0.035 A/mgpt and
SA was 0.068 mA/cm? at 557mV (vs. Ag/Ad 2ctively.[25]However, there were still some
literatures claimed higher value of MA anduS# he kinetics current at 0.9V,which is

calculated from the current at 0.9V b s been proved that the kinetics current at
0.9V would be more accurate at ve ‘ in@8 (<<100png/cm?),accounting for why we did not
choose the current. [29-30] Acco jo 0fMA to Pt loading and ratio of SA to Pt loading, it
was clear to see that the M d with the increase of Pt loading, which proved that
the catalyst loading woul pact on its activity. With the increase of the catalyst Pt
loading, the internal ancé of the catalyst increased, which further affected the active

area of the catalys

, the electrochemical performance of Pt/C catalyst electrodes with the same I/C
oadings were measured by the RDE system. We got the following conclusions:

(1) When the Pt loading (or thickness) is small enough (<100pg/cm? or <2.17um), the
measured ECSA was equal to the inherent value;

(2) In the high Pt loading electrode, the mass transfer was restricted as well as ohm potential
drop in the solution, which resulted in the measured electrode potential shifting significantly.
Moreover, the measured ECSA was lower than the inherent value;
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(3) The concept of effective Pt loading in high Pt loading electrode (>100ug/cm?, or electrode
thickness >2.17um) was proposed and could be defined as the ratio of ECSA for high to low Pt
loading.
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