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Impact of Nafion Loading and Anion Adsorption on
the Synthesis of Pt Monolayer Core-Shell Catalysts

Lijun Yang'?, Dustin Banham', Elod Gyenge?, Siyu Ye'"
(1. Bdllard Power Systems, 9000 Glenlyon Parkway, Burnaby, BC, V5] 518 Canada; 2. Department of
Chemical and Biological Engineering, University of British Columbia, 2360 East Mall,Vancouver,
British Columbia, V6T 173, Canada)

Abstract: Carbon supported palladium (Pd) nanoparticles were used as a model core material for the synthesis of platinum (Pt)
monolayer core-shell catalysts using rotating disk electrode method and a copper (Cu) under potential deposition technique. The im-
pact of Nafion on the synthesis process was revealed by electrochemical testing with various Nafion contents. The existence of
Nafion influenced the Cu under potential deposition, galvanic replacement and eventually the oxygen reduction reaction activity of
the core-shell catalyst. However, as long as the Nafion content was less than Swt% in the test film, adding Nafion could help to bind
catalyst onto the surface of electrode while maintaining promising catalytic activity. Unique anion adsorption/desorption peaks were
observed on the surface of Pd in H,SO, solution, which turned out to be an useful indicator to evaluate the impact of Nafion on the

synthesis of the core-shell catalysts.
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Significant progress has been made during the
last 25 years in the research and development of fuel
cells that has enabled the commercialization of fuel
cell electric vehicles and other applications. Howev-
er, further cost reduction is still required to support
wide-spread commercialization of fuel cells. For
polymer electrolyte membrane fuel cells (PEMFCs),
the catalyst remains a major cost factor due to the use
of platinum group metals (PGMs). In order to meet the
commercial requirements of the catalyst for oxygen
reduction reaction (ORR), several strategies™ have
been attempted to increase the utilization of Pt and
the inherent activity per active site for Pt-based cata-
lysts.

Recently, core-shell structured catalysts demon-
strated promising ORR activities, due to their higher
surface area and improved catalytic activity than
commercial Pt/C catalyst. The favorable ORR activi-
ty of core-shell catalysts relates to both electronic and
geometric effects introduced by the core materials to
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the Pt shell™*®. For example, Pt core-shell catalyst us-
ing Ti-Au as core has a mass activity up to 3 A -mg
and an unchanged ORR activity after 10,000 cycles
based on rotating disk electrode (RDE) testing!”. Pt
monolayer (Pty;) catalyst on a PdAu alloy core show-
ed only 8% performance loss after 100,000 cycles be-
tween 0.6 ~ 1 V in MEA testing®.

Besides the choice of core materials, the thick-
ness of the Pt shell and the quality of shell coverage
are also believed to affect both the activity and dura-

[9-10]

bility of core-shell catalysts™'’. A controllable way to
deposit a Pty shell on top of the other metal (or metal
alloy) cores is to use copper under-potential deposition
(Cu UPD) and sequentially galvanic replacement!"’,
Using RDE and electrochemical testing, the synthesis
procedure and the ORR performance of Pty; core-shell
catalysts can be easily investigated to fundamentally
explore the novel Pty core-shell catalysts.

Binder is required in the ink formula to adhere

the catalyst onto the surface of the RDE. Either

*Corresponding author, Tel: 01-604-4124778, E-mail: siyu.ye@ballard.com
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Nafion ionomer or Triton nonionic surfactant can be
used as binder for RDE testing, with Nafion being the
most common binder of the two. However, it has
been recently reported in the literature that strong an
ion binding can occur between Nafion and PGM cata-
lysts!"*51, As the Cu UPD and galvanic replacement
for the core-shell catalyst synthesis are occurring on
the surface of metal cores, it appears likely that the
existence of Nafion in RDE films could impact the
process. In this work, we varied the Nafion loadings
(from Owt% to 30wt%) in the film, in order to ex-
plore the impact of Nafion loading to the synthesis
process and eventually the activity of catalyst. We
chose Pd as the model core since Pt-Pd core-shell
catalysts have already been well studied so that sig-
nificant data are available for comparison. It is clear
that the discussion here can be extended to the other
core materials, which might provide different catalyt-
ic performances.

We discovered unexpected adsorption/desorp-
tion peaks in the HUPD (hydrogen under potential de-
position) region on the surface of polycrystalline Pd
in H,SO, solution (not in HCIO,) when the Nafion
loading was decreased. Therefore, we wanted to un-
derstand if this is a unique phenomenon on Pd relat-
ing to the adsorption of sulfate/bisulfate anions. The
surface electrochemical properties of Pd were also
compared in less adsorptive HCIO, to detect the in-
fluence of anion adsorption in the core-shell catalyst

preparation procedure.

1 Experimental

20wt% Pd nanoparticle supported on Vulcan
carbon (Premetek Co.) was used. These catalyst parti-
cles were mixed with MilliQ ultra-pure water (Milli-
pore) and various amounts of 5.4wt% Nafion Alco-
holic Polymer Dispersion (DuPont), followed by wa-
ter bath ultra-sound sonication for 30 min to get a
well dispersed ink. The ink formula was 3 mg of
20wt% Pd/C catalysts, x pL of 5.4wt% Nafion dis-
persion and (3000-x) WL of H,O. The x was the value
calculated according to the Nafion content in the final
dried film comprised of Nafion and Pd/C catalyst.
The density of 5.4wt% Nafion dispersion was 0.915

g-cm?. In this study, we varied Nafion contents to 0,
5, 10, 15 and 30wt%, thus, the x values were 0, 3.2,
6.8, 10.8 and 26.1, respectively. After sonication, 20
L of the ink slurry was pipetted onto the surface of
glassy carbon rotation disk electrode (RDE) with a
diameter of 5 mm (area: 0.196 ¢cm?). That is, the Pd
loading was 20.4 wg-cm? on RDE. Before every ex-
periment, the RDE was polished by 0.05 pm AlO;
powder, sonication cleaned and raised thoroughly
with ultra-pure H,O to get clean and smooth surface.
To indicate the content of Nafion on RDE, we use a
simplified notation. For example, Pd/C-5Naf denotes
Pd/C catalysts with a finally Swt% Nafion in the film
on RDE.

The electrochemical evaluations and preparations
of Pty -Pd core-shell catalysts were performed in a
three-electrode cell by the control of potentiostat
(Model 263A, Princeton Applied Research). Pd/C
loaded RDE was the working electrode, Pt wire was
the counter electrode, while reversible hydrogen elec-
trode (RHE) was the reference electrode.

Firstly, the cyclic voltammetric (CV) curves of
Pd/C with various Nafion contents were tested in ei-
ther 0.05 mol-L"' H,SO, solution or 0.1 mol-L*' HCIO,
solution with/without adding 0.05 mol-L" K,SO,. The
solutions were purged with N, for at least 30 min be-
fore every test. 20 cycles of CV curves were recorded
with a scan rate of 20 mV +s™. The reported CV curves
in this study were the last cycle from each catalyst.

Secondly, the working electrodes were kept at
0.2 V for 2 min to reduce the surface oxides on Pd
that probably produced during the CV cycles. After
that, each Pd/C with various Nafion contents went
through a Cu UPD followed by a galvanic replace-
ment to obtain Pt monolayer on top of the Pd. The
procedure was as follows: 1) In 0.05 mol-L" H,SO, +
0.05 mol - L' CuSO, solutions, the CV curve of Cu
UPD on Pd/C was taken in the region of 0.35 V ~
0.75 V with the scan rate of 20 mV -s". The purpose
of this CV scan was to roughly determine the poten-
tial of Cu UPD on Pd/C catalysts while avoiding the
possible oxidation of Pd; 2) Linear sweep voltamme-
try was applied on the working electrode from 0.75 V
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with the scan rate of 5 mV -s'. When the potential
reached the value that Cu UPD finished (the position
investigated on Step 1), it was held for 2 min to enable
the Cu UPD being fully processed and Cuy-Pd/C was
obtained; 3) The Cuy-Pd/C was immersed in 0.05
mol-L! H,SO, + 1 mmol - L K,PtCl, solutions for 10

t*" and Cu mono-

min to allow replacement between P
layer, and the open circuit potential (OCP) was recor-
ded during the replacement.

Finally, the as-prepared Pty -Pd/C catalysts with
various Nafion contents were evaluated in both N,
purged and O, saturated 0.1 mol-L* HCIO,. The oxy-
gen reduction reaction (ORR) currents were obtained
from the anodic scan in O, saturated 0.1 mol-L"' HCI1O,,
subtracting the non-Faradic currents obtained in N,
purged solution. For the purpose of comparison, the
CV curves of Pty -Pd/C catalysts in N, purged 0.05

mol- L' H,SO, solution were also recorded.

2 Results and Discussion

The theory and procedure of preparing Pty -Pd
core-shell catalysts through Cu UPD and sequential
galvanic replacement have been described in several
publications!" ", As shown in Figure 1A, the general
process is as follows:

1) Cu UPD on Pd

Cu monolayer on Pd (Cuy-Pd) can be obtained

A

il

Cu under potential deposition (Cu UPD)

B
Nafion

by precisely control of the deposition voltage on Pd
in 0.05 mol-L" H,SO,+ 0.05 mol-L"' CuSO, solutions.
The amount (mol) of deposited Cu can be calculat-
ed from the integrated charge of Cu UPD, according
to Faraday’s Law, n = Q/(zF), n is the mol of Cu de-
posited on Pd; ( is the integrated charge for Cu UPD;
z is the number of electrons involved in the reaction,
which is 2 in this case; F is the Faraday constant,
which is 96485.
2) Galvanic Replacement

Cu monolayer on Cuy-Pd is replaced by Pt in
0.05 mol -L! H,SO, + 1 mmol -L"' K,PtCl, solutions
to form a Pt monolayer on Pd (Pty-Pd), following the
reaction of Pt* + Cu — Pt + Cu?". The driving force
for this replacement reaction is the standard redox
potential difference between Cu?/Cu (0.34 V) and Pt*'/
Pt (1.18 V). The open circuit potential (OCP) of
the working electrode is monitored during replace-
ment in order to get information related to the disso-
lution of Cu and the formation of Pt monolayer.

In this study, Vulcan carbon supported Pd
nanoparticles (mean particle size of 4 + 0.2 nm) were
the core material used to prepare core-shell catalysts.
With or without the addition of Nafion, the surface
environment of Pd particles could be different. As

shown in Figure 1B, if Nafion is added, there might

PtML-Pd

Galvanic replacement

Without Nafion

Fig. 1 A. Schematic process for the preparation of Ptyz-Pd core-shell catalyst by Cu under potential deposition and galvanic re-

placement!™; B. Two possible surface situations of the Pd/C catalyst: with or without Nafion added in the ink
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be a discontinuous Nafion coating either on the Pd

particles or on the carbon support, and the coverage

of Nafion on Pd and/or carbon increases with the

Nafion content. If there is no Nafion, the surface of

poly-crystalline palladium is exposed.

2.1 Impacts of Anion Adsorption and Na-
fion Content on the Surface of Pd/C
Before preparation of core-shell catalysts, the

surface properties of Pd/C without adding Nafion

were evaluated, as shown in Figure 2. Comparing the

CV curves in 0.05 mol -L! H,SO, and 0.1 mol -L"!

HCIO, solutions with/without adding K,SO,, one can

conclude that the existence of SO, /HSO, anions

brings two effects to the surface of Pd: 1) It delayed
the onset of PAO/PdOH formation on Pd, which is
due to the much stronger adsorption strength of

SO/HSO, anion on the surface of Pd compare to

ClO,1. 2) It introduced two pairs of sharp butterfly

shaped peaks in the region of 0.1 ~ 0.3 V. According

to single crystal studies, the SO,*/HSO, anion adsorp-
tion/desorption on the surface of Pd could generate
charge in the range of 0.2 ~ 0.3 V, which overlays
with the HUPD on Pd!"'®. The butterfly shaped peaks
probably relate to both the adsorption/desorption of

SO,Z/HSO, as well as H on the surface of Pd. Never-

theless, these sharp peaks could be useful indicators

Pd/C

S
oo
T

0.4 | i

I
W — 0,05 mol-L H,S0,
~ 0.1 mol-L" HCIO,
‘ —= 0.1 mol-L" HCIO, with 0.05 mol-L" K,SO,
-1.2 : : : : :
0 0.2 0.4 0.6 0.8 1 1.2
Potential/V(vs. RHE)

Current density/(mA-cm2)

Fig. 2 Cyclic voltammetric curves of 20% Pd/C catalyst
without Nafion in N, purged 0.05 mol - L' H,SO, so-
lution, 0.1 mol - L' HCIO, solution and 0.1 mol -L"
HCIO, solution containing 0.05 mol - L K,SO,. The

scan rate was 20 mV-s™.

to investigate the impact of Nafion on the surface
properties of Pd.

The CV curves of Pd/C with various Nafion
contents in 0.1 mol-L"' HCIO, and 0.05 mol-L"' H,SO,
solutions were studied. In 0.1 mol- L' HC1O, solution
(not shown here), the CVs of the catalysts showed
almost no change with Nafion content in the studied
voltage region. Conversely, the CVs in 0.05 mol -L"
H,SO, solution (Figure 3) presented some interesting
characteristics. With the increase of Nafion content
from 0 to 30wt%, there were two major changes:

1) 0.1 ~ 0.3 V: the butterfly shaped peaks gradu-
ally decreased with increasing of Nafion content, ex
cept for Pd/C-5Naf which had similar peaks to Pd/C-
ONaf. According to the hypothesis of adsorption/des-
orption of SO/HSO, on Pd/C, the decrease of the
sharp peaks can be assigned to less contribution from
SO,*/HSO, anion adsorption/desorption charges. Al-
ternatively, Nafion may also adsorb on Pd through its
SOy groups™. When the Nafion loading is high enough,
it may compete with SO, and suppress SO,* adsorp-
tion on Pd in the HUPD region.

2) 0.6 ~ 1 V: the peak areas of Pd-O/Pd-OH for-
mation decreased with increasing Nafion content. In
addition, at 30wt% Nafion, a large anodic voltage
shift could be noticed. It is believed that the addition-
al Nafion adsorption could delay the onset of the oxi-
dation of Pd by H,O™",

In conclusion, the existence of Nafion in Pd/C
catalyst film might influence the strong SO,//HSO,
anion adsorption/desorption and surface oxidation on
Pd. However, when the Nafion content went as low
as Swt%, the impact could be almost eliminated.

2.2 Impact from Nafion Content to the

Preparation of Pty;-Pd Core-Shell

Catalysts

The CV curves on 20wt% Pd/C were investigat-
ed in N, purged 0.05 mol -L"' H,SO, + 0.05 mol -L"!
CuSO, solutions. For clarity, three CVs are presented
in Figure 4. The scan region was set between 0.35 V
~ 0.75 V vs. RHE to avoid interference from HUPD,
Cu bulk deposition and reduction charge from Pd-O/
Pd-OH™, Pd/C-ONaf showed a typical Cu UPD (ca-
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-0.2
- ONaf
/C - 5Naf

- 10Naf

> - 15Naf

/C - 30Naf

Current density/(mA-cm2)
=

0.4 0.6 0.8 1
Potential/V(vs. RHE)

Fig. 3 Cyclic voltammetriccurves of 20% Pd/C with various
Nafion loadings in N, purged 0.05 mol-L" H,SO, so-

lution under a scan rate of 20 mV - s™

thodic scan) and stripping (anodic scan) process. There
were at least six cathodic peaks on polycrystalline Pd,
corresponding to six adsorption steps of Cu adatoms
onto different Pd crystalline planes™?®, As the Nafion
content increased, the Cu UPD peaks in the potential
region of 0.45 V ~ 0.65 V were gradually decreased,
while the peak on ~0.37 V was enlarged. The adsorp-
tion of Nafion on Pd might alter the adsorption
strength of Cu atoms onto Pd and this could change
the shape of Cu UPD peaks. As listed in Figure 4, the
integrated charges of Cu UPD peaks (before bulk Cu
deposition) from the five samples could be grouped

18 | oo mol-L! H,SO, + 0.05 mol-L-! CuSO, —-Pd/C - ONaf
A —Pd/C - 5Naf
—~
< -~ Pd/C - 30Naf
E 12 L d 2)
3
<
E 06|
2z
7] y/
5 2E-15 |
3 )
e
g
=] -0.6 - < // Catalysts Charge of Cu UPD/mC
= 7 Pd/C-ONaf 1.12
© i A PA/C-SNaf 114
-12 + Pd/C-10Naf 0.90
bt y Pd/C-15Naf  0.89
Pd/C-30Naf 091
-1.8 L L 1 L
0.33 0.43 0.53 0.63 0.73 0.83

Potential/V(vs. RHE)

Fig. 4 Cyclic voltammetric curves of 20% Pd/C with 0, 5
and 30wt% Nafion in N, purged 0.05 mol-L" H,SO,
+0.05 mol -L" CuSO, solutions under a scan rate of
20 mV -s'. The integrated charges of Cu UPD on
Pd/C with various Nafion loadings are listed in the

graph.

into two. One group was ONaf and 5Naf, the values
were ~ 1.1 mC and they were close to the value of
one monolayer of Cu on top of Pd (if we took the
charge value of 402 wC-cm™* for a 1:1 Cu to Pd
atom ratio, while using the mean particle size of 4 nm
for Pd nanoparticles to calculate the surface area of
Pd). The other group was 10Naf, 15Naf and 30Naf,
for which the Cu UPD charges were 20% less than
Group one, meaning that there were less Cu atoms
deposited on Pd at these higher Nafion contents.

After the Cu monolayer was obtained on Pd/C,
the electrode with Cuy-Pd/C was immersed into a
0.05 mol -L"!' H,SO, solution containing 1 mmol -L"
K,PtCl,, for the process of galvanic replacement to
form a Pt monolayer on Pd/C. The OCP was recorded
once the electrode was immersed into the solution.
OCP is the mixed potential value from reactions on
the surface of Cu, Pd or Pt, and should gradually in-
crease when Cu was being replaced by Pt on top of
Pd. Therefore, a plot of OCP vs. time can be used as
an in-situ indicator to investigate the impact of
Nafion content on the galvanic replacement. As
shown in Figure 5, the evolution of OCP contained
two phases, one was the rapid increase, and the other
was the slow increase until a stable plateau was
reached. Both of the phases were impacted by Nafion
content. For different Nafion contents, the OCP vs.

time curves could be divided into 2 groups: 1) ONaf

0.9
> 0.8
i
= —0 Naf
207 | ---- 5 Naf
& ---10 Naf
§ -— 15 Naf
g06 + /S 30 Naf
=
L
=9
Q05
¥ ¢ OCP of Cuyy; -Pd/C in 0.05 mol-L-! H,SO, + 1 mmol-L-" K,PtCl,
¢}
f i
0.4 [ L L L L !
0 100 200 300 400 500 600
Time/s

Fig . 5 Plotted curves of open circuit potential (OCP) vs. time
on Cuy-Pd/C with various Nafion loadings in N,
purged 0.05 mol -L"' H,SO, + 1 mmol -L"' K,PtCl,

solution
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and 5Naf, and 2) 15-30 Naf.

Goup 1, ONaf and 5Naf, had fast OCP increase
rate, and the final plateau in OCP reached a higher
value than Group 2. Compared to Group 1, the rate of
OCP increase on 10Naf-30Naf was slower. It took
around 2 min more for the OCP to reach a plateau
that was 15 mV lower than that of Group 1. It is like-
ly that the presence of Nafion on the surface of Pd
hindered both the diffusion of Pt** and the departure
of Cu”, eventually delaying the reaction rate of gal-
vanic replacement. The higher the Nafion content
was, the more the reaction was impacted. Additional-
ly, the final OCP values decreased with increasing
Nafion content, possibly due to the Pt shell quality
(continuous coverage) on Pd being less perfect with
the increase in Nafion content, as the OCP of Pt in
H.SO, was higher than the Pd®],

All of the as-prepared Pty;-Pd/C catalysts were
cleaned with H,O, and their ORR activity was evalu-
ated in either 0.05 mol-L'H,SO, or 0.1 mol-L* HCIO,
solution. During this process, it was observed that
part of the catalysts without Nafion (Pty;-Pd/C-ONaf)
detached from the RDE since there was little affinity
between catalysts and the RDE surface (glassy carbon).
For the purpose of comparison, the CV curve of
Pty-Pd/C -ONaf is still presented with the other cata-
lysts prepared with different Nafion contents. Howev-
er, it is difficult to accurately estimate the Pt mass ac-
tivity of Pty -Pd/C -ONaf for the ORR. We used the
charge of the Cu UPD to calculate the amount of Pt
in the catalyst, although it was clear that a part of the
Ptyr-Pd/C-ONaf catalyst was lost after Cu UPD and
galvanic replacement.

Figure 6 shows the CV curves of the Pty -Pd/C
core-shell catalysts with various Nafion contents in
0.05 mol -L! H,SO, solution. It is obvious that both
the HUPD current and double layer of the Pty -Pd/C
-ONaf were smaller than all the other catalysts, which
provides evidence that some of this catalyst was de
tached from the electrode. According to previous data
(shown in Figures 3 and 4), the Pt,;-Pd/C-ONaf and
Ptyp-Pd/C -5Naf should have quite similar double lay-
er capacitance since the loading of Pd/C, Cu UPD

charges and Pt replacement trend were close between
these two. If we compared the double layer capaci-
tances in Figure 6, at least 44% of Pty -Pd/C-ONaf
had detached from the electrode. For the catalysts
with Nafion addition, the content of Nafion had sev-
eral impacts: 1) The H UPD current and surface oxi-
dation/reduction current on Pty -Pd/C catalysts de-
creased with increasing Nafion content, indicating a
decrease of surface area and/or Pt loading of Pty -Pd/C
with an increase of Nafion content; 2) For Pty -Pd/C
-10Naf and Pty;-Pd/C-15Naf, there was one small
peak at 0.25 V, which sat at the same position as the
butterfly shaped peaks on Pd. This could indicate an
incomplete coverage of Pt on the Pd nanoparticles
meaning that part of the surface of Pd was exposed to
electrolyte, allowing for anion adsorption to take
place on the surface of Pd. Additionally, incomplete
coverage of the Pd would allow for proton absorption
onto the Pd core resulting in a larger charge than ex-
pected in the HUPD region; 3) For Pty -Pd/C -30Naf,
the charges in HUPD region and surface oxides for-
mation region on the catalyst were much smaller than
the samples with other Nafion contents. This might
not only due to the lower Pt coverage on Pd, but also
the influence of Nafion adsorption to the CV behav-
iors at the surfaces of the core-shell catalyst. In con-
clusion, Pty -Pd/C-5Naf showed the best trade-off be-
tween adhesion and active site blocking.

In order to investigate the impacts of anions on

o
o

o
o
T

Pty -Pd/C in 0.05 mol-L"! H,SO,

e 2
SIS
T T

S
)
T

Current density/(mA-cm2)
S
~

-0.6 i ¥

i 30 Naf
-0.8 ! L 1 1 1 L

0 0.2 0.4 0.6 0.8 1
Potential/V(vs. RHE)
Fig. 6 Cyclic voltammetriccurves of prepared Pty -Pd/C with
various Nafion loadings in N, purged 0.05 mol -L"!

H.SO, solution under a scan rate of 20 mV +s™
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the surface properties of Pd/C and Pty -Pd/C catalyst,
the CV curves of Pd/C before and after depositing Pt
monolayer in both 0.05 mol-L" H,SO, and 0.1 mol-L"
HCIO, solutions are compared. The 5wt% Nafion
content sample is presented in Figure 7A and 7B. For
both electrolytes, the Pd/C and Pty-Pd/C showed
quite different HUPD and surface oxides formation
behaviors. This was actually a clear indicator to show
the formation of a Pt monolayer on top of Pd through
this preparation method, as Pd and Pt monolayer have
different surface responses to HUPD and oxidation
with the electrolytes® ™, The distinction between Pd/C
and Pty;-Pd/C was more obvious in 0.05 mol-L"' H,SO,
solution than in 0.1 mol-L"' HCIO, solution. As men-
tioned previously, the butterfly shaped peaks in the
region of 0.1 ~ 0.3 V might relate to the adsorp-
tion/desorption of SO,7/HSO, on Pd. They vanished
after Pt monolayer depositedon the Pd nanoparticle,

since the adsorption/desorption of SO/HSO, were

08 f
0.6 f -
0a | L7
02

0.05 mol-L* H,SO,

02 |
04
06 Fi
0.8 |

1 . | 1 L .
0 0.2 0.4 0.6 0.8 1 1.2
Potential/V(vs. RHE)

Current density/(mA-cm?)

—Pd/C
---- PtML-Pd/C

0.8
0.6
o4 L Il 7
0.2 |

0.1 mol- L HCIO,

02 |
04 L1
06 | X
208 |

—Pd/C

Current density/(mA-cm?)

- PtML-Pd/C

0 0.2 0.4 0.6 0.8 1 1.2
Potential/V(vs. RHE)

Fig. 7 Comparison of CV curves on Pty;-Pd/C-5Naf and

Pd/C-5Naf in N, purged (A) 0.05 mol-L"' H,SO, and

(B) 0.1 mol-L" HCIO, solutions under a scan rate of

20 mV-s’!

reported to be weaker on Pt than on Pd in this particu-
lar voltage region™. Additionally, there was a notable
current increase in the double layer region (0.3 ~ 0.7
V) on Pty -Pd/C compared to Pd/C in 0.05 mol -L"
H,SO.. According to literature!*), SO,*/HSO, started
to adsorb on the surface of Pt around 0.3 V. The ad-
sorption/desorption of SO.*/HSO, on Pt mono- layer
might contribute to this particular increase in charge
in the double layer region.

The ORR polarization curves of Pty;-Pd/C with
various Nafion contents were obtained by subtracting
the CV curves in N, purged 0.1 mol -L"' HCIO, solu-
tions from O, saturated ones. The current readings
were from the anodic sweep. The i, (mass-transport
free kinetic current) is calculated after mass-transport
correction™”:

ll>(l

(M

k= — ;
L -1

where 7, is the diffusion-limited current and the i is
the current read from polarization curves. The i vs.
voltage curves are shown in Figure 8A. Since part of
the Pty -Pd/C-ONaf had detached from the RDE, it is
not surprising that the ORR activity of the catalyst
was lower than the other Pty;-Pd catalysts. Additional-
ly, the Ptyy-Pd/C catalysts with Nafion addition
showed the ORR activities following the sequence of
SNaf > 10Naf >15Naf = 30Naf in the voltage re-
gion of 0.85 ~ 0.95 V vs. RHE. That is, the less
Nafion was added in the original ink, the better ORR
activity was on the Pty-Pd/C catalyst. Calculated
mass activity (kinetic current per Pt loading), as well
as specific activity (kinetic current per Pt surface area)
at 0.9 V (vs. RHE) are used as criteria to evaluate the
ORR activity of the catalysts. For mass activity, the
Cu UPD charge was used to calculate the Pt loading
that couldbe deposited on Pd. As the case of
Ptyp-Pd/C- ONaf, if we assumed 44% of the catalyst
had fallen from the RDE (compare the double layer of
the ONaf and 5Naf ones), the calculated mass activity
should be 0.89 A -mg'y , that was very close to the
reported data without the addition of Nafion®, Along
with the increase of Nafion from 5 to 30wt%, the mass
activity of Pty -Pd/C decreased from 0.83 to 0.55
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Fig. 8 A. ORR current of Pt\;-Pd/C catalysts with various Nafion loadings obtained in O, saturated 0.1 mol-L" HCIO, solution
under a rotation speed of 1600 r-min’, the scan rate was 20 mV -s™; B. Calculated mass activities and specific activities
for ORR at 0.9 V (vs. RHE) on the Pt,;-Pd/C catalysts with various Nafion contents.

A -mg'y. This could be a consequence from Nafion
impacts on both Cu UPD and Pt galvanic replace-
ment of Cu monolayer on the surface of Pd/C
nanoparticles, as we observed before. For specific ac
tivity, the impact of Nafion content on ORR activity
was similar. Ptyz-Pd/C-ONaf had the highest activity
(0.41 mA -cm?,"), Pty -Pd/C-5Naf had slightly lower
value (0.39 mA -cm?y"), while the value gradually
decreased to 0.24 mA -cm?y! for Pty -Pd/C-30Naf.
Since the electrochemical surface area of Pt was cal-
culated from H desorption peak on the final
Pty -Pd/C, the calculated values were reliable for all
the samples including Pty;-Pd/C-ONaf.

Since Pd/C nanoparticles were used as the same
core materials, there were two major factors for de-
termining the ORR activity of Pty;-Pd/C catalysts in
this work: 1) the quality of Pt shell on Pd, that is, the
continuous coverage and the smoothness of the shell;
and 2) total amount of accessible active sites for the
ORR on the surface of catalysts. The presence of
Nafion could impact both the Pt shell quality during
the preparation and the accessibility of surface active
sites of the catalyst as it could be adsorbed on the sur-
face of Pd and Pt, and thus impacted the ORR activi-
ty of Ptyy-Pd/C. As a result, the less Nafion that was
added, the better ORR activity the Pt\;-Pd/C catalysts
possess. Comparing the ORR activity of Pty -Pd/C-
ONaf and Pty -Pd/C-5Naf, the difference was less
than 10%. Thus, as long as the Nafion content was <
Swt% in the film, the properties of the core-shell cat-

alyst was not significantly impacted.

3 Conclusions

For the purpose of preparing Pty -Pd/C core-shell
catalyst on RDE through Cu UPD technique, Nafion-
was used as a binder to prevent the catalyst from de-
taching from the surface of electrode. The impact of
Nafion on the preparation of Pty -Pd/C catalysts was
investigated by varying the Nafion contents from 0 to
30wt%. The presence of Nafion altered the Cu UPD
and galvanic replacement processes, and thus changed
the ORR catalytic activities of the final catalysts. The
Swt% Nafion was found to be ideal, since it was suc-
cessful in binding the catalyst to the glassy carbon
surface, while having minimal impact on the prepara
tion of the core-shell catalysts. However, for a large-
scale preparation and long term development of
core-shell catalysts, Nafion free synthesis methods
should be considered and developed.

The CV curves of Pd/C and Pty;-Pd/C catalysts
were evaluated in both non-adsorptive HC1O, and ad-
sorptive H,SO, solutions to show the impacts of anion
binding on the preparation of core-shell catalysts. The
unique butterfly shaped peaks related to the adsorp-
tion/desorption of SO/HSO4 on Pd and had a clear
response to both the increasing Nafion content and
the formation of a Pt monolayer. It could be a useful
indicator to evaluate the impact of Nafion on the syn-
thesis of core-shell catalysts.

Electrochemical evaluations were applied to re-

veal the impacts of Nafion and anion adsorption on
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the synthesis of Pt-Pd core-shell catalysts. For the fu-
ture work, the focus would be on relating the shell
quality (or Pt coverage) to the catalytic activity of the
core-shell catalysts. For that purpose, several charac-
terization techniques can be used, such as scanning
transmission electron microscopy (STEM), electron
energy loss spectroscopy (EELS) and XRD under
H,/He environment.
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