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ABSTRACT

A facile electrochemical etching approach was developed and implemented to enhance the electrocat-
alytic performance of Pd-Cu films for oxygen reduction reaction (ORR) in alkaline media. The nanoporous
(np) Pd-Cu was synthesized through electrochemical de-alloying of pre-deposited Pd-Cu films. Scanning
electron microscopy (SEM) with energy dispersive spectroscopy was employed to confirm the residual
amount of Cu in the np structure. The accordingly prepared np catalysts showed excellent ORR activity
up to 1.11 A/mgpq at a potential of 0.9 V vs. RHE which is around 22-times and 6.2-times higher than that
of a plain Pd film and commercial Pd/C catalyst, respectively. The ORR activity enhancement is attributed
to the unique porous structure, large Pd surface area, and modified electronic structure of Pd with resid-
ual Cu as confirmed by the SEM, hydrogen underpotential deposition, and CO stripping characterizations.
The np Pd-Cu catalyst also showed excellent durability which is manifested by a negligible decrease in
the half-wave potential (4 mV negative shift) after 10,000 potential cycles in alkaline media. These find-
ings provide insights into the rational design of an electrocatalyst’s structure utilizing an electrochemical

de-alloying method to achieve high atomic utilization and improved catalytic performance.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Fuel cells have attracted a great deal of attention as potential
power sources for automotive and portable devices due to their
high energy density and high conversion efficiency [1-3]. Recently,
alkaline fuel cells have emerged as one of the most promising en-
ergy sources because of their operation in a less corrosive environ-
ment and the relatively faster oxygen reduction reaction (ORR) ki-
netics compared with proton-exchange membrane fuel cells [4-6].
With that said, the ORR kinetics is still generally sluggish in alka-
line media so there is a pressing need for the development of a
new generation of more efficient, low-cost, and durable ORR elec-
trocatalysts [7,8]. To that end, the research effort has been focused
on alloying Pt or Pd with transition metal(s) aimed at overall cost
reduction and altering the electronic structure [8]. Previous studies
have shown that Pd-based electrocatalysts possess a higher activity
and better durability in comparison with commercial Pt/C [9-11].
Among those Pd-based catalysts, the Pd-Cu binary system exhibits
an excellent catalytic performance which has been attributed to an
optimum d-band center position of the alloyed Pd [12,13] and the
sufficient thermodynamic stability of Pd-Cu alloys in alkaline me-
dia [14,15]. These good catalytic properties render the Pd-Cu sys-
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tem a promising candidate for an ORR electrocatalyst in alkaline
media.

Electrochemical methods (electrodeposition and electrochem-
ical de-alloying) have been largely employed in the process of
synthesis and/or modification of electrocatalysts owing to their
flexibility and ease of use. For instance, the Pd-Bi catalysts with
high ORR activity were synthesized by electrodeposition [16]. Elec-
trochemical de-alloying of Pd-Ni nanoparticles was found to im-
prove their catalytic performance [17]. Our work emphasized elec-
trodeposition and subsequent de-alloying for the synthesis of
nanoporous (np) films with tunable composition and structure
aimed at applications in energy conversion [18,19]. Most of the de-
velopment effort for the synthesis of Pd-Cu ORR electrocatalysts
has been focused on the use of nanoparticle systems [14,20]. Re-
cently, Pd-Cu nanostructures developed by galvanic displacement
of Cu layer with Pd were studied as ORR catalysts in alkaline me-
dia [21]. To the best of our knowledge, continuous np Pd-Cu films,
prepared via a co-deposition/de-alloying technique, for ORR stud-
ies in alkaline media has not been reported. Overall, exploring the
np Pd-Cu films as catalysts for ORR in alkaline media is worth-
while because of (i) their high surface that is comparable to that
of nanoparticles [22-24], and (ii) their ability to retain Cu in a con-
trollable manner [15,20,21] during the de-alloying step. The latter
feature could also enable tunability of the Pd electronic structure
and could thus benefit the ORR catalytic activity [25,26].
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In this work, a facile method comprising of electrochemical de-
position and subsequent de-alloying was employed to synthesize
an np Pd-Cu catalyst. Binary Pd-Cu alloy films with different com-
positions were firstly prepared by electrodeposition on glassy car-
bon (GC) electrodes and then tested for ORR activity as the refer-
ence. Scanning electron microscopy with energy dispersive spec-
troscopy (SEM-EDS) was used to confirm the composition of ac-
cordingly prepared Pd-Cu films. Following all that, the Cu was then
selectively etched (de-alloyed) by anodic potential scan between
0.1 V and 1.0 V vs. Cu/Cu?* from the Pd-Cu films with high Cu con-
tent (more than 50% Cu). The accordingly synthesized electrocata-
lysts after de-alloying are denoted as np Pd-Cu. SEM and EDS were
used for morphological and compositional analysis of np Pd-Cu, re-
spectively. The electrochemical characterization methods such as
hydrogen underpotential deposition (Hypp) and CO stripping were
employed to probe the electrochemical surface area (ECSA) and
electronic structure of Pd, respectively. Linear sweep voltammetry
(LSV) and cyclic voltammetry (CV) were employed for ORR activity
and durability tests.

2. Experimental
2.1. Electrode preparation

GC rotating-disk electrodes (RDEs; Pine Instruments) with a 5.0
mm diameter (surface area of 0.196 cm?) were used as work-
ing electrodes (WEs) for electrochemical characterization and mea-
surements. The WEs were first mechanically polished using 1
pum alumina slurry (Buehler) followed by rinsing with Barnstead
Nanopure® water (18.2 M2 cm). Then, the WEs were immersed
in a warm solution containing concentrated HNO3 to remove trace
contaminants followed by another rinsing with Barnstead Nanop-
ure® water. Glassy carbon WEs, subjected to the same preparation
routines and employed for the GC RDE work, were used also as
carriers of electrocatalysts that were being subjected to SEM and
EDS characterizations.

2.2. Pd-Cu film, nanoporous structure fabrication and Pd/C ink
preparation

The Pd-Cu thin film on the GC RDE surface was prepared by
overpotential co-deposition of Pd and Cu in a three-electrode cell
at —0.70V versus a saturated mercury-mercurous sulfate (MSE) ref-
erence electrode (RE). A total deposition charge of 50 mC/cm? was
targeted in all experiments. A Pt wire was used as the counter
electrode (CE) for all the electrochemical experiments. The solu-
tion for Pd-Cu film deposition contained X mM Cu(ClOg4), (Alfa Ae-
sar, 99.999%), Y mM Na,PdCl, (STREM Chemical, 99%), 50 mM HCl
(J.T.Baker, 36.5-38.0%), and 100 mM NaClO4 (GFS Chemicals, 98%).
The composition of the prepared Pd-Cu film was controlled by tun-
ing the X and Y. The details are as follow: X= 0.80 mM, Y= 0.18
mM (PdngCUO‘gz); X= 0.80 mM, Y= 0.80 mM (Pd0.50CUO‘50); X=
0.18 mM, Y= 144 mM (PdgggCugq1). The plain Pd film was pre-
pared under the same condition without adding Cu(ClO4),. After
the deposition, the Pd-Cu film was rinsed thoroughly with Barn-
stead Nanopure® water and then dried gently with ultra-high pu-
rity N. Anodic LSV was used to fabricate nanoporous Pd-Cu by se-
lective removal of Cu from the as-deposited Pd-Cu film. These ex-
periments were carried out in a solution containing 1 mM CuSOy4
(J.T. Baker, 99.8%) and 100 mM HCIO4. A Cu wire was used as
the pseudo-RE, 0.250 V vs standard hydrogen electrode (SHE), in
the de-alloying experiments. The de-alloying protocol was admin-
istered through an anodic potential scan from 0.10 to 1.00 V ver-
sus Cu/Cu®t at a scan rate of 1 mV/s, generating composition-
controlled electrocatalyst films, denoted as the “porous film”. A
PAR model 273 Potentiostat/Galvanostat operated by a PC equipped
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with CorrWare® 3.5h software was used for the overpotential co-
deposition and anodic LSV. The commercial Pd/C catalyst was used
for the ORR test for comparison. The preparation of the Pd/C
nanoparticle ink that is then coated on the testing electrode, in-
volves mixing of 2.0 mg of Pd/C (10 wt%, Sigma-Aldrich) with
0.5 mL of 1-propanol (Sigma-Aldrich), 0.5 mL of Nanopure® wa-
ter (18.2 MQecm), and 40.0 puL of Nafion solution (5 wt%, Sigma-
Aldrich) for at least 30 min under ultrasonication until a uniform
mixture was generated. Then, 27.5 pL of the fresh Pd/C ink (2.0
mg/ml) was dropped on a GC electrode (5 mm in diameter). The
electrode was finally dried at room temperature naturally before
any electrochemical measurement.

2.3. Structure and composition characterization

SEM (Zeiss Supra 55 VP) coupled with in-lens and SE2 detec-
tors, operated at an accelerating voltage from 5 to 15 keV, was em-
ployed for the structural characterization of all porous films using
a working distance between 3 and 6 mm. The elemental composi-
tion of the synthesized Pd-Cu films and np Pd-Cu layers was de-
termined by SEM equipped with the EDS instrument and operated
at an accelerating voltage of 15 kV and a working distance of 8.5
mm.

2.4. Electrochemical characterization

The ECSA of Pd was estimated by CV scanning at 50 mV/s in
a 0.5 M H,S04 (GFS Chemical, redistilled 95—-98%) solution over
the potential range between —0.62 and 0.10 V vs. MSE. We em-
ployed a Pine Instruments model AFCBP Bipontentiostat interfaced
with a PC through Aftermath Data Organizer software. All solutions
were purged using ultrahigh purity N, for at least 30 min before
use. The ECSA of Pd was calculated by integrating the area of Hypp
over the potential range from -0.62V to -0.40V vs. MSE. The equa-
tion, Apg_y upp = Qu upp (1C)/210uC cm~2, was used to calculate
the ECSA of Pd [27]. The carbon monoxide (CO) stripping technique
was used to probe the ECSA of Pd, comparatively with the Hypp
method, and to also probe the electronic structure of Pd. For those
measurements, the as-prepared catalysts were immersed into a so-
lution containing 0.5 M H,SOg4, and then the solution was purged
for 10 min with CO gas while a potential of —0.61 V vs. MSE was
applied. Next, the solution was purged with ultra-high purity N,
for 20 min to eliminate any traces of CO in the solution. Finally, a
CV scan from —0.62 to 0.55 V vs. MSE at 50 mV/s was applied to
strip the adsorbed CO. A second potential cycle was applied after
the first stripping one to ensure the complete CO adlayer removal
from the surface. The CO stripping charge (in 0.5M H,SO4) was
calculated by integrating the area between the 1st and 2nd cycle,
and the following equation was used to calculate the ECSA of Pd:
Apd_co stripping = Qco stripping(1C)/420 C cm~2 [28]. The ECSA of
Pd determined by the CO stripping technique (in 0.5M H,SO4) was
used to calculate the specific activity of prepared electrocatalysts.
The Hypp and CO stripping were also conducted in the alkaline
media (0.1M KOH) for the sake of completeness of the study. The
experimental conditions were similar to the one in an acidic envi-
ronment, only the potential range was adjusted to account for the
pH difference. More specifically, for the Hypp, the CV was scanned
at potential range between —1.35 and -0.25 V vs. MSE; for the CO
stripping, the solution (0.1M KOH) was purged for 10 min with CO
gas first, followed by N, gas purging for another 20 min while a
potential of —1.32 V vs. MSE was applied and then CV scan from
—1.35 to -0.35 V vs. MSE at 50 mV/s was applied to strip the ad-
sorbed CO. A Gamry Interface 1000 Potentiostat/Galvanostat/ZRA
operated by a PC equipped with a Gamry framework was used for
control of the CO stripping test.
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2.5. ORR studies

A PAR model 273 Potentiostat/Galvanostat operated by a PC
equipped with CorrWare® 3.5h software was used for all ORR
tests. The experiments were conducted in a conventional three-
electrode cell with MSE as the RE. The MSE has a potential of 0.65
V vs. SHE. No iR compensation was applied in these experiments
for the sake of the most conservative catalytic performance evalu-
ation. The potential value was converted to RHE as following (Eq.
(0):

E(V, RHE) = E(V vs. MSE) + 0.0592 pH + 0.650 V (1)

The ORR performance was evaluated by the anodic LSV with a
catalyst deposited on the GC-RDE carrier at a scan rate of 10 mV/s
and rotation rate of 1600 rpm in an oxygen (O,) saturated 0.1 M
KOH solution. The kinetic current (j,) was calculated by using the
Koutecky—Levich (K-L) equation (Eq. (2)) [29]:

1/i = 1/jk +1/ja (2)
The number of transferred electrons was calculated by using
the Levich Eq. (3) [29]:

ja = 0.2nF(Doz)**v™"°w!Cop (3)

Here, n is the number of electrons transferred per O,, F is the
Faraday constant (96,485 C/mol), Dq; is the diffusion coefficient of
0, in the electrolyte (1.9 A~ 10-5 cm?2/s), v is the kinetic viscosity
of 0.1 M KOH (0.01 cm?/s), w is the rotation speed in rpm, and
Coy is the concentration of 0, in 0.1 M KOH (1.2 x 10-% mol/cm?)
[30]. An accelerated durability test (ADT) was performed between
0.6 and 1.0 V (vs. RHE) at a scan rate of 100 mV/s for 10,000 cycles.

3. Results and discussion
3.1. Characterization of Pd-Cu Film

The Pd-Cu films with different Pd:Cu contents were synthesized
by electrodeposition at constant potential on a GC substrate, with
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Table 1

Summary of Pd-Cu film composition measured by EDS.
Pd-Cu film (precursor Pd content Cu content
solution ratio) (SEM-EDS) (SEM-EDS)
Pdgg9Cug 11 84.5+2.5 15.54+2.5
Pdg.50Cugs0 50.9+3.0 49.1+£3.0
Pdo.15Cuo g2 16.6+£2.9 83.442.9

a total deposition charge density of 50 mC/cmZ. The morphology of
Pd and Pd-Cu films was characterized by SEM as shown in Fig. 1.
The overall surface is generally smooth, and the layer-continuity
was achieved by the coalescence of an initially nucleated high-
density array of small metallic clusters. Fig. 1B presents the mor-
phology of Pd-Cu with higher Pd content which features a continu-
ous surface similar to the Pd film (Fig. 1A). With the increase of Cu
content in Pd-Cu film, the overall surface morphology still suggests
a layer grown after initial dense nucleation. The bulk composition
of prepared films was determined by SEM-EDS and the results are
summarized in Table 1. The SEM-EDS spectra are presented in SI,
Fig. S1. By comparing the results from the SEM-EDS and the corre-
sponding atomic ratio from each precursor solution, one can con-
clude that the SEM-EDS composition is close to the Pd:Cu solution
ratio. This indicates the composition is generally tunable by con-
trolling the Cu(ClO4), and Na,PdCl, concentrations in the precur-
sor solution. All Pd-Cu films used in this work are labeled by the
precursor solution ratio in the text. Also, the Pd:Cu compositions
that are used for ORR mass activity calculation are estimated using
the SEM-EDS results.

3.2. Cu electrochemical etching and nanoporous Pd-Cu formation

The prepared films (Pdg13Cuggy and Pdg59Cugsg) were electro-
chemically de-alloyed for selective Cu removal. Owing to the reten-
tion of some Cu, the de-alloying leads to the formation of np Pd-Cu
films that are enriched in Pd in comparison with the precursor al-
loys. The SI Fig. S2 shows the Cu stripping curve of Pdg5Cugg, and

Fig. 1. SEM images of precursor thin film of (A)Pd at 200kx, (B)Pdgg9Cugy; at 200kx, (C) PdgsoCugse at 500kx, (D) PdgisCuggy at 210 kx.
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Fig. 2. SEM images of np Pdg37;Cuges (A at 576 kx and B at 1270 kx) and np Pdgg5Cug3s (C at 388 kx and D at 856 kx).

Table 2
Comparison of Cu electrodeposition and stripping charge.

Pd-Cu precursor
solution ratio

Precursor Cu Deposition
Total Charge (mC)

Selective Cu stripping
Total Charge (mC)

Pdg.13Cug sz 8.10 477
Pdo.50Cugs0 4.40 2.37
Table 3

Summary of np Pd-Cu composition measured by EDS.

Cu content after
de-alloying (SEM-EDS)

Pd content after
de-alloying (SEM-EDS)

Pd-Cu film (precursor
solution ratio)

37.24£3.6
65.3+1.3

62.8+£3.6
34.7+1.3

Pdo.13Cugs2
Pdg.50Cug.s0

Pdg.50Cuq 50 films. It could be observed that there are two stripping
peaks (at 0.2 V and 0.6 V vs. Cu/Cu?t) which correspond to two
different Pd-Cu phases. The high potential (0.6 V vs. Cu/Cu?*) for
Cu etching indicates the Pd could considerably stabilize Cu making
it less prone to dissolution [31]. As expected, substantially more
Cu was being etched during Pdg15Cugg, de-alloying (higher orig-
inal Cu content). The overall Cu stripping (anodic) charge is less
than the total deposition charge of Cu as shown in Table 2. This
indicates that a certain amount of Cu remains entrapped in the np
films [18].

The SEM and SEM-EDS were employed to investigate the mor-
phology and composition, respectively, of accordingly prepared np
Pd-Cu films. The EDS results (presented in Table 3 and SI Fig.
S$3) show that the composition of np films is Pdg3;Cuggz and
Pd0,65cu0.35 (de—alloyed from Pdg.lgcuO.gz and Pd0.50CUO.50 ﬁlms, re-
spectively). These films are denoted for future discussion as np
Pdp37Cugez and np PdgesCugss. These results clearly evidence
the presence of residual Cu in the as-synthesized np structure.
Fig. 2 shows the SEM images at different magnifications of both

np Pdg37Cugez and np Pdgg5Cugss films. The films exhibit a bi-
continuous and interpenetrating solid-void structure [32] with a
ligament size of 5-10 nm. The high surface area is due to the very
fine porosity length scale of the np structure.

3.3. Electrochemical characterization of nanoporous Pd-Cu

CV was used to characterize the ECSA of Pd film and np Pd-
Cu films using underpotential deposition of H (Hypp) as shown in
Fig. 3A. The red curve represents the Hypp of a Pd film on GC
that, similarly to a previous report of Hypp of Pd nanoparticles
[33], exhibits three peaks. Peak 1 is related to the bulk H-atoms
absorbed in the bulk of the Pd layer, whereas peaks 2 and 3 are
related purely to the Hypp. The other two CV curves (green and
blue) show a relatively small peak 1 which is due to the strong in-
hibition of hydrogen adsorption by the Pd alloying with Cu (Pd-Cu)
[27]. It should be noted that there are small peaks at potential -0.1
V (cathodic scan) and -0.2 V (anodic scan) for both np Pdg3;Cug g3
and np PdggsCugss. These peaks are due to the Cu peak of np
Pdg65Cug 35 features a slightly larger area than the np Pdg37Cuggs
one. It is interesting to observe that the Cu oxidation and reduc-
tion could be attributed to the fact that the presence of more Pd
(precursor Pdg59Cugsg) could stabilize the surface Cu from disso-
lution during the electrochemical etching process (SI Fig. S2). Hypp
CV was also performed in alkaline media (0.1M KOH) as presented
in SI Fig. S4A. It is clear that the overall behavior is similar to
that of Hypp in acidic media, with only the potential shifting to
more negative values due to the high pH impact. Fig. 3B presents
a two-cycle CO stripping experiment carried out on films of Pd
on GC, np Pdgg5Cugss, and np Pdg37Cupgs which emphasize and
confirm the complete CO oxidation taking place in the first cycle.
Since the presence of Cu as an alloying element could partially in-
hibit the Hypp formation, the CO stripping charge (normalized to
420 1Cjcm?), was exclusively used to determine the ECSA of Pd.
Table 4 summarizes the ECSA (from both Hypp and CO stripping)
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Fig. 3. (A) Hypp curves for Pd on GC, np PdggsCug3s and np Pdg3;Cuges in 0.5 M H,SO4 at 50 mV/s (B) CO stripping curves for Pd on GC, np PdggsCugss and np Pdg37Cuges
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Table 4
Summary of ECSA of prepared electro-catalysts.

ECSA from CO
stripping in acidic

ECSA from HUPD

in acidic media ECSAco_stripping/

Electrocatalysts  (m2/gpq) media (m2/gpq) ECSAnurp
Pd on GC 11.95 12.30 1.03
np PdgesCuoss 3497 50.86 1.45
np Pdgs;Cuggs 4698 7437 1.58

of the as-prepared electrocatalysts. It is seen that the np structures
obtained from de-alloying exhibit higher surface area in compari-
son with the plain Pd film. Also, Table 4 demonstrates that the np
Pd-Cu ECSA from CO stripping is higher than the one obtained by
Hypp, Whereas the Pd film ECSA from CO stripping is similar to the
one from Hypp. This indicates that the Cu in the alloy could truly
reduce the amount of underpotentially deposited H atoms similar
to the finding reported earlier for the case of Pt-Ni electrocatalysts

[34]. In this case of our interest, it would be more accurate to use
ECSA from CO stripping to determine the catalytic activity that is
discussed in the next section. In addition, the large ECSA (Table 4)
of np Pd-Cu (np Pdgg5Cuq 35 and np Pdg37Cugg3) films indicate the
presence of more active sites for the ORR catalysis application. As
shown in Fig. 3B, there is a negative shift of the CO stripping peak
of np Pd-Cu (green and blue curves) films in comparison with the
CO stripping curve (red) of the plain Pd layer. Such a shift indicates
a weak bonding between CO and Pd sites in the alloy films. That
weak CO bonding is associated with a downshift of the Pd d-band
center which has also been suggested in the literature by previous
studies [35,36]. CO stripping experiments were also performed in
alkaline media (0.1M KOH) as shown in SI Fig. S4B. Similarly to
the CO stripping in an acidic environment (Fig. 3B), the np Pd-Cu
electrocatalysts show the negative shift of stripping peak in com-
parison with Pd on GC. It noteworthy that the CO stripping of all
prepared electrocatalysts took place at lower potential compared
with the one in acidic media (converted to RHE as showed in SI
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Table S1). This observation is consistent with previous literature
reports [37,38]. The weak CO bonding with the Pd-Cu active cen-
ters in the alloy renders the catalyst a more CO tolerant character,
which is beneficial for fuel cell application.

3.4. ORR Performance of Pd-Cu films

The as-deposited Pd-Cu films in this work were tested firstly
as electrocatalysts for the ORR in oxygen saturated 0.1 M KOH for
comparison purpose. Fig. 4A shows the LSV on said films with dif-
ferent compositions held in RDE configuration at 1600 rpm. Previ-
ous studies indicate that diffusion limit current density (j4) should
be close to -5.5 mA/cm? for a 4 e~ process reduction of O, to OH~
[39]. Applying Eq. (3) to our results yields about -5.6 mA/cm? for
Jja- The slight discrepancy is mostly due to the choice of constant
in the equation. Most of the Pd-Cu films exhibit a j4 of about -
5.5 mA/cm?, at 0.6 V vs RHE except the Pdg;3Cugg, which shows
a jq that is lower than the theoretical value (-5.5 mA/cm?). This
indicates a contribution of a 2e~ process, most likely a partial re-
duction of O, to H,0,. Following a standardized procedure in the
literature [40] the ORR kinetic current of all Pd-Cu catalysts in this
work was calculated by using the Koutecky—Levich equation (Eq.
(2)) at a potential of 0.90 V vs. RHE. The mass activity of prepared
films was estimated by dividing the kinetic current by the mass
of Pd. The results are summarized in the bar graph presented in
Fig. 4B. A look at these results suggests that the Pdy59Cugsg cata-
lyst features the highest mass activity which is around three-times
higher than that of a plain Pd film. With the increase of Cu content
(as in Pdg13Cuqgy ), the respective catalysts show low ORR activity.
At the same time, with the Pd content increase (as in PdyggCug11),
the catalytic mass activity was also found to be lower. Overall, this
ORR activity trend for as-deposited Pd-Cu films with different com-
positions is similar to trends observed in previous studies report-
ing the highest ORR catalytic activity close to 1:1 Pd:Cu ratio [41].

3.5. ORR activity of np Pd-Cu

After investigating the ORR performance of the as-deposited Pd-
Cu films, the catalytic performance of np Pd-Cu films was also as-
sessed by LSV in oxygen saturated 0.1 M KOH at 1600 rpm. Fig. 5A
presents the LSV curves, the half-wave potential of np Pd-Cu and
Pd film (Pd electrodeposited on Pdy37;Cupgs (0.896 V vs. RHE) to
be 45 mV and 42 mV, respectively, shifted positively in compar-
ison with the plain Pd film on GC catalyst. In comparison with
commercial Pd/C, the half-wave potentials of np Pdgg5Cug3s and
np Pdg37Cupg3 still show 9 mV and 6 mV positive shift, respec-
tively. In addition, the half-wave potential of the np electrocata-
lysts in this work is more positive than the precursor Pd-Cu films
(shown in Fig. 4A) which indicates an enhanced ORR activity. The
mass activity and specific activity were calculated by using Eq. (2)
to determine the kinetic current at a potential of 0.9 V vs. RHE. The
calculated kinectic current is then divided by the total mass of Pd
or Pd ECSA from CO stripping. Fig. 5B shows the mass activity and
specific activity of Pd on GC, np Pdggs5Cug3s and np Pdg37Cuggs.
The np Pdg36Cugg4 has the highest both mass activity (1.11A/mgpy)
and specific activity (1.42mA/cm?py) which is around 22-times and
3-times higher, respectively, than that of the Pd film on GC. In ad-
dition, the np Pdg37Cupgs shows 6.2-times higher mass activity
than that of commercial Pd/C electrocatalysts. It should be noted
that for the sake of the most conservative estimation, no iR cor-
rection was applied in either of the LSV curves or catalytic activity
calculation. Apparently, the np Pdg3;7Cugg3 catalyst shows the best
ORR activity among all Pd-Cu electrocatalysts reported before (see
all results summarized in the SI Table S2). The Tafel plots of Pd
on GC, np Pdgg5Cug3s and np Pdg37Cuggs are presented in Fig. 5C.
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0.1M KOH.

The Tafel slopes of np Pdgg5Cug 35 and np Pdg37Cuggs are about -
60 mV/dec and -58 mV/dec at low overpotential region (log(J) = -
0.5), while the Pd on GC and commercial Pd/C catalyst exhibits
a Tafel slope of -63 mV/dec and -67 mV/dec at low overpoten-
tial region (log(Ji) = -0.5). The lower Tafel slope values of both
np PdgesCugss and np Pdg37Cuggs catalysts indicate a relatively
faster reaction rate in comparison with the plain Pd on GC catalyst
[42,43]. The smaller Tafel slope is desirable as a smaller change in
the applied voltage will lead to a larger increase in the reaction
rate [44]. It could be expected that the ORR mechanism is identi-
cal for all three electrocatalysts (Pd on GC, np Pdgg5Cug35 and np
Pdg37Cuge3) due to the similar Tafel slope value [42]. The excel-
lent activity of np Pdgg5Cug3s and np Pdg37Cuggs could be due to
the following reasons. Firstly, the fine porous structure is associ-
ated with a high surface area (ECSA of Pd as indicated in Table 4)
which could provide ample Pd active sites for ORR. In addition,
the residual Cu entrapped inside the nanoporous structure (SI Fig.
$3) could influence and thus modify the electronic structure of Pd.
To achieve maximum ORR activity, Pd needs to be combined with
transition metal(s) for establishing a balance between the binding
strength of oxygenated species on one hand and the dissociative
functionality upon O, adsorption on the other [45,46]. Simulation
results in the literature indicated that the alloying of Pd with Cu
will down-shift the d-band center of Pd and thus facilitating the
ORR kinetics [25,26]. The CO stripping technique could be used to
indirectly probe the electronic structure of Pd [36,47]. In this work,
both np Pdgg5Cug3s and np Pdg3;7Cuggs feature more negative CO
stripping potentials in comparison with Pd on GC (Fig. 3B), which
implies a downshift of the Pd d-band center. If the d-band cen-
ter up-shifts to move closer to Fermi level (for plain Pd), the oxy-
genated species adsorb strongly on the Pd surface which results in
poorer ORR activity [45]. In our case of Cu-modified Pd surface, the
Pd d-band center is expected to downshift which eventually favors
the ORR as the adsorption of oxygenated species becomes weaker
[35,48,49].

3.6. ORR durability

To assess the durability of all np Pd-Cu catalysts in this work,
accelerated durability tests (ADT) of 10,000 potential cycles were
conducted at a scan rate of 100 mV/s in O, saturated 0.1 M KOH
solution over a potential region between 0.6 V to 1.0 V vs. RHE.

Fig. 6A and 6B present the LSV curves of np Pdy37Cuggs and np
Pdgg5Cug 35 before and after the ADT testing. The half-wave poten-
tials of both np Pdg37Cugg3 and np Pdgg5Cug3s exhibit nearly neg-
ligible negative shifts of 5 mV and 4 mV, respectively, after 10,000
ADT cycles. In terms of mass activity, the np Pdg3;Cugg3 features
a decay of 9.7%, whereas the np Pdgg5Cug3s features a 19.7% de-
crease after 10,000 ADT cycles (SI Fig. S5). The decrease of catalytic
activity of np Pd-Cu films could be due to the lower Cu (more)
stability at the high potential region as stipulated by the Cu Pour-
baix diagram [14]. In summary, the np Pdg37Cugg3 shows excel-
lent durability with only a 9.7% decrease in mass activity, which is
promising for alkaline fuel cell application.

4. Conclusions

The np Pd-Cu films synthesized by electrochemical de-alloying
of pre-deposited Pd-Cu alloys were used as electrocatalysts for ORR
in alkaline media. The nanoporous (np) structure features well-
developed ECSA as confirmed by SEM, Hypp, and CO stripping char-
acterizations. The np Pd-Cu electrocatalysts exhibit a high catalytic
activity of up to 1.11A/mgpq at 0.9V vs. RHE and excellent dura-
bility with only a negligible decrease of half-wave potential after
10,000 cycles of ADT. The improved catalytic performance of np
Pd-Cu could be due to the unique nanoporous structure emphasiz-
ing both a high Pd ECSA and an electronic structure modification
of Pd by the residual Cu leading to a favorable d-band shift. Fur-
ther studies will be conducted in the future to understand the re-
lationship between the ORR mechanism and np Pd-Cu electrocat-
alysts of different compositions and porosity length scales to de-
sign electrocatalysts for boosting further the ORR in alkaline me-
dia. The nanoporous structure fabricated by a thin film de-alloying
clearly demonstrates the advantages of facile electrocatalyst’s syn-
thesis and its suitability in fuel cell applications. This de-alloying
method could be extended to the design and fabrication of other
np electrocatalysts (such as np Pt-Cu, np Pt-Ni, np Ag-Cu, etc) for
other reactions, to maximize utilization of noble metals.
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