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Abstract In this study, the formic acid electro-oxidation reaction (FAEOR) was catalyzed on a
Pd-Au co-electrodeposited binary catalyst. The kinetics of FAEOR were intensively impacted by
changing the Pd*>*:Au®" molar ratio in the deposition medium. The Pd;-Au, catalyst (for which
the Pd*>*:Au®" molar ratio was 1:1) acquired the highest activity with a peak current density for
the direct FAEOR (7,,) of 4.14 mA cm 2 (ca. 13- times higher than that (ca. 0.33 mA cm™2) of
the pristine Pd;-Au, catalyst). It also retained the highest stability that was denoted in fulfilling

ca. 0.292 mA cm~? (ca. 19-times higher than 0.015 mA cm ™2 of the pristine Pd;-Au, catalyst) after
3600 s of continuous electrolysis at 0.05 V. The CO stripping and impedance measurements con-
firmed, respectively, the geometrical and electronic enhancements in the proposed catalyst.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

“Together for our planet” was the motto of the UN climate
change conference (COP26) in UK which highlighted the
urgency to sustain a greener, more resilient future for us all.
Due to the overwhelming increase in the continuous combus-
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tion of traditional fossil fuels, a pronounced growth was
observed in the concentration of greenhouse gases (GHGs)
that can badly affect our ecosystem. These included carbon
dioxide (CO,, whose atmospheric level approached «ca.
415 ppm; surpassing approximately twice earlier readings)
[1], methane (CHy), ozone (Oj3), nitrous oxide (N,O), water
vapour, and some synthetic chemicals as chlorofluorocarbons
(CFCs) [2]. Hence, most of recent studies aimed to explore reli-
able, clean (minimum GHGs), efficient, and sustainable tech-
nologies for transportation, electricity production, and many
other vital applications [3—13].

In this context, the liquid fuel cells (LFCs) that worked with
the electrochemical combustion of liquid fuels as ethanol [14],
ethylene glycol [15], methanol [16], and formic acid (FA)
[17-19], in a better, safer and more convenient scenario than

1319-6103 © 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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H, appeared promising for multiple portable and stationary
applications with high conversion efficiencies and low operat-
ing temperatures [20,21].

Of these LFCs, the direct formic acid FCs (DFAFCs)
owned a high (1750 kW h L™") energy density [22], large the-
oretical open-circuit potential (~1.40 V) [23,24], and rapid oxi-
dation kinetics beside using a non-flammable (8.4-100.8 °C)
and non-toxic fuel (FA) of least (relative to methanol and
many other liquid fuels) crossover through the Nafion® mem-
brane; the cell electrolyte [25-27]. Yet, it remained unprepared
for commercialization until exploring a cheap, efficient, and
stable anodic catalyst for the formic acid electro-oxidation
reaction (FAEOR); the main anodic reaction in DFAFCs.

Till now, the most proper anodic catalysts for DFAFCs are
either Pt or Pd-based. But, the high cost, limited supply, and
high poisoning level of Pt-based catalysts encountered their
large-scale industrial applications for DFAFCs [28-34]. That
drove attention to Pd for its wider availability, lower price,
similar geometric structure, and lower poisoning [35-42]. Nev-
ertheless, Pd-based catalysts experienced a critical rapid
diminution of catalytic performance over long periods of elec-
trolysis which was sometimes attributed to a mechanical
detachment of Pd in highly acidic solutions and/or adsorption
of poisonous oxidation intermediates such as carbon monox-
ide (CO) at its surfaces [43—45].

One way to overcome this deterioration in the catalytic per-
formance of Pd catalysts employed blending Pd with other
metals such as gold [46], ruthenium [47], iron [48], cobalt [49]
and nickel [50] and/or metal oxide as nickel oxide [51,52]
and manganese oxide [51]. This could amend the Pd surface
against poisoning and could further enhance its mechanical
stability.

According to the “d-band center theory”, alloying Pd with
other metals can modulate its electronic structure [38,53] that
alters the adsorption tendency for a given species [38]. For
example, the modification of Pd with Au succeeded not only
to increase the catalyst’s resistance to CO poisoning but also
to increase the catalyst’s durability in harsh experimental con-
ditions [38]. In view of this interesting catalytic performance,
the Pd-Au catalyst appeared attractive. We, herein, propose
the fabrication of a Pd-Au co-electrodeposited catalyst onto
a glassy carbon (GC) substrate for propitious FAEOR. The
“simultaneous co-electrodeposition” protocol that was
adopted for the catalyst’s preparation ensured a fast and sim-
ple nanoparticles loading with a convenient homogeneity of
the catalytic constituents that were added in minute loadings
[23,54]. The role of mixing different Pd*>*:Au** molar ratios
in the deposition medium on the catalyst’s performance
toward FAEOR was examined. Several characterization tools
were utilized to assess the catalytic performance of the investi-
gated catalyst and to elucidate the reaction mechanism.

2. Experimental

2.1. Materials and reagents

Palladium (II) acetate (Pd(CH;COO),, trimer, Pd 45.9-48.4%,
hydrogen tetrachloroaurate (III) trihydrate (HAuCl,-3H,0,
99.99% metals basis, Au 49.0%), Pellets of sodium hydroxide
(NaOH), anhydrous sodium sulfate (Na,SQO,), sulphuric acid

(AR, H,S0y4, 98%) and formic acid (FA, HCOOH, 98%))
received from Sigma Aldrich and Alfa Aesar.

2.2. Instruments and electrodes

The surface of the proposed catalysts was morphologically and
compositionally characterized using a field emission scanning
electron microscope (FE-SEM, Quattro S, Thermo Fisher Sci-
entific USA equipped with AMETEK USA Element Detector)
and the associated energy dispersive X-ray spectroscope
(EDS), respectively. An X-Ray Diffractometer (XRD, PANa-
lytical X Pert Pro powder) of a high resolution that operated
with a Cu anode at 154 um was utilized to explore the crystal-
lography of the proposed catalysts. A Bio-Logic SAS (model
SP-150) Potentiostat operated with EC-Lab software was uti-
lized in the electrochemical measurements in a three-
electrode system including, respectively, a GC (d = 5 mm with
0.196 cm” geometric area), spiral Pt wire, and an Ag/AgCl/
NaCl (3 M) as the working, counter and reference electrodes.
All these electrodes were purchased from ALS Japan. Currents
were normalized relative to the electrochemical surface area
(ECSA) of Pd (Apq) of each catalyst (Fig. S1) which was calcu-
lated from the charge (Q,, (#C)) consumed in the PdAO — Pd
reduction in the cyclic voltammogram of each catalyst in 0.5 M
H,SO, (see later Fig. 1) using this assumption: A4p.(cm?) =

Opq (1C)
420 (PyICl('m’z) [55]

2.3. Fabrication of catalysts

The catalysts were fabricated by a ‘“‘simultaneous co-
electrodeposition” technique as previously explained [56,57].
Ahead of deposition, a GC substrate was mechanically pol-
ished with No. 2000 emery paper before a further polishing
on a polishing microcloth with aqueous slurries of successively
finer alumina powder (down to 0.06 mm). Next, the GC elec-
trode was rinsed thoroughly with secondly distilled water [58]).
The catalyst’s fabrication involved the potentiostatic electrode-
position of Pd and Au onto a clean GC surface at —0.2 V (for
10 mC) in 2.0 mM Pd(CH;COO); and 2.0 mM HAuCl,-3H,O
aqueous solution in 0.1 M Na,SOy. Proper abbreviations were

1 L
0 L
1 L L L L L L L
-0.3 0.0 0.3 0.6 0.9 1.2 1.5
E/V vs. Ag/AgCI/NaCl (3M)
Fig. 1 CVs measured in 0.5 M H,SO, at potential scan rate of

100 mV Sil for the Pdl—AuO, Pdl-Aug_z, PdrAl.l()_4, Pdl-AUQ_(,, Pdl-
Auy g, and Pd;-Au; (a-f, respectively) modified catalysts.
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assigned to the different catalysts based on the Pd*" and Au® "
molar ratios in the deposition medium. For examples, the Pd;-
Aug and Pd;-Au, catalysts denoted the existence of Pd*>* and
Au’" in the deposition mediums in molar ratios of 1:0 and 1:1,
respectively.

3. Results and discussion

3.1. Electrochemical characterizations

To accurately explore the surface composition of the catalyst’s
ingredients, cyclic voltammetry (CV) experiments were per-
formed. Fig. | represents the CVs measured in aqueous solu-
tion of 0.5 M H,SO, for the Pd;-Aug, Pd;-Aug,, Pd;-Aug4,
Pd-Aug ¢, Pdi-Aug g, and Pd -Au, (Fig. la-f, respectively) cat-
alysts in a potential range between —0.2 and +1.5 V at a
potential scan rate of 100 mV s~ '. Fig. la (Pd;-Au, catalyst)
displays the characteristic behavior of Pd surface [59,60], in
which the adsorption—desorption (H,gs.qes) peaks of hydrogen
between —0.2 and 0.0 V, the Pd oxidation (Pd — PdO) extend-
ing from ca. 0.6 to 1.5 V, and the PdO reduction (PdO — Pd)
at ca. 0.24 V appeared obviously.

Interestingly, for the Pd;-Aug, (Fig. 1b) to Pd;-Au,;
(Fig. 1f) catalysts, the following remarks were observed and
data were summarized in Table 1:

e The peak current intensities of the H,4s.qes and PAO — Pd
decreased systematically. As the same charge employed for
the Pd deposition in the Pd;Au, catalyst was used for the
simultaneous deposition of both Pd and Au in other cata-
lysts (Fig. 1b-f), the decrease of these peak heights was
plausible.

e A new weak oxidation peak was observed at ca. 1.35 V cor-
responding to the Au — AuO oxidation [54]. Its subsequent
reduction (AuO — Au) was more obvious (particularly for
the catalysts of high Au loading) at ca. 0.8 V (the typical
characteristic features of Au in the Pdy-Au, catalyst appear
in Fig. S2A) [54]. The weakness of the Au — AuO oxidation
peak might be understood in view of the possible interfer-
ence with the Pd — PdO oxidation peak. This might pro-
vide an evidence for the successful deposition of Au along
with Pd at the GC surface.

e A positive shift (relatively to the Pd;-Au, catalyst) was
observed in the potential of PAO — Pd peak, and this shift
was gradually increased from Pd;-Auy, (Fig. 1b) to Pd;-
Au, (Fig. 1f) catalysts. This can possibly infer an electronic
and/or a compositional change of the Pd surface that can
originate from the interaction with Au. This behavior was
observed previously for Ir-modified Pd catalysts [61].

Table 1 Real surface area of Pd (Apg) and Au (Ap,) as
extracted from Fig. 1.

Catalyst Apg (cm?) Apy (cm?)
Pd;-Auyg 1.74 0.00
Pdl-AuO_z 1.55 0.01
Pd]-AUOA 1.28 0.10
Pd;-Aug ¢ 0.85 0.28
Pd]-AU()‘g 0.31 0.47
Pd;-Au, 0.07 0.58

Apg: real area of Pd, Aa,: real area of Au.

3.2. Materials characterization

Fig. 2 shows the FE-SEM micrographs of the Pd;-Au,, Pd;-
Aug,, Pdi-Aug 4, Pdi-Auge, Pdi-Augg, and Pd;-Au; (Fig. 2-
A-F, respectively) catalysts and the insets show the corre-
sponding particle size distribution (adopted by Imagel
software). Fig. 2A (Pd;-Au, catalyst) displays the deposition
of Pd onto the GC surface in well-distributed spherical parti-
cles with an average particle size of ca. 150 nm. The Pd;-
Aug, catalyst (Fig. 2B) retained the same spherical shape
but in a larger particle size (ca. 178 nm). The same trend of
increasing the average particle size continued for the Pd;-
Aug 4, Pdi-Auge, Pdi-Augg, and Pd;-Au; catalysts (Fig. 2C-
F), but with a systematic decrease in the particle’s coverage.
The average particle size of the Pd;-Au; catalyst was ca.
390 nm. The FE-SEM investigation agreed with the electro-
chemical characterization in lowering the Pd surface area with
Au content in the deposition medium; possibly, inferring the
successful deposition of Au with Pd. Nothing indicated the
separation of Pd and Au particles and this might recommend
a possible blending/alloying.

To ensure the successful co-electrodeposition of Pd and Au
onto the GC surface, analysis with energy dispersive X-ray
spectroscopy (EDS) was performed for the Pd;-Auy, Pd;-
Aug,, Pdi-Aug 4, Pdi-Auge, Pdi-Augg, and Pd;-Au; catalysts
(Fig. 3a-f, respectively). All catalysts showed the relative peaks
related to their composition (C, O, Pd for all catalysts (Fig. 3a-
f) in addition to Au for the Au-modified catalysts (Fig. 3b-f))
at their standard positions [56,62]. This confirmed the simulta-
neous electrodeposition of Pd and Au at the GC surface. Fur-
thermore, the elemental mapping of the Pd;-Auy and Pd;-Au,
catalysts reflected the good distribution of all elements, as
Fig. S3 shows.

Additionally, XRD was employed to examine the crystal-
lography of the Pd;-Aug, Pd;-Aug,, Pdi-Aug4, Pdi-Augg,
Pd;-Augg, and Pd;-Au; catalysts (Fig. 4a-f, respectively).
The C (002) and C (100) diffraction peaks were observed at
ca. 25.2° and 43.1°, respectively (JCPDS card No. 075-1621)
[63]. While, the Pd (111), Pd (200), Pd (220), and Pd (311)
diffraction peaks were identified, respectively, at ca. 38.3°,
44.5°, 65.1°, and 78.3° (JCPDS card No. 96-101-1105)
[55,60,64]. On the other side, Fig. S2B shows the XRD pattern
of the Pdy-Au; catalyst where all Au diffraction peaks were
identified at their reference positions (JCPDS card No. 96-
901-1613). Remarkably in Fig. 4b-f (binary catalysts), the
peaks of Au and Pd, which very close to each other (see
Fig. 4a and S2B), overlapped together with an observable
increase in the peaks’ intensities.

3.3. FAEOR: electro-catalytic activity and stability

As previously described, FAEOR proceeds at Pd-based cat-
alysts mainly via the dehydrogenation pathway (Eq. (1))
that includes the direct oxidation of FA to CO, with a little
bit contribution of Pd poisoning by CO intermediate (Eq.
(2)) that would be further oxidized (Eq. (4)) at higher
potentials after the Pd surface hydroxylation (Eq. (3))
[65,66].

HCOOH + Pd — Pd+ CO, + 2H" + 2¢ (1)
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Fig. 2 SEM micrographs the Pd-Aug, Pd;-Aug,, Pd{-Aug 4, Pd;-Aug ¢, Pd;-Aug g, and Pd;-Au; (A-F, respectively) catalysts. The insets
show the particle size distribution of each catalyst.

HCOOH + Pd — Pd— CO + H,O0 (2) Fig. 5 displays the CVs of FAEOR at the Pd;-Aug, Pd;-
Aug,, Pdi-Augy, Pdi-Augs, Pdi-Augg, and Pdi-Au; (a-f,
Pd+ H,0 — Pd— OH+H" +e¢” (3)  respectively) catalysts measured at a potential scan rate of

100 mVs~' in 0.3 M FA aqueous solution having a pH of

Pd—CO + Pd— OH — 2Pd+ CO, + H' +e¢” 4) 3.5. This pH value was adjusted by the addition of an appro-
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Fig. 3 EDS spectra of the Pd;-Auy, Pd{-Aug,, Pdi-Aug 4, Pd;-
Augg, Pdi-Augg, and Pdi-Au, catalysts (a-f, respectively).
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Fig. 4 XRD patterns of the Pd;-Aug, Pd;-Aug,, Pdi-Aug 4, Pd;-
Auge, Pdi-Augg, and Pdi-Au, catalysts (a-f, respectively).
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Fig. 5 CVs of FAEOR measured in 0.3 M FA (pH = 3.5) ata
potential scan rate of 100 mV s™! for the Pd;-Aug, Pd;-Aug ,, Pd;-
Augg, Pdi-Augg, Pdi-Augg, and Pdi-Au; (a-f, respectively)
catalysts.

priate amount of sodium hydroxide. Fig. 5a (blue curve) dis-
plays the FAEOR at the unmodified Pd catalyst (Pd;-Au, cat-
alyst). In the forward scan, a single oxidation peak appeared at
ca. 0.21 V with ca. 0.33 mA cm 2. This peak was assigned to
the direct oxidation of FA to CO,, as discussed above. The
current density and the potential of the oxidation peak will
be denoted respectively as I, and E,. With the increase of
Au (which is inactive for FAEOR (see Fig. S4)) in the catalyst
(Fig. 5b-f), a systematic increase in I, was observed; reaching
ca. 4.14 mA cm™? at the Pd;-Au; catalyst (more than 13 times
compared to the corresponding value obtained at the Pd;-Au,
catalyst). This was coupled with ca. —0.14 V shift in the onset
potential (E,) of the direct FAEOR. All values of 7, E,, and
enhancement factor for all catalysts are given in Table 2 which
demonstrated the superiority (enhanced catalytic activity) of
Au-containing Pd catalysts for FAEOR. Interestingly,
Table S1 showed that the activity of the Pd;-Au; catalyst
toward FAEOR was higher than many of those observed pre-
viously. Moreover, Fig. S5 and Table S2 showed the privilege
of using the simultanecous co-electrodeposition over the
sequential methodology in terms of getting a higher I, and a
lower E, for FAEOR.

Moreover, the turnover number (TON, the number of FA
molecules oxidized at a certain potential (0.05 V) per second
and per catalytic active site was calculated to probe the specific
electrocatalytic ability of the catalyst as follows [67,68]:

Lyosy
TON =5 » 5)
where, QOpq is the charge density calculated from the Pd-oxide
reduction peak and all the electroactive sites of Pd are consid-
ered in the TON calculation.

TON for FAEOR at the Pd;-Au, catalyst was 5 s~ !, which
is ca. 18 times of that calculated at the Pd;-Au, catalyst (see
the corresponding values for all catalysts in Table 2). This
again supported the promising candidacy of the proposed
Pd;-Au; catalyst for FAEOR.

Stabilities of the investigated catalysts were inspected dur-
ing prolonged electrolysis. Chronoamperometric (i-f) measure-
ments were employed for all proposed catalysts at 0.05 V with
a continuous electrolysis for 3600 s. It is important to highlight
that the poor stability of the Pd-based catalysts is one of the
core challenges in DFAFCs and this was attributed to a possi-
ble poisoning by oxidation products during FAEOR, the
mechanical split up, and/or the chemical dissolution of Pd dur-
ing continuous electrolysis [59,69,70]. This was observed

Table 2 A summary of electro-catalytic data (I, and E,)
obtained as a function of the Pd/Au molar ratio. Data were
extracted from Fig. 5.

2

Catalyst I,/mA cm™ Enhancement E,/V TON/s~!
Factor*
Pd;-Aug 0.33 - 0.21 0.27
Pdi-Auy,  0.38 1.15 0.24 0.31
Pd;-Augs  0.45 1.36 0.24 0.38
Pd;-Augs  0.55 1.67 0.19 0.54
Pd;-Aug g 1.14 3.45 0.11 1.30
Pd;-Au, 4.14 12.5 0.07 5.00

" Enhancement Factor =

Ip modified Pd—Au catalyst
Ip unmodified Pd catalyst *
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Fig. 6 Current transients obtained at 0.05 V during FAEOR in
0.3 M FA (pH = 35) at the Pdl-AuO, Pdl-AuO‘z, Pdl-AuOA, Pdl-
Auge, Pdi-Augg, and Pd;-Au, (a-f, respectively) catalysts.

clearly at the Pd;-Auyy catalyst (Fig. 6a). The Au-modified Pd
catalysts (Fig. 6b-f) exhibited higher current densities and
lower poisoning rates. The Pd;-Au; catalyst showed the high-
est stability reaching ca. 0.292 mA ecm ™2 (ca. 19 times higher)
after 3600 s of electrolysis compared to ca. 0.015 mA cm ™ that
obtained at the Pd;-Au, catalyst. Moreover, the CV measured
in Fig. 1 was repeated again for the Pd;-Aug and the Pd;-Au,
catalysts after the long-term experiment in Fig. 6 and the losses
in the Apq were 25 and 19 %, respectively from their initial val-
ues in Table 1. This reflected the vital effect of Au in enhancing
the stability of the proposed catalysts. The question now is
how could Au boost the catalytic performance of the proposed
catalysts? This will be elaborated in the following section.

3.4. Mechanisms of enhancement: CO stripping and impedance
measurements

To precisely determine the catalytic role of Au in the proposed
catalysts, CO was permitted to chemisorb at open circuit
potentials from 0.5 M FA onto the Pd;-Au,, Pd-Aug,, Pd;-
AU()_4, Pdl-Auo_ﬁ, Pdl-AuO'g, and Pdl-Aul Catalysts for
20 min then oxidatively stripped in 0.5 M Na,SO4
(pH = 3.5) as shown in Fig. 7a-f, respectively. The Pd;-Aug
catalyst (Fig. 7a) showed a large oxidation peak at ca.
0.68 V. The peak charge that was related to the amount of
adsorbed CO (Qco) was ca. 0.52 mC. This behavior was
related to the Pd surface blocking by the CO intermediate that
got oxidatively desorbed at 0.68 V [62]. By increasing the Au:
Pd ratio in the deposition medium (Fig. 7b-f, respectively), a
systematic shrinkage in the CO oxidation charge was observed
reaching ca. 0.21 mC at the Pd;-Au; catalyst. Table 3 shows
the values of Qco for all proposed catalysts. Such a decrease
in the poisoning impact was related to the third body effect
that showed the important role of Au in interrupting the con-
tiguity of Pd atoms required for CO adsorption [71]. Two more
observations were noticed after a deeper inspection of Fig. 7;
the other peak observed around 1 V was related to either oxi-
dation of CO at different facets [72], at different surfaces (sin-
gle Pd or PdAu intermetallics) [73], or to the oxidation of other
CO-like intermediates [71]. Additionally, a small shift
(£0.02 V) in the CO oxidation peak was observed at all

02 00 02 04 06 08 10 1.2
E/V vs. Ag/AgCl/NaCl (3M)

Fig. 7 LSVs measured at a potential scan rate of 20 mVs~! in

0.5 M Na,SO4 (pH = 3.5) for the oxidative CO stripping obtained
at the Pdi-Augy, Pd{-Aug,, Pd;-Augy, Pdi-Auge, Pdi-Augg, and
Pd,-Au, (a-f, respectively) catalysts. Before measurements, CO
was adsorbed from 0.5 M FA at the open circuit potential for
20 min.

Au-modified catalysts. This shift was thought to originate
from electronic modification of Pd surface (in agreement with
the previous elucidations) [71,74].

From another side, the charge transfer kinetics was evalu-
ated using the electrochemical impedance spectroscopy (EIS).
Fig. 8 displays the Nyquist plots measured at open circuit
potential between 10 mHz and 100 kHz in 0.3 M FA solution
having a pH of 3.5. The data fitting was conducted with the aid
of the EC-Lab software and the inset of Fig. 8 shows this
equivalent circuit.

Over there, R, R, and Cg referred respectively to the solu-
tion resistance, charge transfer resistance, and double layer
capacitance of the electrochemical system. The semicircular
diameter of a Nyquist plot corresponds to R of the reaction
at this particular catalyst [75]. Fig. 8a (Pd;-Au, catalyst)
depicted a large semicircular diameter, i.e., large R, value
(0.9 kQ) that reflected the slow oxidation kinetics and the cat-
alyst’s poisoning. Interestingly, at all Au-modified catalysts
(Fig. 8b-f), the R, decreased in a trend reaching 0.24 kQ for
the Pd;-Au; catalyst. Such a decrease in R. at the Au-
modified catalysts was thought to originate from an electronic
effect that could facilitate the charge transfer kinetics during

Table 3 A summary of the poisoning
degree (Qco) obtained as a function of
the Pd/Au molar ratio. Data were
extracted from Fig. 7.

Catalyst Qco (mC)
Pd|'AUO 0.52
Pdl-AuO,Z 0.47
Pd]'AUO_4 0.36
Pd;-Aug 0.31
PdrAllo_g 0.29
Pd;-Au, 0.21
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Table 4 A summary of the Nyquist plot data (R,, R., and i)
obtained as a function of the Pd/Au molar ratio. Data were
extracted from Fig. 8.

Catalyst R, (kQ) R, + Ry (kQ) Ry (kQ) i/A cm 2

Pd;-Au,  0.26 1.16 0.90 2.85 x 107°
Pd;-Auy,  0.23 0.51 0.28 9.17 x 107>
Pd;-Aug, 0.23 0.51 0.28 9.17 x 107>
Pd;-Augs 022 0.48 0.26 9.88 x 107°
Pdi-Augg  0.24 0.51 0.27 9.51 x 107>
Pd;-Au, 0.22 0.47 0.24 1.07 x 107

"0.2 0.4 0.6 0.8 1.0 1.2 1.4
Zye | kQ

Fig. 8 Nyquist plots obtained at the Pd;-Au,, Pd;-Aug,, Pd;-
Augg, Pdi-Augg, Pdi-Augg, and Pdi-Au; (a-f, respectively)
catalysts in aqueous solution of 0.3 M FA (pH = 3.5). The AC
potential amplitude was recorded at the open circuit potential
(OCP) and the frequency range from 10 mHz to 100 kHz. The
inset depicts the recommended equivalent circuit for the electro-
chemical setup.

FAEOR [71,74]. Table 4 summarizes the R values of all mod-
ified catalysts. Additionally, the standard exchange current
density (i,) can be used to monitor the intrinsic catalytic activ-
ity of our proposed catalysts. A larger i, reflects a higher elec-
trocatalytic activity toward FAEOR. This can be calculated
utilizing the R, according to the following equation [76,77]:

RxT
~ FxR, ()

I

where R, T and F are gas constant, absolute temperature, and
Faradic constant, respectively. The calculated i, values were
listed in Table 4 where the Pd;-Au, catalyst acquired the high-
est value (1.07 x 107* A ecm™>) which was ca. 4 times higher
than that of the Pd;-Au, catalyst (2.85 x 107> A cm?); prov-
ing that the Pd;-Au,; catalyst has a better intrinsic electrocat-
alytic activity. The CO stripping and impedance
measurements assigned both of the third body and electronic
effects for the catalytic role of Au in the Au-modified Pd
catalysts.

4. Conclusion

An innovative Pd-Au co-electrodeposited binary catalyst was
fabricated onto the GC substrate and its catalytic activity

was further investigated toward FAEOR. The relative Pd>*:
Au’”" ratio in the deposition medium impacted, to a great
extent, the catalytic activity and stability toward FAEOR.
After careful inspection, the Pd;-Au, catalyst showed the high-
est catalytic activity (4.14 mA cm ™2 compared to 0.33 mA cm >
obtained at the Pd;-Au, catalyst) and stability (19 times higher
current density after 3600 s of continuous electrolysis com-
pared with the Pd;-Au, catalyst) toward FAEOR. The CO
stripping and impedance measurements confirmed both the
third body and the electronic effects as the mechanisms of cat-
alytic enhancement.
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