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KEYWORDS Abstract A propitious binary catalyst composed of Pt and Cu which were electrodeposited simul-
co-electrodeposition; taneously onto a glassy carbon (GC) substrate was recommended for the formic acid (FA) electro-
Fuel cells; oxidation reaction (FAOR); the principal anodic reaction in the direct FA fuel cells (DFAFCs). The
Pt-Cu; simultaneous co-electrodeposition of Pt and Cu in the catalyst provided an opportunity to tune the
Catalyst poisoning; geometric functionality of the catalyst to resist the adsorption of poisoning CO at the Pt surface
Formic acid that represented the major impediment for DFAFCs marketing. The catalytic activity of the cata-

lyst toward FAOR was significantly influenced by the (Pt**/Cu®") molar ratio of the electrolyte
during electrodeposition, which also affected the surface coverage of Pt and Cu in the catalyst.
Interestingly, with a molar (Pt**/Cu?™) ratio of (1:4), the catalyst sustained superior (3.58 com-
pared to 0.65 obtained at the pristine Pt/GC catalyst) activity for FAOR, concurrently with up
to four-times (0.73 compared to 0.18 obtained at the pristine Pt/GC catalyst) improvement in the
catalytic tolerance against CO poisoning. This associated, surprisingly, a negative shift of ca.
336 mV in the onset potential of FAOR, in an indication for the competitiveness of the catalyst
to minimize superfluous polarizations in DFAFCs. Furthermore, it offered a better (ended up with
20% loss in the activity) stability for continuous (1 h) electrolysis than pristine Pt/GC catalyst (the
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loss reached 35%). The impedance and CO stripping measurements together excluded the electronic
element but confirmed the geometrical influence in the catalytic enhancement.

© 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
According to statistics reported by International Energy

Agency (IEA) and the American Energy Information Admin-
istration (EIA), the global energy consumption increases by 50
quadrillion Btu every year [1]. From another perspective, the
intensive dependence on fossil fuels for electricity generation
has absolutely altered our ecosystem [2-8]. Hence, research
has been oriented to offer clean, abundant, and renewable
sources for energy that suffice the global consumption and
maintain a safe environment.

In this context, fuel cells (FCs) appeared promising as
advanced electrochemical energy converters of featured envi-
ronmental flexibility, and high efficiency at low operating tem-
peratures [9-12]. Technically, FCs convert directly and
efficiently (up to 60%) the chemical energy into electricity with
a tremendous (up to 90%) reduction in major pollutants [13].
The polymer electrolyte membrane FCs (PEMFCs) that
belongs to the low-temperature FCs that utilize solid poly-
meric electrolyte for the ionic conduction has attracted a spe-
cial attention due to their robustness, high power density, and
low operational temperature. Of these low-temperature
PEMEFC s, the direct methanol FCs (DMFCs) and hydrogen
FCs (HFCs) offered, recently, a comprehensive interest for
electric vehicles and portable electronics [6,14,15]. However,
their fast commercialization has been restricted by the huge
cost of H, containers, the prospective risks during H, trans-
portation and the toxicity and crossover of methanol
[2,5,16]. Hence, the DFAFCs appeared more attractive owing
to their higher theoretical open circuit potential (1.45 V com-
pared to 1.23 V of HFCs and 1.21 V of DMFCs), lower toxi-
city, non-flammability and lower crossover through the Nafion
membrane [17-20].

Till now, the most common anodic catalysts for DFAFCs
are mainly based on noble Pt and Pd metals [11,21-24]. How-
ever, Pt revealed a higher stability than Pd due to its higher dis-
solution resistance in harsh reaction conditions [25,26].
However, unfortunately, Pt can easily be poisoned by some
reaction intermediates, such as carbon monoxide (CO) [27—
29]. Several investigations reported that FAOR proceeds at
Pt surfaces with a double-pathway mechanism [2,16,30-33].
The direct pathway which involves the direct oxidation of
FA to CO, (Eq. (1)) and the indirect pathway which involves
the non-faradaic adsorption of poisoning CO at the Pt surface
(Eq. (2)) followed by its subsequent oxidation at a high over-
voltage (Eq. (3)).

o Direct dehydrogenation pathway:

HCOOH — CO, + 2H* + 2e~ (1)

o Indirect dehydration pathway:

HCOOH — CO, + H,0 (2)

CO,s + H,O — CO, + 2HT + 2e~ (3)

Considering the huge cost of Pt catalysts, it became crucial
to amend it with a cheaper modifier to increase its utilization
efficiency and catalytic performance [34,35]. In fact, previous
modifications of Pt with metals (e.g. Au [32], Pd [36], Bi [37]
and/or metal oxides (e.g., oxides of Ni [30], Mn [2], Cu [38],
and Fe [39])) could greatly sustain better performance toward
FAOR with enhanced structural and/or electronic properties.

Although the difficultness in controlling size, shape and dis-
tribution of the catalyst component [20], electrodeposition rep-
resents a facile, fast and economic technique for assembling
metal and metal oxide modified catalysts; ensuring a controlled
production of a smooth surface with strong bonding with the
substrate and offering opportunities for alloys and composite
coatings with high hardness [40].

In this study, a binary catalyst composed of Pt and Cu was
fabricated onto the GC (a typical substrate for the deposition
of nanoparticles that can be used for a simple investigation)
and proved competent for FAOR. The catalyst was synthe-
sized by the “‘simultaneous co-electrodeposition” protocol that
ensured a convenient homogeneity of the catalytic constituents
that were added in minute loadings (relatively to other proce-
dures as the layer-by-layer approach) [2,32]. The molar Pt**/
Cu®" ratio of the electrolyte during the catalyst’s deposition
was optimized to attain the highest catalytic activity toward
FAOR. Furthermore, the catalyst’s morphology, surface com-
position, and molecular structure were inspected to address the
remarkable enhancement of these catalysts toward FAOR.

2. Experimental

2.1. Chemicals and electrodes

Copper (I1) sulfate pentahydrate (CuSOy4-5H>0, 99%), sodium
hydroxide-pellets (NaOH), sodium sulfate anhydrous
(NayS0O,), and FA (HCOOH, 98%) were purchased from Alfa
Aesar while dihydrogen hexachloroplatinate (IV) hydrate (Pre-
mion®, H,PtClg-6H,0, 99.9%, metals basis) and sulfuric acid
(AR, H,S0,, 98%) were purchased from Sigma Aldrich. All
chemicals were of high purity and were used as received with-
out further purification. A three-electrode electrochemical cell
was used for the catalyst’s preparation and electrochemical
and catalytic inspections. A cleaned (by mechanical polishing
with aqueous slurries of successively finer alumina powder
(down to 0.06 mm) followed by a thorough washing with sec-
ond distilled water) pristine and modified glassy carbon (GC)
electrode (5.0 mm diameter) of a geometric area of ca.


http://creativecommons.org/licenses/by-nc-nd/4.0/

Synergistic enhancement of formic acid electro-oxidation on Pt,Cuy co-electrodeposited binary catalysts 3

0.196 cm® was used as the working electrode, a spiral Pt wire
was used as the counter electrode and an Ag/AgCl/NaCl
(3 M) electrode was used as the reference electrode. All poten-
tials were measured relative to this Ag/AgCl/NaCl (3 M) refer-
ence electrode.

2.2. Catalyst preparation

The ‘‘simultaneous co-electrodeposition” technique was
employed to prepare Pt,Cu, catalysts onto the GC electrode
surface with several molar ratios (starting from 1:0 till 1:4)
[2,32]. The electrolyte of electrodeposition was 0.1 M Na,SOy,
aqueous solution containing 2.0 mM H,PtCls-6H,O and
2.0 mM CuSO4-5H,0 For all catalysts, the electrodeposition
of Pt and Cu onto the GC electrode surface was carried out
potentiostatically at —0.2 V permitting the passage of only
9.4 mC.

For a simple recognition of the electrodes’ preparation, an
abbreviation of Pt,Cu, was assigned to recognize the molar
ratio of Pt*" to Cu®" in the deposition electrolyte, where x
and y referred to the molar ratios of Pt** and Cu®" ions,
respectively. For example, the catalyst denoted as Pt;Cuy cor-
respond to a mole ratio of 1:4 for Pt*" to Cu®" ions in the
deposition electrolyte.

2.3. Electrochemical measurements

All electrochemical experiments were tested at room tempera-
ture (ca. 25 = 1 °C) in aqueous solutions using a Bio-Logic
SAS Potentiostat (model SP-150) operated with EC-Lab soft-
ware. The electrocatalytic performance of the Pt,Cu, catalysts
toward FAOR was inspected in aqueous solutions containing
0.3 M FA (pH ~3.5). The pH was adjusted by a dilute solution
of NaOH. Current densities were always calculated on the basis
of real Pt surface areas of the working electrodes (as Fig. S1
shows) employing a reference value of 420 pC cm ™2 [41].

2.4. Characterizations

The morphology and elemental composition of Pt,Cu, catalysts
were evaluated using a field-emission scanning electron micro-
scope (FE-SEM, Quattro S, Thermo Fisher Scientific USA)
whose accelerating voltage extended from 200 V to 30 kV with
a magnification range from 6 to 2500000x that equipped with
an energy dispersive X-ray spectrometer (EDS, AMETEK
USA Element Detector). The crystallographic information of
Pt,Cuy catalysts was obtained using a high resolution X-ray
diffractometer (XRD-PANalytical X’Pert Pro powder) that
operated with a Cu anode, wavelength 0.154 nm, maximum
2.2 kW, and 60 kV. The inductively coupled plasma mass spec-
trometry, ICP-MS, (8800 ICP-MS, Agilent Technologies) was
employed to assess the dissolution (loss) of Pt and Cu from the
catalysts after stability measurements.

3. Results and discussion

3.1. Electrochemical characterization

Fig. la (Pt;Cu, catalyst) displays the characteristic perfor-
mance of a poly-Pt electrode in an acidic medium. This demon-
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Fig. 1 CVs measured in 0.5 M H,SOy at (a) Pt;Cu,, (b) Pt;Cu,,
(c) Pt;Cu,, (d) Pt;Cus, and (e) Pt;Cuy catalysts. (Potential scan
rate = 100 mV s~ ).

strated the oxidation of Pt which extended over a potential
range between ca. 0.6 and 1.2 V and coupled with the subse-
quent PtO reduction at ca. 0.46 V. Furthermore, the peaks that
appeared in the potential range between 0 and —0.2 V were
assigned to the hydrogen adsorption/desorption (Hyugsdes) at
the Pt surface [25]. For Fig. 1b—e, the current intensities of
the H,4s/des and PtO reduction peaks were gradually decreased
with a parallel decrease in the intensity of the PtO reduction
peak. This resulted from the distribution of the deposition
charge between Pt and Cu which further indicated the success-
ful deposition of Cu. As a result of Cu deposition, a new redox
couple corresponding to the Cu oxidation (at ca. 0.45 V) and
its subsequent reduction (at ca. 0.25 V) was developed [42—
44]. With the further increase of Cu®>” in the solution
(Fig. 1d and le), the current intensities of the Hygsqes and
PtO reduction peaks continued decreasing significantly con-
currently with an observable increase in the current intensity
of the Cu oxidation peak which appeared split [45,46] in two
peaks; at 0.05 V and 0.45 V (almost similar to those obtained
at the PtyCu; catalyst (Fig. S2A)) to infer about a possible
phase transformation. The calculated Pt surface area for all
proposed catalysts was additionally calculated, based on the
procedures in Fig. S1, as appeared in Table S1.

3.2. Morphological, compositional, and structural
characterizations

The investigation is directed to elucidate the surface morphol-
ogy, elemental composition, and molecular structure of the
proposed Pt,Cu, catalysts. Fig. 2 displays FE-SEM micro-
graphs of the Pt;Cug, Pt;Cu,, Pt;Cu,, Pt;Cus, and Pt,;Cuy cat-
alysts. As obviously seen in Fig. 2A, the deposition of Pt
(Pt;Cuq catalyst) occurred in spherical shape (ca. 110 nm in
average diameter) with intensive aggregations (~500 nm in
diameter each). This morphology was retained for Pt with
the deposition of Cu in starfish and/or intersected laminar
structures (almost similar to the Cu morphology for the PtoyCu;
catalyst appeared in Fig. S2B) in the Pt;Cu;, Pt;Cu,, Pt,Cus,
and Pt;Cuy catalysts (Fig. 2B-E).
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Fig. 2

Moreover, the EDS spectra of the Pt;Cuy, Pt;Cu,, Pt;Cu,,
Pt,Cus, and Pt;Cuy catalysts (Fig. 3a-e, respectively) provided
a confirmation for the deposition of catalytic ingredients in the
different catalysts where all peaks of C, O, Pt, and Cu
appeared in their expected positions [47-49]. The elemental
mapping of the Pt;Cu, and Pt;Cuy catalysts demonstrated
the homogeneous distribution of C, O, Pt, and Cu elements
in the proposed catalysts (Figs. S3A and B, respectively).

Furthermore, the crystal structures of the different Pt,Cu,
catalysts were examined by XRD (Fig. 4a-e) where several
diffraction peaks were identified for all catalysts at ca. 25°,
43° and 79° corresponding, respectively, to the (002), (100),
and (110) planes of the hexagonal carbon structure (JCPDS
card No. 075-1621) [50]. Also, the diffraction peaks identified
at ca. 38.6°, 44.6°, 65.4°, and 78.7° for all catalysts were
assigned, respectively, to the (111), (200), (220), and (311)

FE-SEM micrographs of the (A) PtICuo, (B) Pt1Cu1, (C) PI[CUz, (D) PtICU3, and (E) PtICU4 catalysts.

planes of the face-centered cubic (fcc) Pt lattice (JCPDS card
No. 96-101-1112) [32,51]. The Pt;Cuy, Pt;Cu,, Pt;Cu;, and
Pt,Cuy catalysts showed three diffraction peaks at 260 of ca.
43.1°, 50.2°, and 73.7°, consistent with those observed for
the PtyCu; catalyst (Fig. S2C), which were assigned to the
(111), (200), and (220) facets of metallic Cu (JCPDS card
No. 96-901-3016) [52-54]. The very small positive shift (ca.
0.05°) in the Pt diffractions in the Cu-modified catalysts might
account for the composition change of the catalyst surface
and/or Pt-Cu alloying [55].

3.3. FAOR: Activity studies

Fig. 5 (for easy comparison, all subfigures in Fig. 5 were
grouped in a single figure - Fig. S4) represented the influence
of Pt** and Cu®" relative molar ratio in the deposition elec-
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Fig. 3  EDS spectra of the (a) Pt;Cuy, (b) Pt;Cuy, (c) Pt;Cu,, (d) Pt;Cus, and (e) Pt;Cuy catalysts. The inset shows a clear view of the Pt

and Cu peaks.

trolyte on the catalytic activity of the proposed Pt,Cu, cata-
lysts toward FAOR. First, it worth to point the inactivity of
the unmodified GC electrode [56] and Cu [57] toward FAOR
(see Fig. S2D). A blank test was carried out in FA-free solu-
tion (FAFS) that has the same pH (3.5) with the same measur-
ing conditions to confirm our interpretation (will be mentioned
later in text) for the peaks associated with FAOR. Fig. S5 con-
firmed that in FAFS, no peaks were detected at the same
potentials like in case of the solution contacting FA. In
Fig. 5A (Pt;Cuy catalyst), two oxidation peaks were observed
in the forward (anodic-going) scan at 0.34 V and 0.8 V. The
first peak (at ca. 0.34 V) was assigned to the direct (preferred,
because of its lower anodic overpotential that turns the output
voltage of DFAFCs higher) oxidation of FA to CO, (Eq. (1)).
The current density of this peak will be abbreviated as Ig. The
second peak (ca. 0.8 V) was assigned to the oxidation of the
CO,q4s to CO; (Eq. (3)) after the hydroxylation of the Pt sur-
face at a potential of ca. 0.7 V. The current density of this peak
will be abbreviated as Ig’d [58]. In reality, the core challenge of
assigning Pt-based catalyst for FAOR is related to the adsorp-
tion of CO (CO,qs) which occurs spontaneously from the non-
faradaic dissociation of FA at open circuit potentials (Eq. (2)).
This deactivates the Pt surface and prompts a potential poison-
ing for a significant number of Pt active sites, which, in turns,
impede the direct “preferred” pathway of FAOR. Balandin
proposed the “Multiplet theory” that investigated the simulta-
neous adsorption of reacting species to a group of active atoms
of a given catalyst [59]. He proposed a correspondence
between the geometry of active centers and the energies of
forming and breaking chemical bonds of the adsorbate/adsor-
bent clusters. According to this theory, the adsorption of CO
on the Pt surface requires the presence of three neighboring
Pt active sites with a certain geometry. If this contiguity was
disturbed, the Pt—-CO bonding will not form; as will be elabo-
rated below. In the backward (cathodic-going) scan, the Pt sur-
face became clean (free of poisoning CO,q,) after the oxidation

of poisoning CO,q4s and that boosted FAOR as shown from
the high peak current density of the backward scan (Ig).

For the Pt;Cu;, Pt;Cu,, Pt;Cus, and Pt;Cuy catalysts, crit-
ical changes appeared and influenced the relative ratios of Ig,
I"I;‘d, and IE which denote important catalytic information.
Generally, the Ig/[‘;‘d ratio evaluates the enhancement in the
catalytic activity in the favorable direct oxidation pathway.
On the other hand, the Ig/lg ratio estimates the catalytic toler-
ance of the catalyst for poisoning CO species. These changes in
current densities can associate a further change in the onset
potential of the direct FAOR, E, s (measured at a constant
current density of ca. 0.2 mA cm ™), that reflects the capability
of the catalyst to overcome unnecessary overpotentials (partic-
ularly of charge transfer) that normally detracts the voltage
output of the cell. The I3/[7 ratio of the Pt,Cu, catalyst

(a) Pt,Cu,
—— (b) Pt,Cu,
(¢) Pt,Cu,
—— (d) Pt,Cu,
(e) Pt,Cu,

(111)

Cu

C(002)
Pt(111)
c(100)
Pt(200)
u(200)
Pt (220)
Cu(220)
Pt(311)
c(110)

2 Theta / degree

Fig.4 XRD pattern of the (a) Pt;Cuy, (b) Pt;Cu,, (c) Pt;Cu,, (d)
Pt,Cus, and (e) Pt;Cuy catalysts.
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aqueous solution of 0.3 M FA (pH ~3.5).

was ca. 0.65 (see Table 1), which is low to permit the move-
ment for DFAFCs into a real commercialization. The increase
of this Ig/li,"d ratio of the catalyst is highly important for a
commercial purpose. Fascinatingly, the CVs in Fig. 5B-E
and the catalytic data in Table 1 demonstrated the importance
of adding Cu to the catalysts and elaborated the influence of
varying the (Pt** and Cu®") molar ratios in the deposition
electrolyte on the catalytic activity toward FAOR. Interest-
ingly, both of Ig/l';,“d and Ig/lg increased with the increase in
the Cu®" molar ratio. This reflected the critical role of Cu to
direct FAOR in the direct pathway and to mitigate the CO poi-
soning. In addition, with the increase in Cu’" molar ratio, a
regular negative shift in £, was observed. The best catalytic
data was obtained for the Pt;Cuy catalyst whose Ig/];"d was
3.58 (i.e., 6-times as that of the Pt;Cuy catalyst). Its Ig/['; was

also the highest (0.73, i.e., 4-times as that (0.18) of the Pt;Cu,
catalyst). The negative shift in E,,. of this Pt;Cuy catalyst
was as well the largest (ca. 336 mV). Fig. 6 represents graphi-

Table 1  Electrochemical indices of the Pt,Cuy catalysts (data
were extracted from Fig. 5).

Catalyst Ig/l‘;’d Ig/]g Eqpge/mV
Pt;Cuy 0.65 0.18 82.3
Pt;Cu; 2.44 0.61 —185.2
Pt,Cu, 2.89 0.65 2257
Pt;Cu; 3.11 0.67 —244.2
Pt;,Cuy 3.58 0.73 —253.7
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cally these catalytic data. Also, several other parameters such
as the potentials at I3, I, and I (ES, EpY, and Ej, respec-
tively) were monitored and tabulated in Table S2. The poten-
tial changes associated with FAOR may relate to the surface
composition change of the proposed catalysts.

It is important to mention that the catalytic activities of the
Pt,Cus and Pt;Cug (see Figs. SOA and B and data in Table S3)
catalysts toward FAOR were lower than that of the Pt;Cuy,
presumably due to the too low loading of the active (Pt) com-
ponent in the catalysts. Hence, the Pt;Cuy represented the best
catalyst for FAOR among all the inspected catalysts in this
investigation. Interestingly, this activity surpassed many of
the reported activities for FAOR in literature (see Table S4
in the supplementary data file).

3.4. FAOR: Stability monitoring

Another important measurement besides the catalyst’s activity
is related to the catalyst’s stability. Herein, the catalyst’s mod-
ification with Cu was proposed not only to promote the cat-
alytic activity but also to enhance the stability of the
catalyst, which quickly deteriorates during continuous electrol-
ysis. The stability of the entire set of our proposed catalysts
were assessed by chronoamperometric measurements (see
Fig. 7) for 3600 s at a constant potential of 0.2 V. Fig. 7 (a-
e, respectively) displays the current transients (i-z curves) of
the PtICuo, PtICul, Pt]CU2, Pt1Cu3, and Pt1CU4 Catalysts in
aqueous solution of 0.3 M FA (pH ~3.5) at 0.2 V. As obvi-
ously seen in Fig. 7a and the attached inset, the current density
of the Pt;Cuy catalyst decayed rapidly due to the accumulation

of poisoning CO on the Pt surface. This decay diminished lar-
gely for the Pt;Cu;, Pt;Cu,, Pt;Cus, and Pt;Cuy catalysts (see
Fig. 7b-e). Interestingly, the highest stability was also recorded
for the Pt;Cuy catalyst (20% loss in the catalytic activity com-
pared to 35% for the Pt;Cu, catalyst, see Fig. 7a and e). This
represented an additional merit for Cu in boosting the catalytic
tolerance of the Pt,Cu, catalysts against CO poisoning during
FAOR.
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Fig. 7 Chronoamperometric curves (i-/) measured at (a) Pt;Cu,,
(b) Pt,Cuy, (¢) Pt;Cu,, (d) Pt;Cus, and (e) Pt;Cuy catalysts in
aqueous solution of 0.3 M FA (pH ~3.5) at 0.2 V. The inset
displays an obvious vision of the current decay of Pt,;Cu, catalyst.
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Table 2 ICP-MS-MS data for inspected catalysts after
electrochemical measurements.

Analyte Catalyst Conc (sample)/ pgL™!

Pt Pt]CUQ 1.32
Pt]CLll 0.96
Pt]CUQ 0.86
Pt]CLl3 0.37
Pt]CU4 0.27

Cu Pt,Cug 0.00
Pt]CLll 30.2
Pt;Cu, 61.6
Pt,Cu; 148.4
Pt]CU4 278.0

The ICP-MS was employed to assess the loss in the catalytic
ingredients (Pt & Cu) after the electrochemical stability inspec-
tion. As expected, a loss in Cu was observed, which was
expected for Cu at high potentials. This loss in Cu increased
with the molar ratio of Cu®>" ions in the deposition electrolyte
(Table 2). On contrary, the loss of the active and precious
material (Pt) in the Pt,Cuo, Pt|Cul, Pt|CU2, Pt|CU3, and Pt;-
Cuy catalysts was relatively minor and got decreased with
the Cu®>* molar ratio (Table 2). This reinforced the role of
Cu in boosting the durability of the Pt,Cu, catalysts and in
ranking the Pt,Cuy catalyst the best for FAOR.

3.5. FAOR: Mechanisms of enhancement

Electrochemical impedance spectroscopy (EIS) was used to
interpret the catalysis of FAOR on the Pt,Cu, catalysts. The
charge transfer resistance (R of the proposed Pt,Cu, cata-
lysts was correlated to their catalytic performance toward
FAOR [13,60,61]. Fig. 8 (a-e, respectively) represents the
Nyquist plots for all catalysts in aqueous solution of 0.3 M
FA (pH ~3.5) at a potential of 0.2 V in the frequency range
between 10 mHz and 100 kHz. The data fitting was carried
out using the EC-Lab software and the equivalent circuit of

0.4 :
—o— (a) PtICuﬂ .
—o— () Pt Cu
0.3 || —o— (©) Pt Cu, [* ]
—— (@PtCu
g —o— (e) l—‘thu4
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Fig. 8 Nyquist plots obtained of the (a) Pt;Cuy, (b) Pt;Cuy, (c)
Pt,Cu,, (d) Pt;Cus, and (e) Pt;Cuy in aqueous solution of 0.3 M
FA (pH ~3.5). The AC potential amplitude was of 0.2 V and the
frequency range from 10 mHz to 100 kHz.

this system was displayed in the inset of Fig. 8. Over there,
R, and Cy referred to the solution resistance and double layer
capacitance, respectively, of the electrochemical system. Anal-
ysis of R, for the whole set of catalysts grouped them in two
categories; one of a lower and another of a higher R, than that
(0.21 kQ) of the unmodified Pt;Cu, catalyst (Fig. 8a). The Pt;-
Cu,; and Pt;Cu, catalysts recorded 0.14 and 0.15 kQ, respec-
tively, for R, as obviously seen from their smaller semicircle
diameters (Fig. 8b and c). Such a decrease in R inferred the
existence of an electronic element in the catalytic enhancement
[5,13]. This electronic enhancement could possibly result from
the Pt-Cu alloying that might affect the Pt-FA, Pt-CO, and/or
Pt—CO bonding or perhaps from the participation of Cu with
its higher electrical conductivity than Pt [62,63] in the reaction
mechanism of FAOR in the way facilitating the kinetics of
charge transfer. This might associate a structural influence that
could synergistically boost the catalytic enhancement. Surpris-
ingly, the Pt;Cu; and Pt;Cuy catalysts owned higher (0.27 and
0.43 kQ, respectively) R, than that of the Pt;Cuq catalyst with
larger semicircle diameters (Fig. 8d and e). This came consis-
tent with diminishing the active Pt surface and the appearance
of redox pair for copper (recall the splitting of the Cu peak
that appeared only in Fig. 1d and e) that probably deactivated
Pt electronically toward FAOR. This electronic deactivation
was not equivalent to the geometrical (structural, third body)
influence that Cu added to Pt which boosted synergistically
the catalytic activity of the Pt;Cu; and Pt;Cuy catalysts toward
FAOR. Table 3 summarizes the electrochemical data (R, and
R.,) obtained from Fig. 8.

To precisely confirm this claim, CO was allowed to be
adsorbed at open circuit potential for 10 min and then stripped
oxidatively in CO-free electrolyte containing 0.5 M Na,SOy4
(pH N35) at the PtICuo, PtICul, Pthuz, Pt1CU3, and Pthu4
catalysts (Fig. 9a-e, respectively). The Pt;Cug catalyst (Fig. 9a)
showed (in the anodic scan) a zero current (Pt surface was
blocked) up to ca. 0.73 V where CO started to desorb
[64,65]. The charge (Qco) consumed in the CO stripping is pro-
portional to the poisoning level of CO,4s and the onset poten-
tial of CO desorption (E,,s;/co) assess the minimum energy
required for this desorption, which also accounts for the elec-
tronic properties of the Pt surface. Fortunately, the data of
Fig. 9 agreed with the hypotheses of Fig. 8 in suggesting pre-
vailing the electronic element in the catalytic enhancement of
the Pt;Cu; and Pt;Cu, catalysts. This was obvious in the
increased negative shift of their E,,.;,co (Fig. 9b and ¢). How-
ever, the amount of Cu in the Pt;Cu, catalyst was not sufficient
to provide an overall (electronic and geometric) enhancement
for CO adsorption. The behavior of the Pt;Cu, catalyst was
much better in terms of Qco and E,,.co. Interestingly,
regardless the approximate agreement in their E,,/co, the

Table 3 Summary of the electrochemical data extracted from
Fig. 8.

Catalyst R, (kQ) R, + Ry (kQ) R, (kQ)
Pt,Cu, 0.28 0.49 0.21
Pt,Cu, 0.29 0.43 0.14
Pt,Cu, 0.28 0.43 0.15
Pt,Cus 0.28 0.55 0.27
Pt,Cuy 0.28 0.71 0.43
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Fig. 9  Oxidative stripping of CO measured in aqueous solution
of 0.5 M Na,SO4 (pH ~ 3.5) at the (a) Pt;Cuy, (b) Pt;Cuy, (c)
Pt;Cu,, (d) Pt;Cuz, and (e) Pt;Cuy. The potential scan
rate = 50 mV s~ '. Before measurement, CO was allowed to be
chemisorbed from 0.5 M FA.

Table 4 Summary of the electrochemical data extracted from
Fig. 9.

Catalyst Oco (mC) Epserjco (mV)
Pt;Cuy 1.47 475
Pt,Cu; 1.51 302
Pt,Cu, 1.10 251
Pt,Cus 0.59 407
Pt,Cuy 0.37 418

Pt;Cuz and Pt;Cuy catalysts retained much lower Qco than
that of the Pt;Cu, catalyst which highlighted the geometrical
influence in retarding the adsorption of poisoning CO at the
Pt surface. Table 4 summarizes the data obtained from
Fig. 9 which confirmed ca. 25, 60 and 75% improvement in
the CO tolerance on the Pt surface of the Pt;Cu,, Pt;Cu;
and Pt,Cuy catalysts, respectively. This confirmed the struc-
tural (third body) enhancement for the Pt;Cu,, Pt;Cus, and
Pt;Cuy4 catalysts. Besides, Cu could also facilitate the oxidative
removal of CO at lower potentials (electronic impact) at the
Pt;Cu; and Pt;Cu, catalysts as respectively shown from the
—0.17 and —0.22 V shift E,uco. Lastly, it is important to
mention that although the Pt,Cu, catalyst did not show any
electronic enhancement, it acquired the highest activity and
stability toward FAOR that originated solely from its struc-
tural (third body) enhancement effect.

4. Conclusion

A Pt,Cuy binary catalyst was endorsed for efficient FAOR.
The molar ratio of Pt** and Cu®" ions in the deposition bath
influenced, to a high degree, the catalytic performance and the
enhancement mechanism toward FAOR. The Pt;Cuy catalyst
retained the highest catalytic activity (with up to ca. 6 times
increase in the Ig/li,“d index, 4 times increase in the Ig/lg index
and —336 mV shift in E,,;) of FAOR. This associated critical

improvement in the catalytic stability that appeared in main-
taining the highest current density and lowest current decay
during prolonged electrolysis at 0.2 V, comparing to all other
inspected catalysts. Based on the EIS and the CO stripping
measurements, the catalytic enhancement of the Pt;Cuy cata-
lyst arose principally from a structural (third body) effect.
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