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KEYWORDS Abstract To quickly move the formic acid (FA) fuel cells closer to & real commercialization, an
Fuel cells; inexpensive, efficient, and durable electrocatalyst for the direct FA electro-oxidation (FAEO)
Formic acid; was developed. This involved a sequential modification of & glassy carbon (GC) substrate with pal-
Iron oxide; ladium nanocubes (ca. 70 nm, nano-Pd) and iron oxide nanowires (nano-FeOy, ca. 40 nm and
Electrocatalysis; 150 nm in average diameter and length, respectively). The deposition sequence and loading level
Pd nanocubes of nano-FeOy in the catalyst were optimized to minimize the catalyst’s poisoning with CO that

might probably release from & parallel dehydration of FA or from CO, reduction. Surprisingly,
the FeO,/Pd/GC catalyst exhibited a high (21.6 mA cm™>) specific activity for FAEO, which
denoted ca. 7 times that of the “pristine” Pd/GC catalyst. This was synchronized with a better
(up to fivefold increase in turnover frequency) “long-termed” stability that extended for 90 min
of continuous electrolysis at room temperature. A successful effort was dedicated to improving
mere the catalyst’s stability by activating the catalyst electrochemically at —0.5 V vs Ag/AgCl/
KCI (sat.) in 0.2 mol L™! NaOH. The CO stripping agreed perfectly with the impedance analysis
in appending the observed enhancement in the catalytic efficiency of FAEO to a favorable elec-
tronic modulation at the Pd surface that boosted the oxidative desorption of poisoning CO species
at a lower potential.
© 2022 The Authors. 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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1. Introduction

Securing the society with energy, water, food, and drugs (EWFD), in
order to fulfill the global goals of sustainability, has become essential
not only under normal conditions but also during pandemics and dis-
asters. However, unfortunately, receding resources with the increased
demand associated with the change in human demographics, land
use, and climate change have impeded the achievement of these goals.
In the energy sector, the sole dependence on traditional combustion
schemes utilizing fossil fuels must be replaced with cleaner renewable
technologies (Carmo et al., 2013, Nishimura et al., 2014). One of
these green technologies depends on the solar production of hydro-
gen from water splitters. Hydrogen is then used directly as in electric
vehicles or saved to produce electricity via fuel cells (FCs). These FCs
look like the regular combustion engines in oxidizing the fuel but
they, moreover, feature & enhanced efficiency, durability, reliability,
scalability, eco-friendliness, less noisiness, moving flexibility, and easi-
ness of installation which qualified FCs to supply direct power to
numerous stationary and portable electronic applications
(Braunchweig et al., 2013, Oishi and Savadogo 2013). The fuel cell
vehicles (FCVs) received their power from the H,/O, FCs (HFCs)
with a power exceeding 140 kW (e.g., Honda Clarity, Toyota Mirai,
Hyundai Tucson, etc.) (Eppinger and Huang 2017). Nevertheless, the
low (2.2 kW h L") volumetric energy densities of H,, expensive
miniaturization of its containers, high energy losses associated with
the H, compression, liquefaction, and boil-off, and potential risks
and challenges associated with its use, storage, and transport have
all stimulated a great interest to replace hydrogen with liquid fuels
(Egeland-Eriksen et al., 2021).

In this regard, several liquids such as methanol, ethanol, and for-
mic acid (FA) were recommended as low-carbon fuels with favorable
convenience in handling and storage. These fuels could simply be
obtained from biomass, and they keep high energy densities (up to
1 kW h kg™") (Mardini and Biger 2021) and own, moreover, simple
structures that simplified their reaction mechanisms and minimized
undesired intermediates and byproducts (Zhang 2008). However,
comparatively, the ethanol electro—oxidation and the corresponding
direct ethanol FCs (DEFCs) received the least attention due to the
relatively higher carbon content of ethanol and its complex oxidation
mechanism that included several undesired byproducts (Akhairi and
Kamarudin 2016). On the other hand, the methanol (MO) and FA
electro—oxidations were less complicated with the capability to sus-
tain large volumetric energy densities up to 4820 and 1750 kW h
L, respectively (Choun 2016).

However, if compared together, the direct formic acid FCs
(DFAFCs) appeared more practical than the direct methanol FCs
(DMFCs) in terms of safety, efficiency, and fuel/membrane crossover
and compatibility (Wang et al., 2004, Al-Akraa et al., 2021). Indeed,
the DMFCs suffer from the toxicity, flammability, and high crossover
(through Nafion membranes) of methanol together with the slow
kinetics of MO. On the other hand, the non-toxicity, volumetric capac-
ity (53 g Hy/L) and low flammability (under ambient conditions) of FA
enabled the maturity of the DFAFCs and presaged its use as a H, car-
rier in FCVs with the adaptation of the existing gasoline infrastructure
for FA distribution (Eppinger and Huang 2017). Furthermore, FA
exhibits much lower crossover (through Nafion membranes) than
methanol, perhaps as a result of repulsion between HCOO and —
SOj3 groups in the membrane that permits using very thin membranes
and highly concentrated fuel solutions in DFAFCs while keeping the
loss of open circuit voltage minimum (Yu and Pickup 2008, Zhang
et al., 2010, Eppinger and Huang 2017). Last but not least, the theoret-
ical open-circuit potential and energy efficiency (1.40 V, 1.062 %) of
the DFAFCs exceed those of the DEFCs (1.145 V, 0.969 %), DMFCs
(1.21 V, 0.967 %) and HFCs (1.23 V, 0.830 %) under standard condi-
tion (25 °C, 1 atm) (Qian et al., 2006, Zhang 2008).

To commercialize the DFAFCs on a large scale, their overall per-
formance including their power and energy densities, voltage, price,

and lifetime have to be optimized. The degradation of the Nafion
membrane and the carbon supports has to be resolved, and the
water—CO, management should be precisely controlled. The electro-
catalysis of FAEO denotes a major dilemma as well in justifying
the DFAFCs’ performance. Since the 1960 s, Pt and Pd represented
the most effective catalysts for FAEO (Breiter 1963, Aguilo 1969, El-
Deab et al., 2014, El-Nagar et al., 2015, El-Nagar et al., 2017, Asal
et al., 2021, Al-Akraa et al., 2022). Other catalysts as gold (Xiang
et al., 2001), osmium (Orozco and Gutiérrez 2000), rhodium (Adic¢
and Tripkovic 1979), and iridium (Ferrer and Victori 1993) were
tested but showed much less efficiencies toward FAEO. While
employing Pt and Pt-based catalysts for FAEO in DFAFCs was sub-
stantial, their high cost, long-term instability, and reduced tolerance
against CO poisoning (deactivation) remained challenging (EI-
Nagar et al., 2014a, 2014b, Al-Akraa and Mohammad 2020). In fact,
poisoning the Pt surface originates from the strong adsorption of
released intermediates (e.g., CO) during FAEO and this precludes a
large Pt area from the participation in the direct FAEO unless a high
overpotential is applied.

Comparatively, Pd is less expensive and possesses a much lower
tendency for CO poisoning with a better catalytic activity than Pt
(Han et al., 2009, Hu et al., 2014, Al-Akraa et al., 2015a, 2015b,
2015¢c). While several inspections of FAEO on Pd-based surfaces
disclaimed the release of CO as a poisoning intermediate (Hu
et al., 2012a, 2012b, Zhang et al., 2012, Asal et al., 2022), other
reports endorsed its formation in an indirect competing avenue with
CO, formation (Wang et al., 2014). This poisoning with CO and
CO-like intermediates might rationalize the observed gradual deacti-
vation of Pd surfaces in the catalysis of FAEO (Hu et al., 2012a,
2012b, Yuan and Liu 2013). The dissolution of Pd under highly oxi-
dizing conditions would as well contribute to this deactivation (Hu
et al., 2012a, 2012b, Yuan and Liu 2013). To ensure a proper func-
tionality for the DFAFCs, the deterioration of their catalytic perfor-
mance that is inspired by the catalyst’s poisoning needs to be
overcome. This could happen with a simple amendment or alloying
of Pd with other metals (e.g., Au (Liu et al., 2010, Lee et al., 2014),
Pt (Jayashree et al., 2005, Al-Akraa et al., 2015a, 2015b, 2015c), Ag
(Cui et al., 2014), Ir (Wang et al., 2008, Al-Akraa et al., 2015a,
2015b, 2015¢c), Ru (Liu et al., 2012), Sn (Liu and Zhang 2009),
Cr (Wen et al., 2013), Ni (Shen et al., 2013), Cu (El-Nagar et al.,
2014a, 2014b), Co (Wang and Xia 2008), Pb (Li et al., 2010), V
(Larsen et al., 2005), Co/Ir (Wang and Xia 2008), Ni/Pt (Sneed
et al., 2014), Ni/P (Chang et al., 2014)), with a structural tailoring
of Pd to enrich a favorable orientation (Pd (100)) at the surface
(Hoshi et al., 2006) or exposing the Pd surface to trace amounts
of boosting impurities (Haan et al., 2010). From another perspec-
tive, the Pd surfaces refinement with nanostructured transition metal
oxides as CoO,, MnO,, NiO,, TiO,, and FeO, could enrich the sur-
face with oxygen moiety that boosted the oxidative stripping of poi-
soning CO at lower overpotentials (Al-Qodami et al., 2018,
Elnabawy et al., 2018, Al-Qodami et al., 2022a, Al-Qodami et al.,
2022b). The electron vacancy in d-orbitals of these oxides could fur-
ther accommodate electrons during oxidation to mediate and speed
up the kinetics of the reaction (Jin et al., 2022). We, herein, report
on the promising electrocatalysis of FAEO on the FeO,/Pd/GC cat-
alyst whereby Pd nanoparticles (nano-Pd) were directly deposited
onto a glassy carbon (GC) substrate before a modification with
peerless inexpensive and earth-abundant iron oxide nanowires
(nano-FeOy).

2. Experimental

All reagents were of analytical grades and employed as
received. Iron (II) sulfate heptahydrate (FeSO4-7H,0) was
purchased from Riedel-de Haén, sulfuric acid and sodium
hydroxide pellets were purchased from Sigma-Aldrich. A
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glassy carbon (GC, 3.0 mm in diameter with a geometric area
of 0.071 cm?) electrode was used as working electrode after
mechanical polishing with emery paper followed by aqueous
slurries of finer alumina powder on a cleaning microcloth.
An Ag/AgCI/KCl (sat.) and spiral Pt wire were used as refer-
ence and counter electrodes, respectively. All potentials in this
investigation were measured with respect to the Ag/AgCIl/KCl
(sat.) reference electrode.

The electrodeposition of nano-Pd onto the bare GC and
FeOx/GC electrodes were carried out in 0.1 mol L ' H,580,
electrolyte containing 1.0 mmol L! PdCl, at a constant
potential electrolysis of 0 V for 300 s. Whereas nano-FeO,
was deposited electrochemically on the GC and Pd/GC elec-
trodes from 0.02 mol L' FeSO,4-.7H,O electrolyte using cyc-
lic voltammetry (CV) between —0.855 V and —1.205 V at
50 mV s (Al-Qodami et al, 2018, Al-Qodami et al.,
2022a, Al-Qodami et al., 2022b). The impact of nano-FeO,
loading to the Pd/GC catalyst on the catalysis of FAEO
was analyzed by depositing nano-FeO, with variable poten-
tial cycles. The anodic activation of the FeO,/Pd/GC cata-
lyst was achieved at -0.5 V for 10 min in 0.2 mol L'
NaOH electrolyte before electrochemical measurements to
enrich the catalyst’s surface with highly oxidized states of
iron specious which can presumably boost the catalyst’s per-
formance toward FAEO.

All the electrochemical and electrocatalytic measurements
were performed in a two compartment three-electrode con-
ventional glass cell at a room temperature (~25 °C) using
an EG&G scanning potentiostat (model 273A) operated with
Echem 270 software. The current densities were calculated
according to the real surface area of the working electrode
(to be calculated based on the charge consumed during the
hydrogen desorption using a standard value of 0.21 mC
em~2) (Al-Akraa et al., 2015a, 2015b, 2015c¢). The electrocat-
alytic activity of the prepared catalysts toward FAEO was
measured in 0.3 mol L' formic acid (FA) solution (pH
3.5) by CV and linear sweep voltammetry (LSV) at scan rate
of 100 mV s~!. The pH was adjusted at 3.5 (by adding appro-
priate amount of NaOH) to ionize appropriate amount
(about one third) of formic acid to formate anion which
reduces the polarization resistance and enhance the ionic con-
ductivity of the electrolyte (El-Nagar et al., 2013). The CO
stripping voltammetry and the electrochemical impedance
spectroscopy were measured at open circuit potential in
0.5 mol L' H,SO, and 0.3 mol L' formic acid solution
(pH 3.5), respectively.

The surface morphology and the elemental composition
of the prepared catalysts were examined using a Zeiss
Ultra 60 field emission scanning electron microscope (FE-
SEM) and energy-dispersive X-ray spectroscopy (EDX,
equipped to the Zeiss FE-SEM), respectively. The crystal
structure of the catalysts was identified using X-ray
diffractometer (XRD, PANalytical, Empyrean) operated
with Cu target (A = 1.54 A) in the range of 20 = 20
—100°. The surface chemical analysis of the best catalyst
was evaluated using a “Thermo Scientific™ K-Alpha™ X-
ray Photoelectron Spectrometer” (XPS, Thermo Fisher Sci-
entific, USA) that operated with a monochromatic micro-
focused X ray Al K-alpha radiation (10 to 1350 eV)
and spot size of 400 mm at a pressure of 109 mbar with
a spectrum pass energy of 200 eV and at a narrow spec-
trum of 50 eV.

3. Results and discussion
3.1. Electrochemical characterization

3.1.1. Effect of deposition order

Cyclic voltammetry (CV) is a powerful tool for following the
kinetics of electrochemical reactions with a precise capability
for identifying and assessing very minor electroactive species
(Al-Akraa et al., 2013). Fig. 1A shows CVs of the Pd/GC,
Pd/FeO,/GC and FeO,/Pd/GC catalysts in 0.5 mol L'
H»S04. The Pd/GC catalyst displays the identical characteriza-
tion of a clean Pd substrate with the surface oxidation extend-
ing from 500 to 1200 mV with a subsequent reduction at ca.
450 mV. This was coupled with the hydrogen adsorption/des-
orption (H,4s/4es) peaks which appeared in the potential range
from 0.0 to —200 mV (Al-Akraa et al., 2015). Similar behaviors
were observed at the Pd/FeO,/GC and FeO,/Pd/ GC catalysts
but the intensities of the PdO reduction peak (at ca. 450 mV)
were shorter; informing about the relative decrease in the real
surface area of Pd. This was also acceptable in view of the dif-
ferent loaded amounts and/or the partial consumption of the
Pd surface in the deposition of nano-FeO,. The FeO,/Pd/GC
catalyst displayed a short redox peak couple at 450 mV and
80 mV that corresponded to the Fe?"/Fe' transformation
(Al-Qodami et al., 2018). The weakness of this peak couple
agreed with the instabilities of nano-FeO, in acidic media
(Fu et al., 2021). Alternatively, the CVs of the same set (Pd/
GC, FeO,/GC, Pd/FeO,/GC and FeO,/Pd/GC) of catalysts
were recorded in 0.5 mol L' KOH (Fig. 1B). Similar behaviors
for the Pd surface as those in Fig. 1A appeared in 0.5 mol L™
KOH (Fig. 1B) but at different potentials; the Pd oxidation at
(=100 to 600 mV), the PdO reduction at (ca. 400 mV) and the
Hags/des at (orange circles, ca. —850 mV for desorption and less
than —1.0 V for adsorption). In addition, a new redox peak
(blue circles, oxidation at —640 mV and reduction
at —850 mV) appeared for nano-FeO, which corresponded
to the reversible Fe(Il)/Fe(Ill) oxide transformation (Doyle
and Lyons 2013). Existence of nano-FeO, in FeO,/Pd/GC cat-
alyst improved largely the Huggdess as indicated at
ca. —850 mV (Faid et al., 2019).

3.1.2. Effect of nano-FeO, loading

The loading of nano-FeO, in the FeO,/Pd/GC catalyst was
optimized for FAEO. Fig. 2A and B show the characteristic
CVs in acidic and alkaline media, respectively, of the Pd/GC
catalyst and several FeO,/Pd/GC catalysts of variable nano-
FeO, loading (the loading was varied by increasing the depo-
sition cycles, N). Fig. 2A shows a drop in the intensities of
the PdO reduction peak and the Hg.s peak in 0.5 M H,SO,
with the nano-FeOy loading. The same behavior was repeated
in 0.5 mol L™ KOH (Fig. 2B); concurrently with a gradual rise
in the intensity of the redox peak couple (observed from ca. —
800 mV to —600 mV). As obviously seen, the peak potential for
PdO reduction was shifted to lower overpotentials at the nano-
FeO,-modified catalysts if compared to the Pd/GC catalyst;
recommending a vital moderation in the electronic properties
of Pd at the catalyst’ surface. Needless to indicate that the sur-
face coverage of Pd decreased significantly with the loading of
nano-FeO,. It is also easy to notice the unique characteristics
for the FeO,/Pd/GC catalyst that was loaded with nano-FeOy
for 4 cycles. This included the highest negative shift in the peak
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Fig. 1 CVs obtained at “pristine” and FeO,-modified GC electrodes in (A) 0.5 M H,SO, and (B) 0.5 M KOH (4 potential cycles were

applied for the deposition of nano-FeOy).

potential of PdO reduction (almost similar to the case of 2
cycles deposition of nano-FeOy), in addition to the obvious
detection (higher intensities) of Fe(II)/Fe(Ill) oxide transfor-
mation (at ca. 480 mV in the anodic scan and ca. 80 mV in
the cathodic scan, Fig. 2A). The same Fe(II)/Fe(IIl) oxide
transformations appeared at lower overpotentials in an alka-
line medium (Fig. 2B).

3.1.3. Effect of activation

Moreover, an anodic activation of the FeO,/Pd/GC was car-
ried out at —0.5 V to enrich the catalyst’s surface principally
in the oxide form. Fig. 3 shows the characteristic CVs of FeO,/

Pd/GC before and after activation. In Fig. 3A, the intensity of
the PdO reduction peak increased after activation which rec-
ommended a significant dissolution of nano-FeO, during the
activation. A similar behavior was observed in an alkaline
medium (Fig. 3B).

3.2. Material’s characterization

Fig. 4 represents the FE-SEM surface morphologies of the Pd/
GC, FeO,/GC, a-FeO,/GC, Pd/FeO,/GC, FeO,/Pd/GC and
a-FeO,/Pd/GC catalysts. The Pd/GC catalyst (Fig. 4A) indi-
cated the deposition of Pd in nanocubes of an average edge size
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Fig.2 CVs obtained in (A) 0.5 M H,SO4 and (B) 0.5 M KOH at
the unmodified Pd/GC (solid black line) and FeO,-modified Pd/
GC (dashed lines) catalysts with various loadings of nano-FeOy
(Legend indicates the no. of cycles involved in the deposition of
nano-FeO,).

of ca. 70 nm. Whereas the FeO,/GC catalyst (Fig. 4B) indi-
cated the deposition of nano-FeO, mostly as individual inter-
sected nanowires (ca. 40 nm in diameter and 150 nm in length).
These nanowires appeared clustered intensively (white aggre-
gates) in several areas. The catalyst’s activation (a-FeO,/GC
catalyst, Fig. 4C) did not change the nanowire texture but
rather enhanced the fusion of aggregated particles. This denied
the conceptional view of being nano-FeO, dissolved com-
pletely during activation. For the Pd/FeO,/GC catalyst
(Fig. 4D), nano-Pd (ca. 90 nm) appeared relatively larger than
in the Pd/GC catalyst (Fig. 4A) which agreed perfectly with the
data in Fig. 1 (larger surface area of Pd in the Pd/FeO,/GC
catalyst). Interestingly, when nano-FeO, was deposited onto
the Pd/GC surface, the agglomeration of nano-FeO, disap-
peared significantly (Fig. 4E) but returned back after activa-
tion in a well-defined nanowire structured assembly
(Fig. 4F). The exposure of the underneath Pd and GC surfaces
were obvious in Fig. 4 E-F, which predicts the participation of
nano-Pd in the catalysis of FAEO.

The elemental compositions of the catalysts were evaluated
from the EDX analyses (Fig. 5). The relative compositions of
the catalytic constituents of all catalysts are given in Table 1.
The EDX measurements revealed the effective electrodeposi-

5
200
« O
S
-200
FeOy/PdIGC
-400 a-FeO,/Pd/GC |}
0 400 800 1200
E/mV
(B)
500 |
< O _
S
-500 | 1
_ FeOy/P/GC |1
-1000 —— a-FeOy/PdIGC
-800 -400 0 400
E/mV

Fig. 3 CVs obtained at the inactivated FeO,/Pd/GC and
activated a-FeO,/Pd/GC catalysts in (A) 0.5 M H,SO,4 and (B)
0.5 M KOH (4 potential cycles were applied for the deposition of
nano-FeOy).

tion of Pd (43.90 wt%) and Fe (90.82 wt%) onto the Pd/GC
and FeO,/GC electrodes, resepctively. The activation at —
0.5 V led to reducing the amount of Fe (78.30 wt%) with the
increase of oxygen content which accounted on the further oxi-
dation and the possible dissolution of Fe. Data for the succes-
sive deposition of both metals on the GC substrate are shown
in Fig. 5 and Table 1. For the Pd/FeO,/GC catalyst, the EDX
spectrum could not detect Fe perhaps due to the complete cov-
erage of Fe with Pd, taking into consideration the limitation of
EDX to detect the small amount of Fe at the surface. How-
ever, in the case of FeO,/Pd/GC catalyst, the EDX spectrum
detected both Fe (73.55 wt%) and Pd (15.21 wt%) which
agreed with the layers’ hierarchy.

Furthermore, the crystal structures of the Pd/GC, FeO,/Pd/
GC and a-FeO,/Pd/GC catalysts were examined with the
XRD technique (Fig. 6A). Fig. 6A (a) shows several diffrac-
tion peaks for the Pd/GC catalyst at ca. 25°, 39°, 43°, 64°
and 78° corresponding, respectively, to the (002) plane of C
(JCPDS card No. 075-1621) (Asal et al., 2022), (111), (200),
(220) and (311) planes of Pd (JCPDS card No. 96-101-
1105) (Asal et al., 2022) that reflected its face-centered cubic
(fce) structure (Al-Akraa et al., 2015). The XRD spectra of
FeO,/Pd/GC and a-FeO,/Pd/GC (Fig. 6A (b and c)) showed
no clear difference compared to the Pd/GC catalyst; recom-
mending the retention of the same crystal structure of nano-
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Fig.4 FE-SEM (high magnification) images for (A) Pd/GC, (B) FeO,/GC, (C) a-FeO,/GC, (D) Pd/FeO,/GC, (E) FeO,/Pd/GC and (F)
a-FeO,/Pd/GC catalysts (4 potential cycles were applied for the deposition of nano-FeOy).

Pd in all the catalysts. Unfortunately, the sensitivity of the
spectroscope was not sufficient to detect nano-FeO, which
existed at the electrode’s surface. However, assembling of
nano-FeO, in the FeO,/Pd/GC catalyst decreased the ratio
of diffraction peak intensities of Pd (200): Pd (111) but it
increased back after activation. The deposition of nano-FeO,
onto the Pd (200) facet is presumable.

The chemical oxidation states of the elements at the surface
of the FeO,/Pd/GC catalyst were estimated by XPS. The Fe 2p
peak of the FeO,/Pd/GC catalyst was deconvoluted in two
peaks at binding energies of 713.1 and 725.1 eV (Fig. 6B),
which were assigned to the 2p;, and 2p;, peaks of Fe*?
(Al-Qodami et al., 2022a, 2022b). These peaks accompanied
two shake-up satellites at 719.7 (Fe 2ps5, sat) and 729.1 (Fe
2py )2, sat) eV resulting from the charge transfer or shake-up
processes associated with Fe 3. The peak observed at 710.7
was assigned to Fe'? (Al-Qodami et al., 2022a, 2022b).
Fig. 6C shows the Pd 3d spectrum for FeO,/Pd/GC catalyst
that was deconvoluted into Pd 3ds, and Pd 3d;, at ca. 335
and 341 eV, respectively and assigned to metallic Pd (Maji

et al., 2020). Two other peaks at 336.2 and 342.1 eV were
assigned to Pd 3dsj, and Pd 3ds;, of PdO (Maji et al., 2020).
These analyses of Pd 3d spectrum confirmed the existence of
Pd at the surface in both Pd (0) and Pd (II) species. The O
Is peak in (Fig. 6D) was deconvoluted into three different
peaks at ~ 530, 532, and 534 eV corresponding, respectively,
to the lattice oxygen of Fe—O—Fe bonding in FeOOH, lattice
oxygen of Fe—O—H bonding in FeOOH and oxygen in the
H—O—H bonding of chemisorbed water at the FeOOH sur-
face (Al-Qodami et al., 2022a, 2022b). The presence of chemi-
sorbed water confirmed the hydrated nature of nano-FeOy at
the catalyst surface.

3.3. Formic acid electro-oxidation (FAEO):

3.3.1. Effect of deposition sequence

Fig. 7 shows the CVs of FAEO at the Pd/GC, Pd/FeO,/GC
and FeO,/Pd/GC catalysts in 0.3 M FA (pH 3.5). In fact,
the unmodified GC and the FeO,/GC catalysts did not show
any electrocatalytic activity toward FAEO as was reported
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Table 1 Elemental compositions of catalysts as revealed from
EDX measurements.

Catalyst Pd (mass %) Fe (mass %) O (mass %)
Pd/GC 43.90 0 56.10
FeO,/GC 0 90.82 9.18
a-FeO,/GC 0 78.30 21.70
Pd/FeO,/GC 59.41 0 40.59
FeO,/Pd/GC 15.21 73.55 11.24
a-FeO,/Pd/GC 22.03 60.89 17.08

earlier (Al-Qodami et al., 2018). Fig. 7 revealed that the reac-
tion pathway of FAEO on all (Pd/GC, Pd/FeO,/GC and
FeO,/Pd/GC) catalysts proceeded exclusively via the dehydro-
genation pathway that produced directly CO, at ca. 100 mV.
Nothing indicated the operation of the “dehydration” path-
way that releases the poisoning CO as an intermediate (Baik
et al., 2011, Al-Akraa et al., 2015). The intensity of the peak
current density (i,) of FAEO was taken as an index to probe
the activity of the catalysts. The relative increase (2 times that
of the Pd/GC catalyst) in the i, of the Pd/FeO,/GC catalyst

10 KeV

0 2 4 6 8 10 KeV

EDX spectra of (A) Pd/GC, (B) FeO,/GC, (C) a-FeO,/GC, (D) Pd/FeO,/GC, (E) FeO,/Pd/GC and (F) a-FeO,/Pd/GC catalysts
(4 potential cycles were applied for the deposition of nano-FeOy).

interpreted the role of nano-FeO, in orienting the deposition
of nano-Pd in preferable facets for FAEO. Interestingly, the
FeO,/Pd/GC catalyst exhibited a sevenfold increase in i, (in
relative to that of the Pd/GC catalyst) that turned this struc-
tural hierarchy of this catalyst desirable. Interestingly, the
activity of FeO,/Pd/GC catalyst toward FAEO bettered to a
great extent many other catalysts in literature, as indicated in
Table 2 (Al-Akraa et al., 2015a, Al-Akraa et al., 2015b, Al-
Akraa et al., 2015c¢).

3.3.2. Effect of nano-FeO, loading

Furthermore, Fig. 8 shows the linear sweep voltammetry
(LSV) of FAEO obtained at the Pd/GC and FeO,/Pd/GC cat-
alysts (nano-FeO, was deposited for various deposition
cycles). Obviously, four cycles of nano-FeOy deposition onto
the Pd/GC catalyst exhibited the highest i,,. This matched the
unique characteristic behavior that was observed for the same
loading in Fig. 2. In Fig. 2B, the intensity of the reduction
peaks of nano-FeO, (at —800 mV) increased with increasing
the number of deposition cycles due to the increase in the
amount of nano-FeO,. It was believed that increasing the
amount of nano-FeO, might lead to a catalytically more active



H.H. Farrag et al.

Fig. 6

25

20

i/ mA cm‘2

Fig. 7

15 |

10 |

Binding energy (eV)

- | | (A) - (B) Fe 2p Fe 2p;/,
t C
3 “/‘\J 1
S
S 12
e - & M——- g
g} 2
20 40 60 80 -
20 (degree) 735 730 725 720 715 710 705
— — — . Binding energy (eV)
Pd 3d5 T = T L T L T L] T
/2
(C) Pd 3d [ (D) s |
I pd° 1 1
3 = b 0
;i’ I Pod 3d3/2 : i |
gr Pd >t H-
g | |2 | _
E 5|
- £l -
I Ads i
344 342 340 338 336 334 332 .5:;.3 - 5;4 . 552 . 550 -

Binding energy (eV)

(A) XRD spectra of (a) Pd/GC, (b) FeO,/Pd/GC and (c) a-FeO,/Pd/GC catalysts. (B-D) XPS spectra of Fe 2p (B), Pd 3d (C) and
O 1 s (D) peaks of FeO,/Pd/GC catalyst (4 potential cycles were applied for the deposition of nano-FeOy).

Pd/GC
Pd/FeO,/GC |]
FeO,/Pd/GC

0 400
E/mV

CVs obtained at Pd/GC, Pd/FeO,/GC and FeO,/Pd/GC
catalysts in 0.3 M FA (pH 3.5) (4 potential cycles were applied for
the deposition of nano-FeO,).

Table 2 A comparison of the electrocatalytic activities for
different catalysts toward FAOR.

Catalyst i, / mA cm 2 Ref.

Pd/GC 2.50 Al-Akraa et al., 2015
Pt/Pd/GC 1.23 Al-Akraa et al., 2015
Ir/Pd/GC 6.00 Al-Akraa et al., 2015
NiOy/Pd/GC 8.00 Al-Akraa et al., 2015
a-FeO,/Pd/GC 17.5 This work
FeO,/Pd/GC 21.6 This work

(higher i, in Fig. 8) surface, which did not happen all the way
forward. Indeed, this verified for 2 and 4 cycles but declined
for further loadings (5 and 6 cycles) of nano-FeOy. This can
be realized in view of the dependence of the electrocatalytic
activity of the FeO,/Pd/GC on the available surface area of
Pd. Therefore, after certain coverage (N = 4) of nano-FeO,
in the FeO,/Pd/GC catalyst, the decrease in the surface area
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Fig. 8 LSVs obtained in 0.3 M FA (pH 3.5) at the unmodified
Pd/GC (solid black line) and FeO, modified Pd/GC (dashed lines)
catalysts (Legend indicates the no. of cycles involved in the
deposition of nano-FeOy).

of nano-Pd led to a corresponding decrease in the catalytic
activity of the catalyst where the Pd area became limiting for
the kinetics of FAEO (El-Nagar et al., 2012). The real surface
area (calculated from the charge consumed during the reduc-
tion of the Pd oxide surface in 0.5 M H,SO, using a reported
value of 420 nC cm™2) and the electrocatalytic activity of all
prepared catalysts are summarized in Table 3.

3.3.3. Effect of activation

The effect of activation on the catalysis of FAEO is repre-
sented in Fig. 9. The catalytic activity of FAEO did not change
much after the activation of the FeO,/Pd/GC catalyst. The i,
of FAEO decreased from 21.5 mA cm ™2 (before activation)
to 17.5 mA cm ™ (after activation). The reason may originate
from a partial dissolution of nano-FeO, after activation as
revealed from EDX data (Table 1) that influenced the cata-
lyst’s activity.

3.4. Stability toward FAEO

Long-term stabilities of catalysts are essential for a practical
application of DFAFCs. Fig. 10 foresees the relative catalysts’
stabilities, in which the current transients (i-t) were measured
at the Pd/GC, Pd/FeO,/GC, FeO,/Pd/GC and a-FeO,/Pd/
GC catalysts in 0.3 M FA (pH 3.5) at 100 mV. It is obvious
that the Pd/GC and the Pd/FeO,/GC catalysts possessed poor

Table 3 The electrocatalytic activities of different catalysts
toward FAOR.

Catalyst No. of deposition Real surface i, / mA
cycles of nano-FeO,  area / cm> cm 2
Pd/GC 0 0.58 3.66
FeO,/Pd/GC 2 0.51 11.0
FeO,/Pd/GC 4 0.42 21.6
FeO,/Pd/GC S 0.21 12.0
FeO,/Pd/GC 6 0.16 10.8
Pd/FeO,/GC 4 0.57 6.52
a-FeO,/Pd/GC 4 0.53 17.5
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Fig. 9 CVs obtained at FeO,/Pd/GC and a-FeO/Pd/GC
catalysts in 0.3 M FA (pH 3.5) (4 potential cycles were applied
for the deposition of nano-FeOy).
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Fig. 10  Current transients (i-t) measured at Pd/GC, Pd/FeO,/
GC, FeO,/Pd/GC and a-FeO,/Pd/GC catalysts in 0.3 M FA (pH
3.5) at 100 mV (4 potential cycles were applied for the deposition
of nano-FeOy).

stabilities toward FAEO as reflected from their fast-chronical
current decay; in agreements with previous reports (Hong
et al., 2011, Al-Akraa et al., 2015). The FeO,/Pd/GC and a-
FeO,/Pd/GC catalysts exhibited slower current decays and
ended up with much better activities (1.0 and 1.2 mA cm >
at the FeO,/Pd/GC and a-FeO,/Pd/GC catalysts, respec-
tively). The superiority of the a-FeO,/Pd/GC in persisting
the outmost durability might originate from the conversion
of Fe to higher oxides capable to mitigate the possible surface
poisoning and/or improve the mechanical properties of the
surface film of the catalytic ingredients. Turnover frequencies
(TOF) of the catalysts (Table 4) were calculated to assess the
intrinsic activity of the catalysts and the efficiency of their
active sites (Anantharaj et al., 2021). The better durability
and intrinsic activity of the FeO,/Pd/GC and a-FeO,/Pd/GC
catalysts supported their improved efficiency toward FAEO.
This could possibly originate with the electronic amendment
that nano-FeO, made for the electronic properties of Pd at
the catalyst’s surface against poisoning or dissolution of the
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Table 4 Turnover frequency (TOF) of the Pd/GC, Pd/FeOy/
GC, FeO,/Pd/GC and a-FeO,/Pd/GC catalysts (4 potential
cycles were applied for the deposition of nano-FeOy).

Catalyst TOF (s7')
Pd/GC 0.113
Pd/FeO,/GC 0.135
FeO,/Pd/GC 0.526
a-FeO,/Pd/GC 0.593

catalytic ingredients (Hu et al., 2012). Deeper insights for
FAEO reaction mechanism at the FeO,/Pd/GC catalyst will
soon be investigated.

3.5. Origin of enhancement

To appraise the role of nano-FeOy in the catalytic improve-
ment toward FAEO, carbon monoxide (CO) stripping voltam-
metry was carried out at the Pd/GC, FeO,/Pd/GC and a-
FeO,/Pd/GC catalysts in 0.5 mol L' H,SO4 at 50 mV s~
(Fig. 11A) after allowing CO to be adsorbed at the catalysts’
surfaces from 0.5 M FA at open circuit potential (OCP) for

0.3 - - .
( A) —— PdIGC
FeOy/Pd/IGC
02| a-FeOy/PdIGC | ]
o
5
« 041
£
0.0
-0.1 . . . .
200 400 600 800 1000
E/mV
4 - r . . - r
—e— Pd/GC
(B) —a— FeOy/PdIGC
5 Decreasing frequency | —a— afeo,/PdiGC ]

Z'/kohm

Fig. 11  Oxidative stripping of CO from the Pd/GC, FeO,/Pd/
GC and a-FeO,/Pd/GC catalysts in 0.5 M H,SO,4 at scan rate
50 mV s~! (A). Nyquist plots (at open circuit potentials) for the
same catalysts measured in 0.3 M FA (pH 3.5) (B) (4 potential
cycles were applied for the deposition of nano-FeOy).

Table 5 Impedance parameters obtained for FAEO at the Pd/
GC, FeO,/Pd/GC and a-FeO,/Pd/GC catalysts. The data were
obtained from the corresponding EIS spectra (Fig. 11).

Catalyst R [kQ] Rg[kQ] CPE [uFs®"] «

Pd/GC 0.401 6.301 26.79 0.9195
FeO,/Pd/GC 0.366 4.212 29.73 0.8849
a-FeO,/Pd/GC  0.342 3.872 32.17 0.8724

15 min. The CO oxidation peak appeared at ca. 0.8 V with a
current density of 0.14 mA cm ™2 at the Pd/GC catalyst. This
peak appeared at ca. 0.6 and 0.58 V with ca. 0.097 and
0.107 mA cm ™2 for the FeO,/Pd/GC and a-FeO,/Pd/GC cata-
lysts, respectively (Fig. 11A). The large negative shift
(ca. —200 mV) of the CO oxidation peak potential at the FeOy/
Pd/GC and a-FeO,/Pd/GC catalysts strengthened the elec-
tronic influence of nano-FeO, in the catalytic enhancement.
The integrated areas below the CO desorption peaks of the
FeO,/Pd/GC and a-FeO,/Pd/GC catalysts looked a little smal-
ler than that of the Pd/GC catalyst; recommending a better
mitigation of CO poisoning.

The electrochemical impedance spectra (EIS) of the Pd/GC,
FeO,/Pd/GC and a-FeO,/Pd/GC catalysts were carried out in
0.3 M FA (pH 3.5) at OCP. The solution resistance (Ry),
charge transfer resistance (R.) and constant phase element
(CPE) of the catalysts were depicted by EIS using Randle’s
equivalent circuit model (data are listed in Table 5) (Al-
Akraa et al., 2017, Ye et al., 2017). The Nyquist plots appeared
in Fig. 11B show semicircles with arc diameters that increased
in the order of Pd/GC > a-FeO,/Pd/GC > FeO,/Pd/GC cat-
alysts, indicating the lowest R for the FeO,/Pd/GC catalyst.
On the other hand, the increases in the CPE of the catalysts
from Pd/GC, a-FeO,/Pd/GC to FeO,/Pd/GC revealed similar
improvement in the number of active sites at the catalysts’ sur-
face which led to better catalytic activities (Shervedani and
Bagherzadeh 2008).

4. Conclusion

An efficient binary nanocatalyst for FAEO was prepared by a
simple modification of the GC catalyst with nano-Pd and
nano-FeO,. The deposition sequence of nano-Pd and nano-
FeO, on the GC catalyst and the loading level of nano-FeOy
affected intensively the catalytic activity and stability of the
catalyst toward FAEO. The highest catalytic activity (ca. 7
times compared to “pristine” Pd/GC catalyst) was obtained
at the FeO,/Pd/GC catalyst (where 4 cycles were employed
for the deposition of nano-FeO, onto the Pd/GC catalyst).
The XPS data confirmed the retention of nano-FeO, at the
surface of the FeO,/Pd/GC in two different oxidation states
Fe (II, minor) and Fe (III, major). Moreover, the activation
of the FeO,/Pd/GC catalyst at —0.5 V improved the catalyst’s
stability. The CO stripping voltammetry and EIS confirmed
the electronic role in the catalytic enhancement.
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