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ABSTRACT: The formaldehyde, HCHO, is generated via the partial oxidation of methanol, and
the investigation of its electrochemical oxidation is essential for the complete knowledge of methanol
oxidation. Ceramic material with a spongy structure can promote the dispersion of noble metals
as the main catalyst for the electrooxidation of organic molecules. In this research, spinel ZnMn,04 (ZMO)
micro-sponge was synthesized, characterized, and utilized as a booster for the Pd catalyst. Palladium was
stabilized on ZMO with two different strategies, containing reduction with sodium borohydride and zinc
plate. The samples were assessed using X-ray diffraction, scanning electron microscopy, transition
electron microscopy, and electrochemistry. In comparison with non-promoted Pd, Pd/ZMO electrocatalyst
showed excellent efficiency in parameters like electrochemical active surface area and turnover
parameters. The outcomes represented that the palladium nanoparticles are reduced with the chemical
system having a lesser diameter and better dispersion than the electrochemical one. Consequently,
as we expected, the electrochemical oxidation of formaldehyde showed better results for the reduction
by the chemical in comparison with electrochemical reduction systems.

KEYWORDS: Formaldehyde oxidation; NaBH4; Reduction Sstrategy; Spinel ZnMn,O4 micro-
sponge; Zn/HCI system.

INTRODUCTION in many fields as a result of (i) unwanted side effects
Despite the dangers of using formaldehyde (HCHO), on the human body in electrochemical sensors [1, 2],
it is unexpected to leave this material in different industries. (if) pollutants eliminated by converting to O, and H-O [3, 4],

So always, the oxidation of HCHO has been studied (iii) facility to lessen the electrodeless metals deposition [5], and,
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(iv) providing high current in the polymer electrolyte
membrane fuel cells as an electron donor [2, 6, 7].
The HCHO is generated via the partial oxidation of methanol,
and the investigation of its electrooxidation is essential
for the complete knowledge of methanol oxidation.
Hence, HCHO electrooxidation as a heterogeneous reaction
is frequently utilized to entirely comprehend the
electrochemical processes and the performance study
of electrocatalysts [8, 9]. The heterogeneous electrocatalysts
have great recyclability, high enduring, easy immobilization,
and successful electrode integration. They often have low
efficiency because of the limited active centers on the
surface of the reactants. High surface area and required
active sites can be available for an effective
electrocatalysis process with highly dispersed metal
nanostructures on the electrode surface. Numerous
electrocatalysts are reported for HCHO electrochemical
oxidation including the Fe304@Pt core-shell
nanoparticles/carbon-ceramic electrode [10], nano-Pd
on iodized carbon nanotubes [11], nano-Pd on carbon ionic
liquid composite [12], Au nanoparticles [13], Pt-Pd
on polypyrrole multi-walled carbon nanotubes [14],
Fe?*-nano-zeolite [7], nanostructured silver [6], Ni%
dispersed onto chitosan [15], and composites containing
nickel [16], and copper [17].

Pd-based structures are known as efficient catalysts
for the electrochemical oxidation of small fuels [18, 19]
like HCHO. Producing noble metal catalysts with high
purity, significant surface area, low load, and long life has
always been a technological challenge. The Pd-based
electrocatalysts are made by a chemical or electrochemical
reduction.

In 2022, Altuner et al, used palladium-carbon
nanoparticles as the alternative to the biologically used
horseradish peroxidase enzyme to release
tetramethylbenzidine in the presence of phosphate ions.
Thus, they presented a protein-independent phosphate
sensor [20].

The chemical reduction involves the gaining electrons
by Pd?* ions through a reducing agent such as glycerol
[21], sodium borohydride [22], CO gas [23], electrons
generated by high-energy radiations [24], adsorbed OH"
on hematite [25], etc.

The binary and ternary catalysts based on palladium,
which increase the catalytic activity of this noble metal,
also cause its durability [26, 27]. Nano-sized promoters
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and supports can be effective in this case; because they
restrain the agglomerating palladium, and form a stable
structure with high surface area, capably; with having
the encouraging electronic and geometric properties to
advance the interaction among particles of noble metals
and surface, resulting in the upgrading catalytic activity [28].
Therefore, the materials with similar composition and
different morphologies have been studied [29-31].

The oxides containing transition metal proliferate
as the promotor [18, 32], and catalytic component [33] for
electrochemical oxidation reactions. Including attractive
aspects of these oxides are complex ion formation, variable
oxidation state, and catalytic performance. Adsorption of
HCHO on the surface of intermediate metal
electrocatalysts improves the oxidation process of HCHO.
In this process, the creation of CHOqqs is a vital agent for
dehydrogenation to desorb CO; from the electrocatalyst
surface [34].

Mesoporous metal oxides are attractive, owning to
structural characteristics. They are utilized as proper
supports  or  electrocatalysts in  heterogeneous
electrocatalysis for bulkier molecules. These supports
provide transport ions and electrons by a shorter pathway,
and it will result in rapid process kinetics [22]. Spinel-type
manganese oxides have revealed multiple valences,
inherent magnetic and optical properties, various
arrangements, chemical properties, and superb electron
configurations [35]. ZnMn,0O4 belongs to normal spinels,
and is nontoxicity, has a high theoretical capacity, and low
price [36]. Researchers have reported numerous scientific
methods for the fabrication of this spinel oxide, including
hydrothermal [37], sol-gel [38], solid-state reaction [39],
solvothermal [40], co-precipitation [41], and polymer
pyrolysis [42]. The Pechini-type sol-gel auto-combustion
is a suitable route for successfully synthesizing oxides,
which acts based on a reaction between the fuel and the
complexing agent [43]. Pechini method is interesting due to
the simple control, high speed, low temperature,
availability and affordability of the apparatus, low price
and toxicity of reagents, pH adjustment, and the chance
of industrialization [44]. Several modifying agents can act
as ligands and reactants in this route [45, 46]. The utilization
benefit of citric acid and glycol as fuel and complexing
mediators involves a homogeneous combining numerous
metallic ions at the atomic level to a single arrangement
phase, pure and too ordered porous oxide structures
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with remarkable configurations during the production
process [47].

Three goals are pursued in the current research:
() Enhancing the electrocatalytic behavior of palladium
using ZnMn,0,4 (ZMO); (1) Comparison of the chemical
and electrochemical reduction of palladium; and (111)
Comparing the performance of the ZMO/Pd nanoparticles
towards HCHO electrochemical  oxidation via
electrochemical techniques.

EXPERIMENTAL SECTION
Materials

Zinc nitrate hexahydrate (CAS No: 10196-18-6),
Manganese (Il) nitrate tetrahydrate (20694-39-7),
99.5%citric acid monohydrate (5949-29-1), ethylene
glycol (107-21-1), 37% hydrochloric acid (7647-01-0),
99% acetic acid (64-19-7), sodium borohydride (16940-
66-2), and 97% sulfuric acid (7664-93-9) were purchased
from Merck Company without any purification were used
in this research. Palladium chloride (7647-10-1) and
medium  molecular weight chitosan (9012-76-4)
were purchased from Sigma-Aldrich and Fluka
Companies, respectively.

Instrumentation

The crystalline phase of the sample was recognized
by X-Ray Diffraction (XRD, Bruker D8 Advance) operated
at 40 keV and 30 mA with Cu ka radiation of wavelength A=
15418A. The surface morphology was investigated
by KYKY Scanning Electron Microscope (SEM) Model
EM3900M. Field emission scanning electron microscopy
(FESEM, SAMX electron microscope MIRA3 TESCAN)
was used to detect as-acquired samples. The TEM
micrographs were obtained using a Philips CM120
transmission electron microscope. It used an auto-lab
PGSTAT 128N (EcoChemieg, Netherlands)
potentiostat/galvanostat having Hg/HgO, Pt, and glassy
carbon electrodes.

Synthetization of ZMO

To synthesize the spinel oxide, 0.01 mol of
Zn(NO3)2.6H,O and 0.02 mol of Mn(NOs),.4H,0
were dissolved in 100 mL deionized water resistivity of
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18.0 MQ.cm produced through a Milli-Q purifier and
mixed for 30 min at laboratory temperature. Then, 0.024 mol
of citric acid HO,C-CHC(HO)(HO,C) HO.,C was
incorporated with the above solution and stirred for 30 min.
The temperature was enhanced to 70 °C, and 0.012 mol
of ethylene Glycol (CH,OH), was added to the system.
The viscosity of the solution graduates increased due to gel
formation. The temperature rose to 200 °C. Afterward,
the gel was suddenly ignited and turned to gray powder.
The powder was calcined at 700 °C to get spinel oxide.

Pd loading on ZMO

1% (weight/volume) chitosan (a derivative of chitin)
solution was prepared in 1% (volume/volume) acetic acid
aqueous solution. The as-prepared suspension was mixed
to dissolve, kept for 24 h, and filtered before use to remove
any impurities. Due to its large molecular weight, chitosan
acts as an important support material for catalysts
in catalytic reactions [48].

Palladium was loaded on the ZMO sample with two
different systems. In the first strategy (chemical system):
3 mg ZMO was mixed with 1 mL of chitosan solution, and
followed by sonication until getting a uniform ink.

In a typical method for the preparation of Pd
nanoparticles, in another container, 5 mg PdCl, was mixed
with 1 mL double distillation water. 20 uL 37% HCI
solution was added to improve the dissolution by
converting Pd?* to Pd* and creating a soluble complex.
2 mL chitosan solution was added as the binder agent.
The containers’ contents were mixed. The suspension
was stirred overnight to load palladium ions on the surface
and inside cavities of oxide support. To synthesize Pd
nanoparticles, palladium ions were reduced chemically
with NaBH4. To achieve complete reduction, NaBH,
concentration was 5 times more than Pd concentration.
NaBH., solution was added to the mixture, and stirred
for 1 h.

The glassy carbon electrode with a radius of 1 mm was
polished with Al,Os slurry. The procedure was followed
by sonication in 3:1 water and ethanol mixture for about
5 min. The activating process of the cleaned electrode
was continued by sweeping potential between -1.5
and +1.5 V in acidic media until a stable cycle. Finally, 5 pL
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Fig. 1: (A) The XRD pattern, (B) the SEM image of the synthesized ZMO, (C) FESEM image of the PdrerH/ZMO, (D) FESEM image

Vol. 42, No. 9, 2023

of the Pdrztc/ZMO, (E) TEM image of Pdrer/ZMO, and (F) TEM image of PdrzHc/ZMO

of the composite containing chemically reduced Pd on
ZMO surface was put by micropipette onto the prepared
electrode. Evaporation of the solvent created a catalytic
layer on the surface of the electrode and its modification.
The second layer was applied to improve the loading
by placing the next 5 pL. The as-modified electrode
was symbolized as Pdwes/ZMO. For comparison,
non-promoted Pd was synthesized according to the 1st
strategy, and denoted as Pdingw.

Another strategy is spontaneous reduction, which
happens in an electrochemical galvanic cell. 7 pL mixture
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of 3 mg ZMO + 50 pL 37% HCI + 2 mL distilled H,O + 5 mg
PdCI; + 4 mL chitosan solution 2 mg/L in 1% acetic acid
was dropped on a glassy carbon electrode (activated
as described above). In succeeding, the reduction of Pd
ions (Pd?*) coincided with transferring two electrons from
a zinc plate as an anode to the acquired electrode as
a cathode by immersing in into an acidic solution (5wt %
HCI) for 10 s. The as-modified electrode was labeled as
Pdiz1c/ZMO. Pdizrc was synthesized according to the 2nd
strategy. The Pd loading in all modified electrocatalysts
was 0.310 mg/cm?.
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Fig. 2: Nyquist plots (Inset: Equivalent Circuit) for (=: dash)
bare glassy carbon electrode, and electrocatalysts of (¢:
diamond) Pdrnen, ( ) PdrnBH/ZMO, (m: square) PdrzHc
and (A : triangle) Pdrznc/ZMO

RESULTS AND DISCUSSION
Characterization

Fig.1A is the XRD pattern of the ZMO sample. The
diffraction peaks of the sample come from the reflections
of ZnMn,0, according to the 96-901-2843 reference code.
Its crystal system is a tetragonal 1 41/a m d space group.
The sol-gel auto-combustion is an exothermic process and
is usually applied to synthesize nanosized oxides [49].
In this process, the metal nitrates and organic matter fuel
(herein citric acid and ethylene glycol) react together. The
nitrate ions act as the oxidants and the fuels as the reducing
agent [50]. During the combustion process, some gases are
produced according to the following reactions, and the
metal oxides will be formed simultaneously. The release
of gaseous through the sample during the ignition caused
porous structure matter according to Eq. (1), as observed
in SEM images (Fig. 1B).

Zn(N03)2 +2 Mn(NO3)2 +2.4 CeHgO7+ 1.2 CoHgO, + 13.4 O,
— ZnMn,04 + 16.8 COzT +13.2 HO1 +3 Not (1)

Since the acquired xerogel burns when heated
at moderately low temperatures, this method is named
the sol-gel auto-combustion. The environment-friendly
process to achieve pure homogenous fine particles, lacking
requiring complicated apparatus or high-cost precursors,
low operating temperature, and control over the end
stoichiometry are the main benefits of this method.

Comparative analysis of two Pd synthesis systems
helps predict the Pd state from the point of view of purity
and morphology. The standard reduction voltage of Pd is:

Pd2+(aq) +2e —Pdyl in+0.91 (V) )
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In 1% strategy, NaBH, is decomposed in solution and
formed hydride ions:

NaBH; — Na* + H + BH3 (or B;Hg) 3)

And then, the electrons are supplied as follows:

2H @) — Hygt +2 ¢ in+2.23 (V) 4)
And in 2" strategy:
Zne — Zn*' g + 2 € in+0.76 (V) (5)

The more voltage of the cell in the chemical system
than the electrochemical one evinces big changes in Gibbs
free energy.

The status of Pdizic/ZMO and Pding/ZMO samples
were probed by FESEM, demonstrated in Figs. 1C and 1D.
It is seen in the entrance of palladium onto the surface
and into ZMO pores. The palladium dispersion occurred
on the oxide support. Comparing two micrographs, the palladium
is synthesized with a lesser diameter and better dispersion
in the 1% strategy than in the other. The chemical reduction
was carried out in the liquid phase, whereas palladium ions
were present, and the ZMO was dispersed there.

In contrast, the electrochemical reduction was made
on the surface of the electrode; and the species mobility
was more limited. So, less polarization was presumably
happened in 1% strategy, and the process kinetics would be
faster. Also, TEM was used to characterize Pdngn/ZMO
and Pdizuc/ZMO, and the results were shown in Figs. 1E
and F, respectively. The TEM for Pdinegn/ZMO shows
the palladium particles being finer and having more
cavities in the electrocatalyst structure than the
Pdrzuc/ZMO. It can make the former perform better than
the latter. In 2018, Eshghi and his colleagues synthesized
Pt-Fe/rGO via chemical reduction with NaBH, and
compared its performance for methanol oxidation
with an electrodeposited Pt/Al catalyst. Their data
showed the superiority of chemical reduction over
electrochemical [51].

Electrochemical studies

The Nyquist plots were exhibited for the bare glassy
carbon electrode, and electrocatalysts of Pdwgn,
Pdinen/ZMO, Pdizc, and Pdizuc/ZMO in Fig. 2. According
to the outcomes, the equivalent circuit is defined as
Rs(C[R«WT]), wherein Rs, Ry, C, and W were medium
resistance, charge transfer resistance double-layer
capacitance, and Warburg impedance, respectively.
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Fig. 3: (A) The CV curves of the synthesized modified
electrocatalysts in 1 M NaOH solution and (B) Comparison of
EAS bar charts in this work and literature

The R was 1005 Q for bare glassy carbon electrode,
66.5 Q for Pdizuc, 56.1 Q for Pdinen, 44.9 Q for
Pdizic/ZMO and 25.4 Q for Pdmnen/ZMO. The decrease
in Rt implies higher conductivity of the electrode surface.
A comparison of data showed that the method of palladium
reduction and the presence of support in the electrocatalyst
could affect the conductivity of the electrode surface
by changing the palladium dispersion. Therefore, it
is predicted that the use of a strong reductant compared
to electrochemical reduction will make Palladium perform
better as an electrocatalyst.

To show the potential efficiency, the electrochemical
properties of the as-modified electrodes were measured in
alkali media. Fig. 3A reveals CVs of Pdmgn/ZMO,
Pdizic/ZMO, Pdingn, and Pdizac electrocatalysts in the
caustic soda solution. The positive-going sweep directed
an electrochemical oxidation reaction on the electrode
surface, followed by the hydrogen desorption and creation
of Pd oxides; at the same time, the negative-going scan
resulted from the reduction of the Pd oxides and hydrogen
adsorption (eq. 6 and eq.7) [52, 53]:

Pd-Hagsiges + OH" — Pd + H,O + € (6)
Pd-O + H,0O + 2e° — Pd + 20H" @)
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As it clears in Fig. 3A, the large surface in the
adsorption/desorption of hydrogen peaks and the PdO
formation/reduction peaks in the Pdwnew/ZMO
electrocatalyst demonstrated the Pdingnu/ZMO
electrocatalyst has a farther Electrochemical Active
Surface (EAS) area. The EAS of Pd nanoparticles for every
four electrocatalysts has been acquired by integrating
the reduction of PdO and adsorption/desorption of hydrogen
peaks based on [54, 55]. To comparison of EAS in this
work and other electrocatalysts containing Pd, such as
porous Pd nano-sheets [56], Pd-5% multi-walled carbon
nanotube [67], Pd/CO-CeO, [47], Pd nanoparticles were
deposited on nitrogen-doped graphene (PANG) [58],
Nanoporous-PdAu [59], hallow nano-spheres Pd-Pb/C [60],
Pd/carbon nano-foam [61] and Pd black [62],
the EAS bar chart is designed and presented in Fig. 3B.
The presence of many available active sites on the surface
of electrocatalysts brings about having large EAS. As observed
in Fig. 3A and B, utilizing a 3D porous and spongy
composite (ZMO) as support for Pd electrocatalyst
enhanced EAS of modified electrodes, which can be
attributed to the synergistic influences, for instance
bifunctional, electronic, and geometry of ZMO composite.
In addition, about supported nanoparticles, an ultra-thin
surface ZMO support arrangement before the onset of bulk
oxidation. This thin surface oxide is more active under
oxidation conditions [63].

The Pd's distribution in each electrocatalyst has been
estimated according to previous work [56] (D x 102=6.19
for PdrNBH/ZMO, 1.08 for PerHc;/ZMO, 0.18 PdrNBH,
and 0.11 for Pdizuc). To have a better comparison,
the calculated electrochemical data are collected in Table 1.

The ability of HCHO oxidation was studied on
supported electrocatalysts in 1 M NaOH + 0.26 M HCHO
solution with 50 mV/s rate and was compared with
support-less ones (Fig. 4A). The shoulder at about 0.4 V,
can be attributed multi-steps oxidation of formaldehyde.
the voltammograms of electrooxidation for light organic
compounds such as alcohols, aldehydes, and carboxylic
acids have an unexpected behavior in reverse scan. So that
during the cyclic scan, anodic peaks are always observed
and the reduction process does not occur on surface
of working electrodes. This is due to the nature of the multi-
step and irreversible of oxidation of these compounds.
In reverse scan, intermediates produced in partial oxidation
during forward scan can be oxidized. These intermediates
include Pd(COOH)gs and Pd(CO)ags (please, see Eq. (8)).
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Table 2: The comparison of electrochemical data toward HCHO oxidation on modified electrodes in this work and some other

electrocatalysts

(Electrocatalyst Electrolyte [HCHO] (M) | Current density Sweep rate (mV.s?) Ref. )
Pd/C 0.1M NaOH 0.10 103 mA/Mgeq 50 [64]
Pd/TiO,NT/Ti 0.1 M NaOH 0.05 20.40 mA/cm? 100 [65]
GO-BDMA-Pd 1.0 M NaOH 0.10 50.24 mA/cm? 50 [66]
Nanoporous silver 0.9 M KOH 0.3 35 mA/cm? 20 [67]

Ag nanoprisms 1.0 M NaOH 0.1 4.5 mA/cm? 50 [68]
Pd-NP/EG-MWCNT 1.0 M KOH 0.05 0.47 mA 100 [69]
MWCNTSs/Pt 84.74 mA/mgp;

graphene_MWCNTs/Pt 0.5 MHSO, 1.00 241.14 mA/mgp, 50 (7]
Pd,zc/ZMO 120.21 mA/mgpqy

Pd,nen/ZMO 420.89 mA/mgpq

Pl 1.0 M NaOH 0.26 35.23 mA/Mgrg 50 This work

\Pdthc 21.13 mA/Mgpy )

The electron released from these compounds increases
the current in the reverse scan. As can see in Fig. 4A,
the anodic current of HCHO oxidation over the Pdng/ZMO
electrocatalyst fully advanced at 420.89 mA/mgpy Was
much higher than Pdizic/ZMO (= 120.21 mA/mgeq),
PdrNBH (:35.23 mA/mgpd), and PerHC (:21.13 mA/mgpd)
electrocatalysts. This data is comparable with other
electrocatalysts for HCHO oxidation (see Table 2 [65-71]).
Furthermore, the more negative onset potential for
Pdingr/ZMO (= -0.99 V) in comparison with Pdizuc/ZMO
(: -0.94 V), PdrNBH (: -0.95 V) and PerHc (: -0.93 V),
specifying easier oxidation of HCHO on this
electrocatalyst in comparison with other electrocatalysts.
These better results for Pdnen/ZMO against Pdrzic/ZMO
are attributed to the nano size and great dispersion of
palladium in the chemical reduction in contrast to the
electrochemical system. In addition, the superior
performance of Pd/ZMO compared to Pd electrocatalyst
can be ascribed to two reasons. The large surface area and
spongy structure of ZMO which it has led to providing
amyriad of the active sites onto supported electrocatalysts.
On the other hand, oxides containing transition metals
have excellent oxygen storage capacity due to the transfer
between their high and low valent [71]. Consequently,
activates an oxidation-reduction cycle between (Mn”™*/
Mn8*/ Mn¥/ Mn*/ Mn*/ Mn?*/ Mn'*) in ZMO and
the oxygen network, resistance to electrocatalyst poisoning.
Palladium, as a noble metal, is a beneficial
electrocatalyst for the oxidation of single-carbon fuels.
Still, as the reaction continues, the creation of a CO-like
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intermediate blocks the active site on the surface of
the electrocatalyst. Hence, we can suggest a dual pathway
for the HCHO oxidation on modified electrocatalysts
in alkali. In the indirect electrochemical oxidation (A route),
the formation of CO intermediate occurs. whereas direct
HCHO oxidation into CO, by unstable intermediate
(B rout) [72].

Based on the following eq. [73, 74] adsorbed hydroxyl
onto the palladium surface can cause direct HCHO
oxidation to CO, as its ending product. Pd(CHO)ags
through pathways A and B can be directly turned into
Pd(CO)ass and PA(COOH).gs. Route A creates COqgs
species, which has the role of an electron fouling
intermediate, and Pd(COOH),gs oxidize to CO,. The COgqqs
can be desorbed from the surface to react with Pd(OH)ags
oxidizing to CO..

-H*
Pd+ (HCHO),g —» PA(HCHO)u: ——» Pd(CHO)ue
e

- RAOH)s
pathway A: Pd(CHO)as - Pd(CO)aas _H*——’ 2Pd+COy
. T ’j
pathway B: PA(CHO),, — 280Mee | pd + pd (COOH)a4 o
Pathway B": Pd(CHO al RILOH s
athway B ads 2HY  2e (8)

As shown in Reaction (5), in the first step,
dehydrogenation released an electron and created
an anodic peak at about 0.1 V. In this way, Pd(CHO)gs
surface adsorbed species were produced. The surface
adsorption of the intermediate species occupied the active
sites of the electrocatalyst surface and led to an increase
in the potential on the electrode surface. So, the release
of subsequent electrons during hydrogenation (see Reaction (5))
created a shoulder of about 0.4 V.
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Fig. 4: (A) The comparing CV curves and (B), (C), (D), and (E) CV curves of the stability of peak current after 100 runs for the
synthesized modified electrocatalysts in 1 M NaOH + 0.26 M HCHO solution from -1 to +0.7 V vs. Hg/HgO.

As well as the stability of peak currents after 100 runs
was investigated by CV curves presented in Figs 4 (B),
(C), (D), and (E) at the potential range of -1.0 to +0.7 V vs.
Hg/HgO.

The current of forwarding peaks for 1% and 100"
cycles were used for estimating the decay percentages
for modified electrocatalysts. As clear in these Figures.,
The Pdwnew/ZMO and Pdiznc/ZMO  electrocatalysts
presented a lower decrease in initial current compared
with support-less electrocatalysts. In addition, electrocatalysts
manufactured with chemical reduction showed lower
decay in initial current compared to the electrochemical
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reduction system.
Consequently, as a result of the more porous structure

in supported electrocatalysts in contrast to support-less
electrocatalysts and the small diameter and high dispersion
during the chemical reduction in contrast to the
electrochemical reduction system, the palladium
nanoparticles were located in cavities, which can lessen the
dissolution and accumulation of palladium.

The ChronoAmperometry (CA) analysis was done
to explore the durability of the four modified electrocatalysts.
Fig. 5 illustrates the CA plots at the voltage value at E= 0.1V,
in which the maximum current was acquired during 400 s.
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Fig. 5: The CA curves in the potential value at E = 0.1 V for the

synthesized modified electrocatalysts in 1 M NaOH + 0.26 M

HCHO solution

As clear, the oxidation currents speedily collapsed
in the first seconds of CA curves. This decline is a result
of blocking agents like hydrocarbons, oxygenates PdO,,
Pd(OH)4, and CO [75].

As it is revealed in Fig. 5, the Pdingw/ZMO has
greater exchange current (=794.53 mMA/mgpg) in
comparison to the Pdiznc/ZMO (=175.48 mA/mgeq),
PdrNBH (:3768 mA/mgpd) and PerHC (:1193 mA/mgpd)
electrocatalyst. These data are in agreement with
the CV's outcomes. In the cases of supported
electrocatalysts  (Pdwe/ZMO and  Pdiznc/ZMO),
simultaneously with altering the surface potential,
adsorbing media species like H is accorded. As a result,
the created oxygen network in the noble metal locality
facilities removes the blocking electrocatalyst species
produced during HCHO oxidation [22].

The HCHO number per catalyst surface per time
is identified as the turnover number (TON) that defines
the current in a steady state. It is calculated as [56]:

TON = Jat 400 s XNg (8)

NnXFXmpg

Where J is the current density of steady state, n is the
electrons transferred in electrooxidation of unique mole
methanol, F is Faraday constant, mpqg 11y is 1.51 x 10*%°
atoms number/cm? and N, is the Avogadro number. Also,
the number of HCHO layers that are electro-oxidated per
second is recognized as the TurnOver Frequency (TOF),
follows as:

TOF = == 9)
TON = 3.76, 0.55, 0.05 and 0.08 — TOF = 6.26 x107,
0.92 %1072, 0.09 %10 and 0.14x10% for Pdnen/ZMO,

Pdizic/ZMO, Pdmen  and  Pdizuc  electrocatalysts
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respectively. The remarkable constancy may be owing
to the enhanced formation of OH species and their reaction
with CO on the PdingH or rzic/ZMO surface.

CONCLUSIONS

Decorating Pd on spinel ZMO micro-sponge as the support
was done with two different chemical and electrochemical
reduction scenarios. The palladium in chemical reductions
(Pdingr/ZMO) illustrated a smaller particle size and higher
dispersion than the electrochemical (Pd,z1c/ZMO) system.
The more voltage of the cell in chemical procedure than
the electrochemical system causes big changes in Gibbs
free energy. To study the performance of electrocatalysts,
the EAS was measured and compared with non-supported
Pd electrocatalysts. The EAS values for modified
electrodes were improved by applying for ZMO support.
The EAS for Pdngn/ZMO was 4.89 times larger than
Pdiznc/ZMO. The ability of HCHO oxidation in modified
electrocatalysts (current = 420.89 mA.mg Pd?! for
Pdinen/ZMO and 120.21 mA/mgpq for Pdizic/ZMO) was
much better than Pd electrocatalysts (current =35.23
mA/mgeg for Pdwen and 21.13 mA/mgeq for Pdizuc).
Comparing electrocatalysts demonstrated the multi-oxidative
states of ZMO may be a promoter agent for the
dehydrogenation as the initial step of oxidation of HCOH.
Also, the porous ZMO structure is subjected to prevent Pd
aggregation.
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