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Abstract—Solution combustion synthesis is proposed to fabricate spongy ceria by using two different fuels for com-
bustion: glycine and urea. As-prepared samples are labeled as SCO¢ and SCOy,. The acid-base properties of the cavi-
ties and surfaces of specimens are determined by measuring the pH of zero charges. Both SCOg and SCOy;, powders
are decorated by the nanostructured Pd (NSPd) by the wetness incorporation. The NSPd-SCOg, and NSPd-SCOy,, rep-
resent the high mass current density than NSPd as non-supported palladium for the electrooxidation of single-carbon
molecules: methanol, formaldehyde and formic acid. The results show that the NSPd-SCOg, and NSPd-SCOy, are
exceptional heterogeneous catalysts. The SCO as the support with porous structural network has been affected consid-
erably on the electrochemical surface area, dispersion, and durability of NSPd. On the other hand, it can be effective for
removing the poisoning species of the electrooxidation of single-carbon molecules on NSPd through the lattice oxy-
gen, and the activation of an oxidation-reduction cycle between the high and low chemical valences of cerium, leading
to improve the electrocatalytic efficiency of NSPd. Finally, it is confirmed the conversion of methanol to formaldehyde,
and then to formic acid during electrooxidation by using cyclic voltammetry studies.
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INTRODUCTION

The electrooxidation of organic compounds is widely connected
with the progress of fuel cells and the electrochemical sensors [1-
4]. It is an electrocatalytic reaction proceeding over electron trans-
fers and is intricate via the molecule adsorption on the surface of
heterogeneous catalyst and creation of poisoning intermediate. Such
reactions are great electrocatalyzed on noble metals [5,6] with great
ability toward dehydrogenation molecules, as well as one provid-
ing oxygen species [7]. Succinctly, it may be essential to progress
the transport kinetics of electron in electrocatalysts to increase the
electrocatalysts activity.

Currently; the support materials are considered [8-10], because
they restrain the agglomerating noble metals and create a stable
structure with high surface area efficiently; also, they have encour-
aging electronic and geometric properties to advance the interac-
tion among particles of noble metals and electrode surface, resulting
in the improvement of electrocatalytic abilities [11]. To improve the
dispersion of noble metals, carbon materials are frequently stud-
ied as electrocatalyst supports [12,13]. Despite the high conduction
coefficient of the carbon structures, current electrocatalysts still suf-
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fer from low utilization of noble metal, incomplete mass transport-
ability, and the confined electrochemical stability of the carbon-
based supports [14]. Hence, due to different properties like slight
thermal conductivity, great thermal stability, and significant resis-
tance to degradation for ceramic materials [15], they have attracted
much attention to be available support for catalytic materials. The
structural stability and feasibility of charge propagation are two key
factors for the dispersion of noble metals in electrocatalysts in the
support selection. Up to now, some ceramic structures are utilized
in the catalytic electrooxidation of organic compounds, such as
WO, [16], TiO, [7,17], SnO, [18,19], SiO, [20], TiysCr,sN [21] and
NiCo,0O, [22]. Electrocatalytic materials with diverse morpholo-
gies or structures possess distinct behaviors. Therefore, materials
with similar composition and different morphologies have been stud-
ied in the literature [23-25]. In the recent decade, porous materials
have attracted more consideration owing to their specific skeletal
feature, superior surface area, and the controllable cavity size. Also,
they supply a short pathway to transport electrons and ions, con-
sequently leading to rapid process kinetics. On the other hand, it is
confirmed the efficiency of transition metal oxides is primarily man-
aged through electrochemical behavior and kinetic characteristic
of the active materials [26].

Although there are numerous literature researches on electro-cat-
alysts introduction in the fuel cell, further study is essential. CeO,
has been successfully employed as a compound of the catalytic com-



1670 Z. Yavari et al.

posite in volatile organic compound oxidation [27], selective alco-
hol oxidation [28], and ethanol steam reforming [29]. There are
many investigations on the synthesis of CeO, powders with differ-
ent methods such as precipitation [30], combustion [31], sol-gel
[32], and hydrothermal [33] synthesis.

The aim of this paper was the fabrication of cerium (IV) oxide
as spongy support by a novel approach. Solution combustion syn-
thesis was selected as an appropriate method because of its easy-
eco and fast process consuming low-cost starting materials [34]. The
spongy ceria was synthesized by using two different fuels for com-
bustion: glycine and urea. The samples are denoted as SCOg and
SCOy. In the following, the wetness incorporation of spongy ceria
was carried out with an aqua mixture of palladium precursor and
deacetylchitin as an adhesive agent. Then a fast chemical reduc-
tion was performed to reach nanostructured Pd (NSPd). The elec-
trocatalytic activity of as-fabricated composites was assessed toward
electrooxidation of single-carbon molecules as feed in the polymeric
fuel cells--methanol, formaldehyde, and formic acid--via electro-
chemistry techniques.

MATERIALS AND METHODS

1. Characterization Instruments

X-ray diffraction (XRD) was considered for the structural char-
acterization of samples by using Bruker, Advanced D8. Molecular
characterizations utilized Fourier-transform infrared spectroscopy
(FT-IR, Bruker Tensor II). The microstructure of samples was ob-
served by scanning electron microscopy (SEM, KYKY EM3900).
The surface area was measured with Brunauer-Emmett-Teller (BET)
theory using nitrogen adsorption at 77 K via surface area analysis,
and adsorption isotherms were determined with a BELSORP-mini
II instrument. Energy-dispersive X-ray spectroscopy (EDXS) was
employed to control the composition of the mentioned electrocat-
alyst. Field emission scanning electron microscopy (FESEM) was
selected to inspect the morphology of the NSPd/S-CeO,. EDXS and
FESEM samples were, respectively, evaluated by using the SAMX
electron microscope and MIRA3 TESCAN. A SAMA 500 Electro-
analyzer (SAMA Research Center, Iran) was used for electrochemi-
cal investigations. An auto-lab PGSTAT 128N (EcoChemie, Neth-
erlands) potentiostat/galvanostat with NOVA 2.1 carried out elec-
trochemical impedance spectroscopy (EIS) examination. To deter-
mine the acid-base property of the spongy ceria, a specific amount
of CeO, powder was suspended in 10 ml (5x10~* M) KNO; aque-
ous solution during 60 min N, bubbling to avoid any contamina-
tion from the presence of carbon dioxide in the atmosphere. After
the pH of the mixture was regulated at 12 by 0.1 M NaOH, the sus-
pension was titrated with 0.1 M HNO,. The point data were re-
corded after the pH became stable by using a Metrohm pH meter,
model 744.
2. Experimental Procedure

CeO, nanocrystallite structures were synthesized by solution
combustion synthesis using propellant stoichiometry for glycine and
urea fuels based on the following reactions:

6 Ce(NO,);-6H,0+10 C,H;NO,—3 CeO,+20 CO,+61 H,O+14N, (1)

2 Ce(NO,);-6H,0+5 CH,N,0—CeO,+5 CO,+22 H)O+8 N, 2
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Cerium nitrate hexahydrate (Ce(NOs);-6H,0, Merck) was as
oxidizer staring material. Glycine (C,H;NO,, Merck) and urea
(CH,N,O, Merck) were used as fuels for combustion. In each solu-
tion, 1.320 g oxidizer and a known amount of fuel (0.380 g glycine
and 0.457 g urea) with certain concentrations (with molar ratio of
oxidants to fuel equal to 1) were dissolved in 10 ml of deionized
water at 300 °C and adjusted pH (respectively, 4.5 and 5 for solu-
tion containing glycine and urea). The resultant solution was mixed
under magnetic stirring at about 150 °C to reach a thick hydro-gel.
The gained gel was heated at 300 °C until the combustion process
happened, and yellowish nano crystallite powder was prepared in
the spongy structure and denoted as SCOg; and SCOy;.

The wetness incorporation of 3 mg SCO; and/or SCOy;, was car-
ried out with aqueous solution containing PdCI;" described as fol-
lows: 25 ul 37% HCI (Merck)+1 ml doubly distilled water+5 mg
PACl, (Sigma-Aldrich)+2 ml of 1.7 mg-I"" deacetylchitin (Fluka) solu-
tion in the dilute solution of ethanoic acid (Merck). A fast chemi-
cal reduction was performed via the addition of 50 pl of 100 mg-
ml™' of NaBH, (Merck) solution and the final product denoted as
NSPd. As-prepared nanocomposites were denoted as NSPd-SCO;
and NSPd-SCOy;. It is known that the performance of the electro-
catalyst is influenced by various factors: morphology, palladium
loading, and synthesis approach. Hence, to better investigate the
support effect on efficiency, the NSPd as a non-supported catalyst
was synthesized via a similar procedure.

3. Electrochemical Measurements

An electrochemical cell was used to conduct cyclic voltamme-
try, controlled potential coulometry, and potentiodynamic polar-
ization analysis. A Pt wire served as the counter electrode. The silver/
sitver chloride (Ag/AgCl) or mercury/mercury oxide (Hg/HgO)
reference electrodes served as the reference electrodes by pH of
electrolyte. A glassy carbon (GC, ~0.0314 cm™” surface areas) elec-
trode was pre-prepared by the described method in [35]. Then, to
prepare the working electrode, 10 pl catalytic composite was spread
and dried on an activated GC electrode.

The CO electrooxidation on the modified electrodes was assessed
in the following way: CO was adsorbed at a known potential (~0.05
V) for 10 min. Subsequently, nitrogen gas was used to remove dis-
sotved CO for 25 min. The potentials scan was recorded.

Electrochemical impedance measurements covered a frequency
region of 0.1 Hz to 100 kHz in 4.5 mM [Fe(CN)]*"* mixed in 0.1 M
potassium chloride.

RESULTS AND DISCUSSION

1. Structural Characteristics

Fig. 1(A) displays XRD patterns of samples produced with glycine
and urea fuels. As shown, CeO, (01-081-0792), the major phase,
was detected no minor crystalline phase. Likewise, no consider-
able change could be seen in the structure of synthesized powders.
The broadening of CeO, peaks was attributed to the nanocrystal-
line essence of samples with an average crystallite dimension of
close to 26 and 13 nm for powders, which were, respectively, syn-
thesized with glycine and urea fuels. It is due to the high rate of
combustion reaction which crystallites cannot grow;, considerably.
In comparison to SCOy, the SCO;, represented narrower and stron-
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Fig. 1. (A) XRD patterns and (B) FI-IR spectra for (a) SCO and (b) SCOy, nano-crystallite powders, SEM micrographs of (C) SCO¢ and
(D) SCOy,, and (E) the curves of (A) blank, (O) SCOg and ([1) SCOy, titration to determine PZC value.

ger peaks in the XRD patterns. It seems that combustion reaction
with glycine released more heat value and caused the formation of
CeO, nanostructured with more crystallinity. Thus, the combus-
tion reaction with urea was weaker than glycine one and could
not completely transform amorphous gel-like precipitate to nano-
crystalline CeO, particles.

Fig. 1(B) shows the FT-IR spectra of samples synthesized with
glycine and urea fuels. In Fig. 1(B(a)) and (b) spectra, the peak about
2,000-3,400 cm™ was associated to O-H stretching vibration of H,O
in the samples [36] and the absorption bands at 1,300, and 1,600
cm™ were ascribed to the bending vibration of C-H stretching [36],
which might be due to unreacted fuel components. Also, the band
less 800 cm™" was due to the Ce-O stretching [30]. In Fig. 1(B(b))
spectrum, the C=0, and C-N stretching was, respectively, revealed

at 1,680 and 1,100 cm™". Also, the N-H stretching and deforma-
tion appeared at 3,460 cm ™' and 1,625 cm ', respectively [37]. As
mentioned, urea combustion is less completed than glycine. So, peaks
attributed to remained organic components have higher intensities.

Fig. 1(C) and (D) illustrates SEM micrographs of SCO; and
SCOy, respectively. As expected, the large amount of exhausted
gasses during the combustion process and high-temperature reac-
tion led to a porous and highly agglomerated microstructure for
both nano crystallite powders. In comparison to urea, the use of gly-
cine fuel caused more sponge-like morphology particles. Likewise,
in the samples synthesized with urea fuel, some remaining gel-like
amorphous products together with nanoparticles can be observed
(Fig. 1(D)), which is due to a stronger combustion reaction of gly-
cine fuel than urea fuel.

Korean J. Chem. Eng.(Vol. 37, No. 10)
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Fig. 2. FESEM images of ((a) and (b)) NSPd-SCOg, and ((c) and (d)) NSPd-SCOy;, with 2 um and 200 nm magnifications, respectively; (e)
EDXS (Inset: elemental analysis) and elemental mapping: (f) palladium, (g) cerium, (h) oxygen, (i) carbon, (j) nitrogen, (k) natrium,
(1) chlorine, and (m) Pd-Ce-O-C-N-Na-Cl merged for NSPd-SCOg;.
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Fig. 3. TEM images of (a) NSPd-SCOg;, and (b) NSPd-SCOy,, electrocatalysts.

The surface areas of SCO¢ and SCOy, nanopowders were esti-
mated using BET analysis as 39.21 and 848 m”.g ", respectively. As
expected, SCOg; with more sponge-like morphology (Fig. 1(C))
caused the dramatically greater surface area.

The support cavities nature as an intensive property can con-
trol the electronic factors of the active sites, while can be obtained
via the evaluation of surfaces and cavities acid-base attributes of
support in an aqueous medium. The acid-base property of the
oxide cavities and surfaces is determined by measuring the pH of
zero charges (PZC). 1t is a criterion of Lewis acidity, while it can be
evaluated through the potentiometric acid-base titration. The PZC
of ceramic support was measured to determine the intersection of
the titration curves in the absent (blank solution) and presence of
SCOg and SCOy;, (Fig. 1(E)) and were found to be 11.90 and 11.95,
respectively. They are much more than those reported in the litera-
ture [38]. It seems that the PZC value for supports can be an influ-
ence on the electrocatalytic activity. The acidity of the cavities and
surfaces OH group and also its bond strength to the active sites of
cerium (Ce-OH) in CeO, decreases with increasing of the PZC
value. Therefore, the higher PZC will cause more reactivity of ad-
sorbed OH because of the weakening of its bond strength.

The morphology of NSPd-SCOg, and NSPd-SCOy;, composites
was probed by FESEM images displayed in Fig. 2(a) to 2(d). Based
on Fig. 2(a) and 2(c), it was demonstrated the embedment of Pd
crystals into ceria cavities for both supports. Fig. 2(b) and 2(d)
represent low magnification FESEM images of NSPd-SCOg; and
NSPd-SCOy; depicting the decoration of NSPd with sizes less than
100 nm on the surface and into cavities of the SCOg and SCOy,
supports, uniformly. It may be inferred the size and dispersion of
nanoparticles for NSPd-SCOy; were better than NSPd-SCOy,.

Hence, EDXS and elemental mapping were, respectively, carried
out to study the chemical arrangements and the elemental distri-
bution in NSPd-SCOyg;, illustrated in Fig. 2(e) and (c). The EDXS
pattern of NSPd-SCOy; in Fig. 2(e) confirmed the presence of pal-
ladium, cerium, and oxygen. The elements of carbon and nitro-
gen were related to deacetylchitin polymer. Also, there were a few
percentages of sodium and chlorine elements from the reduction
reaction. The achieved results from EDXS are reported in Table
inset Fig. 2(e). Fig. 2(f) through 2(m) display the elemental map-
ping of palladium, cerium, oxygen, carbon, nitrogen, natrium, and
chlorine, respectively. Fig. 2(m) proves the excellent distribution of
NSPd on SCOg, support, which can lead to improving the electro-

catalytic activity.

Fig. 3 represents the TEM images of NSPd-SCO; and NSPd-
SCOy; electrocatalysts. As seen in Fig. 3, palladium was synthe-
sized as a nanostructure with a diameter of less than 100 nm. This
is due to the rapid decrease in palladium ions with a strong reduc-
ing agent (NaBH,). Also, the sponge support can prevent the ac-
cumulation of palladium particles.

2. Electrocatalytic Performance

The electro-oxidation of organic compounds is essential, such
as alcohols, aldehydes, or carboxylic acids as fuel instead of hydro-
gen in a polymeric fuel cell. Methanol has received the most atten-
tion due to simple structure, high energy density, and easy industrial
production. Nevertheless, issues such as low boiling point, cross-
over, environmental hazards, and health and neurotoxicity risk of
methanol are inescapable. Formaldehyde as a small molecule can
be a favorite subject in the development of polymeric fuel cell tech-
nology. Formic acid as an emerging fuel can alleviate some draw-
backs of direct methanol fuel cells. Although this compound has
lower energy density in comparison with the other competitors, it
has an easy dissociation, flat crossover rate (due to repulsive force
between the membrane and formate anions) and high safety. Hence,
the process of single-carbon molecule electrooxidation on the modi-
fied electrodes was assessed utilizing chronoamperometry (CA)
and CV techniques.

Fig. 4 shows the CA plots related to the electrooxidation of meth-
anol, formaldehyde, and formic acid on GC/NSPd, GC/NSPd-SCOyg;
and GC/NSPd-SCOy, electrodes. The condition and the and results
are defined in Table 1. The area under the CA curve represents
the electrical charge transferred between the single-carbon mole-
cule and the working electrode. An overview shows the presence
of support increases this quantity for all three oxidation processes.
According to Table 1, the data comparison to NSPd as the non-
supported palladium represents that support structure improved
the electrochemical stability for the single-carbon molecules elec-
trooxidation. On the other hand, the GC/NSPd-SCOy; illustrates
more electric charge transferred compared to GC/NSPd-SCOy;, elec-
trode at the same potential. The more active sites available on the
GC/NSPd-SCOy; electrode help to the higher surface area, the more
storage of electrooxidized species, and more effortless charging of
the double layer. There was an apparent fast current decay for both
electrocatalysts at the beginning of the CA. It was due to the cre-
ation of intermediates, which were produced during the electroo-

Korean J. Chem. Eng.(Vol. 37, No. 10)



1674

1200

(a) 30
1000 | iy

800

600 A E

400 50 100 150 200 250 300

I/ mA.mgpy!

200

0 50 100 150 200 250 300

(b)

600 A

I/ mA.mgpy!

400 4 T T - : " :
0 50 100 150 200 250 300

200 4

0 50 100 150 200 250 300
tls

120 3

(©)

\

LW INE WV
50 100 150 200 250 300

Fig. 4. CAs of (a) 0.80 M Methanol, (b) 0.18 M Formaldehyde, and
(¢) 0.51 M Formic acid, electrooxidation on (— ) GC/NSPd-
SCOg; (-—--) GC/NSPA-SCOy;,, (-+-) GC/NSPd electrodes at
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xidation, and subsequently were adsorbed on the surface of elec-
trocatalyst, poisoning the active site. The durability and electrocata-
lytic activity of NSPd, NSPd-SCO; and NSPd-SCOy;, can be inferred
from the beginning currents (I,) and the plateau currents (I_ss)-
The turnover number (TON) and turnover frequency (TOF) were
obtained according to [39] and [40], respectively (See Table 1).
Both quantities determine the efficiency of NSPd, NSPd-SCOy;, and
NSPd-SCOy; toward single-carbon molecules electrooxidation. Ac-
cording to Table 1, TON and TOF for GC/NSPd-SCOy; are higher
than GC/NSPd and GC/NSPd-SCOy, for all three molecules. An
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intermediate metal base supports like CeO, was the promoter agent
for the dehydrogenation as the initial step of oxidation of single-
carbon molecules due to their multi-oxidative state, because it can
be desirable to create an oxidation-reduction cycle among the high
and low valences. It seems that the surface oxygen of ceria in the
proximity of NSPd be effective in activating the oxidation process.
Meanwhile, the porous structure of CeQ, in SCOg and SCOy, pre-
vents sintering, dissolution, and aggregation of NSPd. So that, the
SCO¢; as more porous support provides an upper area for the elec-
trooxidation of a higher number of molecules at the NSPd cata-
lyst surface than SCOy,.

Fig. 5 displays the CV curves related to the molecules electroo-
xidation on NSPd, NSPd-SCOg;, and NSPd-SCOy;,. The concentra-
tion, electrolyte, reference electrode, and potential range are defined
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Table 1. The electrochemical data as estimated from CA plots for the electrooxidation on the modified electrodes
C I Jie . »  TOFx10™

Fuel Electrocatalyst Electrolyte (=05 (=309 n" TON z
T " mAmgly)  (mAcn’) <)
NSPd-SCO 1,063.08 211 145 483
Methanol NSPd-SCOy, 0.80 1 M NaOH 921.69 0.53 6 0.36 1.20
NSPd 26.85 0.01 0.006 0.02
NSPd-SCOg 1,594.48 16.18 16.71 55.69
Formaldehyde NSPd-SCOy, 0.43 1 M NaOH 509.66 18.05 4 18.65 62.16
NSPd 10.51 0.03 0.030 1.00
NSPd-SCOg 113.95 6.60 13.64 45.46
Formic acid NSPd-SCO, 085 0.l MH,SO, 76.69 2.13 2 440 14.67
NSPd 2.02 0.23 0.475 1.58

“n=the number of transferred electrons during oxidation of one mole analyte.

Jx Ny
nxFxmp,

“TOF= @I {t=3005}

"TON=

{N,;=Avogadro number, F=Faraday constant and m=atomic density of surface (mp;;,,=1.51x10""* atoms number-cm )}

"If the oxidation reaction be complete (to produce CO,), and not partial oxidation.

Table 2. Comparison of the electrooxidation to literature

Catalyst ([1\(/:[]) Electrolyte  Ref. Ele. l?:’;)e ! (Elf) I; (13’) I, Ref.
PtRWMWCNTs 200 01MHSO, Ag/AgCl +0.02 +06 3982mA-mg'  +038 20.67mA-mg’ [42]
= Pt/C 050 05MH,SO, Ag/AgCl UnR +0.75 167mA-mg’ +0.5  152mA-mg’ [43]
g PANPs-CH 080 10MKOH Hg/HgO -067 -014 477mA-cm™  —030 171mA-cm™ [44]
T NSPd-SCOy 032 1OMNaOH Hg/HgO -096 +0.01 45211mA-mg’ -035 10598 mA-mg' In this work
= NSPd-SCOy, 032 1OMNaOH Hg/HgO -091 +0.02 28612mA-mg’ -035 5325mA-mg' In this work
NSPd 032 1OMNaOH HgHgO -099 -002 171.60mA-mg’ -039 1606mA-mg"' In this work
Fe/FeZMCPE 0.13 1.0MHCI SCE Un-R 4055 19.8mA-cm™ Un-R Un-R [2]
%; Pt-SWNT/PANI 05 05MHCIO, SCE +020 +0.62 0.08A-cm™ +049 095A.cm™ [45]
@ Ni/P(NMA)MCPE 001 0.1MNaOH Ag/AgCl TUn-R +0.60 1,000 nA Un-R Un-R [4]
§ NSPd-SCOg, 018 10OMNaOH Hg/HgO -1.00 +0.17 943.07mA-mg"’ -031 388.13mA-mg' In this work
S NSPd-SCOy, 018 10MNaOH Hg/HgO -097 +0.16 36427mA-mg’' -020 25127mA-mg’' In this work
NSPd 018 10MNaOH HgHgO -095 -0.11 59.07mA-mg' -049 -053mA-mg’ In this work
Pd/C 05 05MH,SO, Ag/AgCl +0.037 +024 213mA-cm”  +024 10mA-cm” (46)
g Pd-Co/G 05 05MH,SO, Ag/AgCl -0062 +020 151.32mA-cm™ +022 110mA-.cm™
S Pd,Bi,/C 05 05MH,SO, Ag/AgCl +0085 +0.1 158 mA-cm” +06 125mA-cm™ [47]
g NSPd-SCOg, 0.09 0.I1MH,SO, SCE 024 +022 32987mA-mg’ +027 358.82mA-mg’ In this work
€ NSPd-SCO,, 0.09 0.I1MH,SO, SCE 024 +033 28572mA-mg’ +0.10 87.10mA-mg' In this work
NSPd 0.09 0.1MH,SO, SCE 023  +0.17 5569mA-mg’  +0.37 2141mA-mg' In this work
“Unreported

in Table 2. Based on Fig. 5, there are two oxidation peaks in each
voltammogram. During the forward sweeping, the single-carbon
molecules electrooxidation was conducted along to prepare an inter-
mediate number on the surface of the working electrode. In the
backward sweeping, the second oxidation peak appeared owing to
the electrooxidation of intermediates. Table 2 reports the electro-
chemical quantities, as obtained from Fig. 5. Accordingly; the sup-
ported catalysts exposed a much higher mass current density (I)
compared to the GC/NSPd electrode for the electrooxidation of all

three molecules; that was due to higher NSPd resistance towards
sintering, dissolution, and aggregation. Also, it was observed the
higher current for electrooxidation of single-carbon molecules on
GC/NSPd-SCOg; compared to GC/NSPd-SCOy;, due to better dis-
persion and higher surface area of NSPd as the main component
of electrocatalyst on SCOg; than SCOy,. However, a slight positive
shift in the onset (E,,), forward (Ey), and backward (E,) peak poten-
tials for NSPd-SCOy, electrode was often seen compared to the
GC/NSPd-SCOg; electrode, which may be ascribed to preparing
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more intermediate in the higher current. The results are compara-
ble to some introduced catalysts in literature for electrooxidation
of all three molecules [3,4,41-46] (see Table 2). This performance
improvement can be for two reasons: Faster release of NSPd sur-
face by intermediate species due to higher surface area and less ac-
cumulation of NSPd, and reduction of the mass transfer resistance
due to the storage of oxidized species within the cavities of spongy
support.

The cycling stability of the NSPd-SCOg; and NSPd-SCOy;, was
considered in order to study the poisoning influence of both mod-
ified electrodes during the electrooxidation of single-carbon mole-
cules. Fig. 6 shows the ratios of the peak current at forward and
backward sweeps (I:/Iz) vs. cycle number towards 0.80 M metha-
nol, 0.18 M formaldehyde, and 0.51 M formic acid electrooxida-
tion on GC/NSPd-SCOg, and GC/NSPA-SCOy;, electrodes. The I,/
I determined the electrocatalyst tolerance to accumulate carbona-
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ceous intermediate. As observed, there is a slight decrease during a
sequential scan. The percentage loss of efficiency was lower for GC/
NSPd-SCOg, than GC/NSPd-SCOy; indicating higher NSPd resis-
tance towards sintering, dissolution, and aggregation on SCOg as
more porous support. The prime reason for this result can be ex-
plained with the presence of holes in SCOg; in comparison to SCOy,.
The nanocatalysts were held in these holes, which could diminish
the sintering, dissolution, and aggregation of Pd.

The cycling stability of two electrocatalysts was examined towards
electrooxidation of single-carbon molecules. The current densities
of forward peaks for 1™ and 100™ cycles were recorded to calcu-
late the decay percentages for NSPd-SCOg, and NSPd-SCOy;, as
shown in Fig. 7. The NSPd-SCOy; electrocatalyst displays lesser
decay of its initial activity compared to NSPd-SCOy; for electroo-
xidation of all three fuels after 100 runs. Thus, the NSPd-SCOg;,
represented more cycling stability than NSPd-SCOy;,. So, SCOg
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Korean J. Chem. Eng.(Vol. 37, No. 10)



1678 Z. Yavari et al.

was a better support than SCOy; due to more porous structure. The
palladium particles as main catalytic components were held in holes,
which can reduce the sintering, dissolution, and aggregation of Pd.
3. Mechanism Proposal

For the first time, to study the electrooxidation mechanism of
single-carbon molecules, the CV was used as an effective technique.
Hence, the electrooxidation CVs on NSPd-SCO,, electrode con-
taining increasing concentration of methanol (in absence of other
species), formaldehyde (in constant methanol concentration), for-
mic acid (in constant formaldehyde concentration), formic acid
(in constant methanol concentration) and formic acid (in constant
methanol and formaldehyde concentration) in 1 M NaOH were
recorded and displayed in Fig. 8(a) through 8(e), respectively. Then,
based on Fig. 8(a), it was seen that adding the methanol concen-
tration up to 0.324 M increased the peak currents at forward and
backward sweeps, while both peaks shifted toward the positive
potentials. It can be attributed to NSPd poisoning by the adsorbed
intermediates. According to Fig. 8(b), the formaldehyde addition
to the electrolyte containing 0.324 M methanol did not affect the
forward peak; nevertheless, the backward peak shifted toward the
high current and positive potential. Such behavior was observed in
the formic acid addition to the electrolyte containing 0.089 M form-
aldehyde (see Fig. 8(c)). As seen in Fig. 8(d), the formic acid addi-
tion to the electrolyte containing 0.163 M methanol, the current of
two peaks at —0.27 and —0.34 V vs. Hg/HgO (in forward and back-
ward sweeps, respectively) were increased, without any change at
potential, while the oxidative peak at —0.1V vs. Hg/HgO was ap-
proximately constant. Then based on Fig, 8(e), the formic acid addi-
tion to the electrolyte containing 0.324 M methanol and 0.089 M
formaldehyde, the first peak at forward sweeping shifted toward
the low current and positive potential, while the second peak at
backward sweeping shifted toward the high current and positive
potential. It confirmed the influence of each species on the inter-
mediate electrooxidation of other species. Hence, it is probable that
methanol electrooxidation can be followed by the production of
formaldehyde and formic acid as intermediates. Thus, during elec-
trooxidation reaction, a percentage of methanol (alcohol) mole-
cules were converted to formaldehyde (aldehyde) and, in the fol-
lowing, to formic acid (carboxylic acid) before creation of CO, as
the final production of complete electrooxidation. Our proposal
was in agreement with the chromatographic study by Sequeira et
al. [47]. Although, the result in Fig. 8(e) indicates that the direct con-
version path of methanol to formic acid, cannot be entirely rejected.

CONCLUSION

Solution combustion synthesis is a suitable easy-eco, and the
rapid route was employed to synthesize spongy ceria with two dif-
ferent fuels. The electrocatalytic performance of NSPd-SCOg; and
NSPd-SCOy;, toward electrooxidation of single-carbon molecules
was considered via the techniques of CV and CA. According to the
results, the performance of the modified electrodes increased in
the order of non-supported palladium<NSPd-SCO,<NSPd-SCOy;.
The spongy structural network of SCO affected the electrochemi-
cal surface area, dispersion, and durability of NSPd. It also in-
creased the capability of removing the poisoning species of the elec-
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trooxidation of single-carbon molecules through the lattice oxy-
gen, and the creation of the oxidation-reduction cycle between the
high and low chemical valents of cerium, leading to increase the
NSPd performance. The electrooxidation mechanism of single-car-
bon molecules was evaluated by using the CV technique as fol-
lows: Alcohol—aldehyde—>carboxylic acid before conversion to
CO, as the final production of complete electrooxidation of single-
carbon molecules. The cycling stability of two electrocatalysts con-
firmed higher NSPd resistance towards sintering, dissolution, and
aggregation on SCOg, as more porous support than NSPd-SCOy,
which was the reason for the higher activity of GC/NSPd-SCOg,
compared to GC/NSPd-SCOy;.

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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To show the potential applications of the NSPd-SCO; and NSPd-
SCOy; the electrochemical properties of the two samples were con-
sidered in alkali (corresponding to the alkaline fuel cell). Electro-
chemical examinations of the as-modified GC/NSPd-SCO; and
GC/NSPd-SCOy, electrodes were conducted by using cyclic vol-
tammograms (CV) plots at —1.0 to +0.7 V vs. Hg/HgO (Fig. S1(a)).

It was seen that the voltammogram of GC/NSPd-SCO; and
GC/NSPd-SCOy,;, electrodes reveals the characteristics of Pd metal
[1,2]. The forward sweeping directed an electrooxidation reaction
on the electrode surface, resulting in the creation of Pd oxides (+0.3
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to +0.7 V vs. Hg/HgO) and hydrogen desorption (—1.0 to —0.3V
vs. Hg/HgO), while the backward sweep reflected the reduction of
the Pd oxides (—0.1 to —0.6 V vs. Hg/HgO) and hydrogen adsorp-
tion (0.7 to —1.0 V vs. Hg/HgO). The potential region of —0.3 to
+0.3 V vs. Hg/HgO and —0.7 to +0.1 V vs. Hg/HgO in forward and
backward sweeps were respectively related to double layer on the
working electrode. The coulombic charge (Q) for Pd oxides reduc-
tion and hydrogen adsorption/desorption is gotten via an integral
of the own peak, that is commonly used to determine the electro-
chemical active surface area (EAS) of the modified electrodes ac-
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Fig. S1. Voltammograms of (a) 1" and (b) 1,000" cycles, and (c) CO stripping in 1 M NaOH at 0.05 Vs ' sweep rate and (d) Nyquist plots
recorded at potential of 0.30 V non-fitted (dots) and fitted (line) for (—) GC/NSPd-SCOg; and (----) GC/NSPd-SCOy;, electrodes

with NSPd loading of 0.236 mg-cm ™.



cording to [15] (See Table S1) to assess the electrocatalytic efficiency
of NSPd-SCOg; and NSPd-SCOy,. The NSPd dispersion (Djp,;) on
both supports was achieved according to [S4] (See Table S1). For
more investigation, accelerated durability test (ADT) of the modi-
fied electrodes was tested with applying potentials —1.0 to +0.7 V
vs. Hg/HgO after 1,000 potential runs, continuously; that cyclic vol-
tammograms (CV) and EAS loss percentages for both modified
electrodes are represented as Fig. S1(b), and Table S1. The Dy, dropped
after ADT for the electrocatalysts, representative a notable dawn
fall for EAS with sintering, dissolution, and aggregation of NSPd
particles. The investigation of data showed that utilizing more spongy
support enhanced the EAS, and D of NSPd; so that NSPd-SCO;
exhibited a superior dispersion and stability than NSPd-SCOy;. The
better EAS of NSPd-SCO¢; and NSPd-SCOy;. electrocatalysts in com-
parison to other Pd-containing catalysts [5-7] is attributed to the syn-
ergistic influence of ceria support and proper distribution of NSPd.

To investigate CO stripping, the linear voltammograms between
—0.25 and +0.00 V vs. Hg/HgO were recorded and represented in
Fig. S1(c) for both modified electrodes. The mass current density
of the CO peak for GC/NSPd-SCOy; (2544 mA-mg ') was more
than GC/NSPd-SCOy;, (11.89 mA-mg'). The peak potential at
GC/NSPd-SCOg; (—0.13V vs. Hg/HgO) shifted by 0.01V to the
negative direction compared with that GC/NSPd-SCOy;, (-0.14 V
vs. Hg/HgO).

The based on Table S, the Q,, was 3.04 and 1.383 mC-cm ™ for
GC/NSPd-SCO; and GC/NSPA-SCOy;, respectively. This differ-
ence is recognized to the CO removal on the NSPd surface through
the higher surface area. The roughness (r; dimensionless) and mass-
specific surface area (A, m*g 'p,) from CO stripping were calcu-
lated with [S8] (See Table S1). The comparison of obtained surface
area from Qy, Qps and Q indicated acceptable agreement for
both modified electrodes.

The EIS technique was used to examine the capacitance of the
mentioned catalyst layers on modified electrodes; that it can be
related to electrocatalyst active area. The Nyquist plots of NSPd-
SCOg and NSPd-SCOy; electrocatalysts are displayed in Fig. S1(d).
The Nyquist profiles demonstrated that a process of charge trans-
fer occurred on the surface of both modified electrodes. A semi-
circle with a smaller diameter is because of a less resistance of charge
transfer (R¢y) and a quicker charge transfer process [S9]. The ex-
change current (I,) for both electrocatalysts were measured by
using Rer (See Table S1). The less R and high I, values compared
to [10,11] represented superior electrocatalytic performance on
GC/NSPd-SCO; and GC/NSPd-SCOy; because of the porous S1(d)
structures of NSPd-SCO; and NSPd-SCOy;, make possible the quick
flow of electron transportation.

The electrooxidation reaction was tested on the modified elec-
trodes under the variable conditions: concentration of electrooxi-
dized species, sweep rate, and temperature; while the parameters
as estimated from corresponding CV's were expressed as Table S2.

The effect of adding the concentration of electrooxidized specie
was determined on the potential and the current of electrooxida-
tion reaction at positive and negative sweeps on GC/NSPd-SCOg;,
and GC/NSPd-SCOy, electrodes in 1 M NaOH at —1 to +0.7 V vs.
Hg/HgO the potential range and 0.05 V-s™' sweep rate for metha-
nol and formaldehyde. The 0.1 M H,SO, solution, —0.3 to +1.5V s.

Table S1. The calculated results from voltammograms (after 1 and
1,000 cycles), CO-stripping at 0.05V-s™' sweep rate and
Nyquist curves of modified electrodes

GC/NSPd-SCOy GC/NSPd-SCOy,
Electrode = — = —
1" cycde 1,000" cycle 1" cycle 1,000” cycle
Q' (mC-cm™) 252.81 96.57 211.52 73.11
Q% (mC-cm® 11922 50.78 101.01 51.86
Q4 (mCem™) 18601 73.68 156.27 6249
EAS, (m*.g™) 187.66 7433 157.65 63.04
Dy x107 1347 534 1131 453
% lossADT,;" 6039 60.02
Qs (mC-cm™) 258.85 10751 242.45 70.50
EAS,/ (m*-g™) 270.82 11248 253.66 73.76
% lossADT,) 5847 70.92
Qc,, (MC-cm™) 3.04 1.38
rfg dimensionless 7.24 329
A" (m*g ) 3.07 1.39
Rer (L) 214 15.90
I (A) 12.00 161
o QutQp . . , .
Qyu= 3 {electrochemically desorption (Qy;) and adsorption
(Qp) of H, molecules on the NSPd sites}
"EAS,= Qu {C=0.420 mC-cm* and ;=0.236 mg-cm %}
Cxlpy
EAS,

Dpy= {Mp;=Molecular weight (106.42 g-mol "), N,=

M_ x(N4%Spy)

Pd

Avogadro number and Sp,;=atomic surface area (24.63x 102 m?)}

d%lossADT“ = (EASH"EXQ EASy, w) «100
Hy e
EASy = & B (00405 mC-cn and =036 mg-cm”)
79%loss pr, = (EAS, dlmEsz_ EASpg, ) <100
Pdyth i,
r= Qeo,, {C=0.420 mC-cm ™}

C
A= l—ri {1p4=0.236 mg-cm ™%}
Pd

T,= _RxT {R=gas constant, T=absolute temperature, n=the num-
nxFxRqp

ber of transferred electrons (n=1), F=Faraday constant}

SCE and 0.05 V-s™' were the electrolyte, potential range and sweep
rate for formic acid, respectively. According to Fig. S2, the density
current was increased with increasing concentration of electrooxi-
dized specie. However, it did not have any significant increase in
concentrations more than a known concentration for every spe-
cies due to the occupation of active sites and it was in more con-
centration for the electrooxidation on GC/NSPd-SCOg; than GC/



NSPd-SCOy electrode. According to [S12], the slope of the current
logarithm of the peak (log I) vs. the logarithm of concentration
(log C) gives the reaction order concerning the initial concentra-
tion. It can seem as a result that reaction order at backward sweep-
ing is more than forward sweeping.

The temperature effect at the electrochemical tests on the elec-
trocatalytic activity of GC/NSPd-SCO; and GC/NSPd-SCOy, elec-
trodes toward the electrooxidation of single-carbon molecules was
investigated by CV technique using different temperatures between
20 and 50 °C. The results presented that the enhancing tempera-
ture increased the current. At the same concentration, the higher
current designated that the spongy structure of electrocatalyst pos-
sesses extra accessible active sites to participate in the electrooxida-
tion of single-carbon molecules. The fitted line slope of Arrhenius

plots {the natural logarithm of current (In L)) vs. the temperature
reciprocal (T ™)} represented the activation energy with using the
employing equation in [13]. It can be remarkable that of formalde-
hyde electrooxidation reaction had the least activation energy; which
indicates its oxidation more convenient.

The CV curves of electrooxidation on GC/NSPd-SCOg; and GC/
NSPd-SCOy, electrodes were recorded in a certain concentration
at various sweeping rates (v) between 0.01 and 0.10 V-s™". It was
seen that the peak current and potential of electrooxidation were
increased by increasing the scanning rate. The slope of the peak
potential vs. In (v) and the anodic peak current of electrooxidation
reactions vs. the square root of the sweeping rate (') are explained
in Table 4. The electron transfer and diffusion coefficients were
calculated according to [14] and [15] (See Table S2); respectively.

Table S2. The investigation results of influence of SOM concentration, temperature and scan rate on the SOMs electroxidation

g Reaction order” E. (K.mol™) -

§ Forward  Backward Forward Backward &Efdno  JlU” o (mol-(c:m’3) ’ (Cn]ljz's—l)
& sweep sweep sweep sweep

E Methanol (Rz#(lz,zggg) (Rzi'g;m) (S+;£);§f;& (s;i%%{g& (R22'01;95) (R?iig;) 0.96 800 6 317x10°
Q

% Formaldehyde (Rzgéél 4) (RzigéZO) (S;;:;ggg)& (SZR_E%Z{ZIS& (R228.197 6) (RZZ)..(;;) 0.94 180 4 340x10°
e . .

Formic acid (Rzggzz 6 (Rngz.zoo) (s;z%%ziz)& (s;%%i{i(;& (RZS'OO_ZS ) (Rzgzg(fglss) 0.86 510 2 614x10°
e 2 (SZR_E%%‘?I?)& (R:%%‘i& BT s w6 st
Q
é Formaldehyde (Rzgézgg) (R2i3277) (5;35%;& (S=R—i207993172(;& (Rzggg%) (Rz?)zz 6 0.94 180 4 568x10™
° Formic acid (Rzggzsg) (R2i§g36) (51—2;%6%2)& (s;i%i%;l) & (Rzg'olg ) (Rfi?)g; g 02 510 2 41907

“log I=n log C+B {n=reaction order, C=concentration and B=interception}

dnl, —E
bg= S {E,=activation energy and R=gas constant}

@

‘a=1- (SER;T {a=electron transfer coefficient, v=scan rate, R=gas constant, T=293 K, F=Faraday constant and n=electrons number
———L—xnxF
o(Inv)
transferred during oxidation of one mol of specie}
( é]f; 2)2 xRxT
‘D oY {D=diftusion coefficient and C=concentration}

246 1077x(n>< F)3x axC’

"If the oxidation reaction be complete (to produce CO,), and not partial oxidation.

"R-squared in linear fitting,
*Slop of fitted line.
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Fig. S2. Tafel curves for (a) GC/PANPs-CeO,;MP and (b) GC/PANPs-CeO,;,MP electrodes in 1 M NaOH at different SOM-1 concentration
with 0.05 V-s™' scan rate; Inset: The linear results fitting for ((]) Temkin and (O) Langmuir isotherms.

The linearity of the relationship between I~ and E~In (v) referred
to the mass transport as control process and an irreversible charge
transfer process for the overall electrooxidation, respectively.

The adsorption of single-carbon molecules on the electrocata-
lysts surface is a substitution process between electrooxidized spe-
cies in the aqueous phase and H,0O molecules which adsorbed on
the surface of the electrocatalysts. The main adsorption types to
describe the heterogeneous electrocatalysis are the physical and
chemical adsorptions; while can be determined via isotherms like
Temkin: InC=—InK+a# and Langmuir: —Céz %+ C; while C is con-
centration of electrooxidized specie; K is the constant of adsorp-
tion equilibrium, and the degree of surface coverage was calcu-

I'n resenc rooxidi Cil .
lated as @=1— -bresence of dectroovidized specic 161 Hence, the potentiody-

in absence of electrooxidized specie
namic polarization (Tafel curves) of electrooxidation reaction on
GC/NSPd-SCOg; and GC/NSPA-SCOy;, electrodes were analyzed

in 1 M NaOH at different methanol concentrations with 0.05 V-s™'
scan rate (Fig. S2) and in the following, the plots were made to fit
the values to the two mentioned isotherms (Inset Fig. S2).

The good results fitting to both isotherms confirmed the valid-
ity of the proposed study to evaluate the methanol adsorption on
the surface of the modified electrode. It was approved that the ini-
tial step in methanol electrooxidation included the methanol mol-
ecule adsorption following the Temkin isotherm [17], which remarks
the interaction between the adsorbed species and that the adsorp-
tion energy losses linearly with the coverage. Such an approach
appears more accurate than the Langmuir isotherm, which does
not remark the interactions between the several species created
during the electrooxidation [18].
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