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Abstract

With the purpose of obtaining inexpensive electrodes for the degradation of organic pesticides by the electro-Fenton reaction, the
required H,O, being obtained by the 2-electron reduction of dissolved O,, we have prepared glassy carbon electrodes coated with
a mixture of graphite with Mo- and/or Co-modified zeolites. Three zeolites were used, Linde type A (ZA), Faujasite (ZY), and
MEFI (ZSM5), whose maximum possible cation exchange, directly given by the Al/Si ratio, and their hydrophilicity increases in
the order ZSMS5 < ZY < ZA. The zeolites were modified with Mo and/or Co by the wet impregnation method and characterized
by different techniques. The outer surfaces of the three Mo-modified zeolites showed Mo-containing grains (in ZA) or needles (in
ZY and ZSM5), which could be largely washed away with hot water. Electrodes were made by depositing on a disc of glassy
carbon (GC) a mixture of graphite, zeolite, and a binder. Quite unexpectedly, the cyclic voltammograms (CVs) of the three Mo-
modified zeolites showed at least five pairs of anodic—cathodic peaks, which we assume are due to the presence of the Mo702467
isopolyoxomolybdate anion, proceeding from the impregnating solution, and anchored on the zeolites’ surface. With a rotating
ring-disc electrode, the highest efficiency for H,O, production at —0.2 Viyg, namely, 12.7%, was obtained with the GC/
graphite-(CoMo-exchanged ZA) electrode, but this efficiency decreased with time. On the contrary, the three zeolites modified
only with Mo were stable in 4-h electrolyses at — 0.2 Vryg and yielded the highest H,O, concentrations, which we attribute to the
Mo,0,,%" isopolyoxomolybdate anchored on the zeolites. The H,O, yield was the same for the three Mo-modified zeolites,
irrespective of their exchange capacity and hydrophobic/hydrophilic character.

Keywords Oxygen reduction - Hydrogen peroxide - Mo- and/or Co-modified zeolites - Graphite-modified zeolite electrodes -
Electrolysis
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Introduction

In this work we have studied the 2-electron reduction of mo-
lecular oxygen to H,O,, of interest in the so-called advanced
oxidation process (AOP) [1] of which electro-Fenton process-
es are the best known [2—4]. These processes, based on the in
situ production of hydrogen peroxide, which upon further re-
action generates hydroxyl radicals [1], could be of interest for
the degradation of organic pesticides.

In acidic media, the oxygen reduction reaction (ORR) is
given by Egs. (1) or (2),

0, +4H" +4 e —-2H,0 (1)
02 +2 I‘I+ +2 6_—>H202 (2)

yielding water (1) or hydrogen peroxide (2), respectively.

Inexpensive zeolite-based electrodes have interesting prop-
erties, since zeolites are aluminosilicates with many channel
networks, which provide ideal cavities for chemical reactions
[5]. Both the hydrophilicity and the exchange capacity in-
crease with increasing Al/Si atomic ratio [6], an excellent
review being given in refs. [7, 8]. Commercial zeolites are
usually neutralized with alkaline and alkaline-earth metals,
which can be easily exchanged with cations of transition
metals [9-11]. Moreover, zeolites can be used as support for
more than one metal, then simulating bimetallic alloys. So, El-
Shafei et al. [12] incorporated Pd and Au into graphite/zeolites
electrodes and the sequence of immersion as well as the con-
centration of metal ions determining the alloy composition.
The acidity and pore diameter of the zeolites must also be
considered for each particular application [13]. Electrodes
based on ZA doped with Ag have been proposed as hydrogen
peroxide [14] and oxygen [15] sensors.

Different oxides have been used as catalysts in electrode
preparation [16, 17]. Oxides of molybdenum, either alone or
accompanied by cobalt, have been widely studied in hetero-
geneous catalysis and recently in electrocatalysis [18]. The
active species, usually formed by calcination, depends on
the support structure and composition [19]. The extended tun-
nels between the MoQOg octahedra serve as channels and inter-
calation sites for mobile ions such as H" and Li* [20], making
MoOg a good redox promotor. Saji and Lee [20] published an
excellent review of the electrochemistry of Mo and its oxides.

In acidic aqueous media, the molybdate anion is in equilib-
rium with heptamolybdate, an isopolyoxomolybdate anion
(the prefix iso indicates the absence of nonmetallic atoms like
P or Si):

TMo04* + 8H'$Mo0;,024° + 4H,0 (3)

In this work, we have prepared inexpensive electrodes
based on zeolites modified with molybdenum and/or cobalt
which could be used for the degradation of pesticides by the

@ Springer

electro-Fenton reaction with the hydrogen peroxide generated
by the reduction of dissolved oxygen. Three zeolites with very
different Si/Al molar ratios were characterized by nitrogen
adsorption—desorption isotherms, scanning electron microsco-
py (SEM) coupled with energy-dispersive X-ray spectroscopy
(EDS), X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), and Fourier-transform infrared spectroscopy
with attenuated total reflection (FTIR-ATR). A homogenized
graphite—zeolite-binder mixture was deposited on GC discs,
and the activity of these GC/graphite—zeolite electrodes for the
global oxygen reduction and their efficiency for H,O, produc-
tion was determined. The activity of these electrodes for the
degradation of 2,4,6-trichlorophenol will be given in part II.

Experimental
Characterization of the Zeolites

As in our previous work [21], three commercial zeolites of
different hydrophilicity were used, since this property affects
their activity for oxygen reduction [22]: Linde type A (ZA), a
low-silica zeolite with Si/Al=1 (Analytical North Harrison
Road, Bellefonte, USA); Faujasite (ZY), an intermediate-
silica zeolite with Si/Al=2.5 (Aldrich, St. Louis, USA); and
MFI (ZSM5), a high-silica zeolite with Si/Al=50 (Zeolyst
International, KS, USA). The (monovalent cation)/Si ex-
change capacities of these zeolites, directly given by the Al/
Si ratio, were 1, 0.4, and only 0.02, respectively, decreasing in
the same order as their hydrophilicity. The zeolites were mod-
ified with molybdenum and/or cobalt by the wet impregnation
method [19, 23, 24] using (NH4)sMo0,0,4-4H,0 (Merck, >
99%) and Co(NO;),-6H,0 (Sigma-Aldrich, > 98%), respec-
tively, as precursors. (In the case of Mo, its cationic species,
which obviously are the only ones that can be exchanged with
the zeolite cations, can be present only in very acidic media
[25, 26]. Therefore, at pH 3, the heptamolybdate anion could
enter into zeolite only as a neutral salt, not by exchange).
Briefly, 2.5 g zeolite was modified with 3 wt% metal
((NH4)6M07024'4H20 and/or CO(NO3)26H20) and 60 mL
of distilled water, using the wet impregnation method [19,
23, 24]. The initial pH was 5.3 for the heptamolybdate solu-
tion and 6.2 for the cobalt nitrate solution. The zeolites mod-
ified with both cations, Mo and Co, were prepared with solu-
tions containing both metals. The modified zeolites are iden-
tified as Zy;, where Z can be ZA, ZY, or ZSM5 and M: Mo,
Co, or both.

The morphology of the zeolites was characterized by scan-
ning electron microscopy (SEM) with a PhenomProX equip-
ment, PhenomWorld or a Bruker Vega 3 Tescan. Both instru-
ments were coupled to an energy-dispersive X-ray spectros-
copy (EDS) instrument with an electron accelerating voltage
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of 15 kV. The powdered samples were fixed on a double-sided
adhesive carbon tape.

X-ray powder diffraction was carried out with a Bruker D8
Advance diffractometer with Bragg—Brentano geometry and
FTIR-ATR spectroscopy with a Bruker-Platinum-ATR instru-
ment. The BET surface areas (Sggt) and the mesopore, micro-
pore, and total pore volumes were determined by nitrogen
adsorption—desorption isotherms at 77 K using a 3-FLEX instru-
ments. A PHOIBOS-150 SPECS analyzer under a base pressure
of 3% 10'° Torr was used for the XPS determination of the
oxidation state of the metal cations, with Al K« radiation for
the Co 2p spectra and Mg K« radiation for the Mo 3d and O
Is spectra. Wide-scan and narrow-scan spectra were recorded
with a constant pass energy of 100 and 20 eV, respectively.
Binding energies were referenced to the C 1s binding energy of
the adventitious carbon layer, taken to be 284.6 eV. The quanti-
tative XPS analysis was carried out with the Multiquant XPS
software [27].

Electrode Preparation

Graphite (99.98% Riedel de Haén), with a particle size between
2.12 and 6.10 um, was previously cleaned by heating under
nitrogen at 120 °C for 4 h, cooled, and stored under nitrogen in
a desiccator. The glassy carbon/graphite-modified zeolite elec-
trodes (GC/g-Zy;, where M represents the transition metal cation)
were prepared as previously reported [21]. Briefly, 30 puL of a
suspension of 19 mg of modified zeolite, 50 mg graphite, and
0.5 mL Nafion® perfluorinated ion-exchange resin in 4 mL dis-
tilled water was homogenized in an ultrasonic bath for 2 h, then
the homogenized suspension was deposited on the surface of a
glassy carbon electrode of 0.071 or 0.13 cm?” geometric area (CH
Instruments and ALS (BAS), respectively), and finally the water
was evaporated in an oven at 60 °C for 30 min. The zeolite
loading, referred to the geometric area, was 3.3 mg cmfz, with
the exception of the ring-disc electrodes, in which the coating
was smaller, 1.83 mg cm 2, in order to avoid its detachment at
high rotation rates, and of the electrodes in long-time electrolysis,
in which a loading of 2.0 mg cm > was used. Blank electrodes
contained the same amount of the unmodified zeolites. The cur-
rent densities (f) are referred to the geometric electrode area. The
roughness factor, RrGc), of the GC/g-Zy electrodes relative to
that of GC, as determined from the double layer capacitance [21],
was about 150 + 20 for the 3.3-mg-cm > zeolite loading. All the
experiments were carried out in a 0.1-mol-L ! Na,SO, solution
adjusted to pH 3 with 0.5 M H,SO,. The electrodes were stabi-

lized by repetitive potential cycling at 0.02 Vs ™.

Electrochemical Measurements
A one-compartment three-electrode cell with a large area Pt

helix as auxiliary electrode, an Ag/AgCl/3 M KCl reference
electrode immersed in a Luggin capillary closed with a Pt

wire, and an electrochemical workstation CHI 660C
(CHInstruments) with an RRDE-RA Ring-Disk rotator or an
Autolab PGstat 128 N, were used. The potentials in the text
have been referred to the reversible hydrogen electrode (RHE)
by adding

EAg/AgCl, 3 MKCl VS SHE + 00591pH = 0209 + 0177
=0.386 V (4)

to the potentials measured vs the Ag/AgCl electrode. Long-
time electrolyses at — 0.2 V of O,-saturated solutions were
performed in a one-compartment cell, using a GC disc of
0.50 cm? geometric area (Carbon Lorraine, France).

Determination of Hydrogen Peroxide

Samples of the electrolyte solution were taken during the 4-h
electrolyses, and their H,O, concentration was determined by
UV-vis spectroscopy at 400 nm using the potassium titanium
(IV) oxalate method [28, 29].

Results and Discussion
Characterization of the Modified Zeolites
Nitrogen Adsorption/Desorption Isotherms

The nitrogen isotherms of the unmodified zeolites have been
reported in a previous work [21], and now we have obtained
those of the Mo, Co, and Co—Mo zeolites (Fig. S1, in the
Supplementary Materials). Both unmodified and modified
ZA and ZSMS5 showed hysteresis at high relative pressures,
which remained after modification, and the adsorption curve
displayed an abrupt increase in the high-pressure region, es-
pecially in ZA, evidencing the presence of micro- and
mesopores, as shown in Table 1.

Modification of ZA with Co produced only a small de-
crease (13%) of its surface area (curve 2 in Fig. S1a). On the
contrary, the modification with Mo (curve 3 in Fig. Sla) or
Co—Mo (curve 4 in the same figure) brought about a huge
decrease of about 95% of the surface area, showing that Mo
compounds clog the surface of ZA, perhaps because of its
highly hydrophilic character. Correspondingly, Mo reduced
the micropore volume of ZA by 94% and the mesopore vol-
ume by 80%.

ZY (Fig. S1b), which is the zeolite with the highest surface
area, yielded nearly flat type I isotherms, characteristic of mi-
croporous materials, with the isotherms showing no hystere-
sis. The modification with Co reduced the surface area by only
4%, with Mo (curve 3) by 26%, and with both Co and Mo
(curve 4) by 36%.

@ Springer
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Table 1 BET surface area and

porosity of the unmodified and Zeolite SBET Pore volume Micropore volume Mesopore volume

modified zeolites m? gfl cm’ gfl cm’® gﬂ cm’ gfl
ZA 415 0.28 0.18 0.10
ZA-Co 361 0.23 0.16 0.07
ZA-Mo 15 0.03 0.01 0.02
ZA-CoMo 23 0.06 0.01 0.05
7Y 764 0.34 0.34 0.00
ZY-Co 733 0.32 0.32 0.00
ZY-Mo 563 0.24 0.24 0.00
ZY-CoMo 490 0.26 0.26 0.00
ZSMS 364 0.22 0.16 0.06
ZSM5-Co n.d. n.d. n.d. n.d.
ZSM5-Mo 266 0.14 0.12 0.02
ZSM5-CoMo 287 0.18 0.15 0.03

The surface area of ZSMS5 (curve 1 in Fig. S1c) was slightly
lower than that of ZA. The modification with Mo (curve 3)
reduced the surface area of ZSM5 by 27%. In the case of
ZSM5como» the decrease was lower, 21%, because Co de-
creased the concentration of Mo (Table 3).

SEM-EDS

SEM micrographs of the different zeolites are shown in Fig. 1.
The images in the first column correspond to the unmodified
ZA, ZY, and ZSMS5 zeolites. ZA shows cubic particles 2.9—
3.5 um in diagonal and zones where these particles are ag-
glomerated. ZY has a nonuniform structure with many aggre-
gates, the smallest particles showing a cubic structure with a
diagonal of 1.4-1.6 um. And ZSMS5 consisted of dust-like
particles of about 0.8 pum.

EDS analyzes a layer 1-2 um deep, and its detection limit
is about 0.5 at.%. The atomic compositions of the ZA, ZY, and
ZSMS5 zeolites, estimated by EDS, are given in Table 2. The
Si/Al ratios were 1.0 for ZA and 2.4 for ZY, in excellent
agreement with the nominal ratios of 1.0 and 2.5, respectively.
On the contrary, the Si/Al ratio of ZSMS5 was 23.3, about half
the nominal ratio of 50. The total positive charge of exchanged
cations in ZA was 7.8, in fair agreement with the Al content
(11%). And the total positive charge of exchanged cations in
ZY was 6, in fair agreement with the Al content (7.8%). No
cations were detected in ZSMS, because its maximum possi-
ble (exchanged monovalent cation)/Si ratio, 0.02, is negligi-
ble, within the error margin of EDS.

The SEM images of the Co-modified ZA, ZY, and ZSM5
zeolites (second column in Fig. 1) do not show major changes
as compared with the unmodified zeolites. The Co concentra-
tion was near the detection limit at the best and decreased with
increasing Si/Al ratio, as expected: it was 1.7% for ZAc,,
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0.14% for ZY, and 0% for ZSM5¢, (Table 3). Consequently,
their standard deviations were as high as =71%.

The micrographs of the Mo-modified ZA, ZY, and ZSM5
zeolites (third column in Fig. 1) showed important changes
with respect to both unmodified and Co-modified zeolites.
Z A, shows, besides the original cubic particles, large grains.
As for ZY 1, and ZSM5y,,, they showed new, Mo-containing
needles on the outer surface, longer and much more abundant
in ZYw, than in ZSMS5y,,. These latter needles could be
washed away with hot water [30], as can be seen in the images
in the fourth column in Fig. 1. However, in ZAy.w SOme
grains remained after washing. In agreement with this, Mo
mapping of washed ZA4,. showed some Mo well dispersed
on the zeolite (image ZAy, (2) in Fig. S2). The Mo mapping
coincided with that of Ca, perhaps indicating the formation of
a Ca molybdate (image ZAy,, (2) in Fig, S2). As in the case of
Co, the concentrations of Mo were mostly nearly the detection
limit of EDS, and consequently, their standard deviations were
as high as = 86% (Table 3).

When the zeolites were modified with both Co and Mo
(fifth column in Fig. 1), again grains appeared in ZAcomo
and needles in both ZY conmo and ZSMS5conmo, although to a
lesser extent than in the zeolites modified only with Mo. The
concentrations of Co and Mo in the original particles of the
three zeolites were 0 or nearly so (Table 3). There was some
Co in the grains of ZAcomo, but a negligible amount in the
needles of ZY como, and none at all in the needles of
ZSM5como (Table 3). There was Mo in the grains of
ZAcomo and in the needles of ZY copmo, but barely so in the
needles of ZSM5c¢onm, (Table 3). However, even in the grains
and needles, the Co and Mo concentrations were near the
detection limit of EDS, and therefore, their standard devia-
tions were as high as £40 and + 86%, respectively.

No K was observed in the unmodified zeolites. Therefore,
the K in the modified zeolites came from the cold washing
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Fig. 1 SEM images of unmodified zeolites (first column) and of zeolites modified with cobalt (second column), molybdenum (before and after washing
with hot water (w)) (third column), and both cobalt and molybdenum (fourth column)

solution and did not disappear after washing with hot water, as
observed by Tran et al. [31] with ZY.

XRD

The XRD patterns of all the unmodified and modified zeolites
shown in Fig. 2 correspond to the ZA, ZY, and ZSM5 zeolites.
Curves 1 are the patterns of the unmodified zeolites, curves 2
those of the Co-modified zeolites, curves 3 those of the Mo-
modified zeolites, and curves 4 those of the both Co- and Mo-
modified zeolites. In general, all the diffraction peaks of the
original zeolites (marked as *) [32] were retained in the

Table 2 Particle size (SEM) and atomic composition (%) (EDS) of the
unmodified zeolites

Zeolite Particle size/um  Atomic percentage Cations
O Si Al
ZA 29-35 73+£2 11+1 11+1 Ca23+0.6
Nal.8+0.7
Mg 0.7+0.2
Y 1.4-1.6 67+3 19+2 7.8+0.6 Na6.0+0.7
ZSMS 0.8 71+£5 28+£5 12+03 0

modified ones, which, together with the SEM results, suggest
that only a very small fraction of Co and/or Mo was dispersed
inside the zeolite framework, the larger fraction of Co and Mo
forming grains and/or needles on the outer surface of the
zeolites.

The pattern of ZA¢,, (curve 2 in Fig. 2—ZA) shows small
additional peaks at 260 =26.3°,35.9°, and 41.7° (dashed lines),
which could be due to Co30,4 [33] or CoO species [34], this
last assignment agreeing with the XPS results (see below).

The pattern of ZAyy, (curve 3 in Fig. 2—ZA) shows a very
intense new diffraction peak at 26.3° and three small peaks at
18.6°, 47.3°, and 49.5° (dotted lines in Fig. 2). These four
peaks were also observed, but much broader (less crystallini-
ty), in the pattern of ZAcomo (curve 4 in Fig. 2—ZA), which
also showed the peaks of Co oxide(s). Since MoOj3 can form
different structures or combinations of them, it is difficult to
assign the peaks.

Interestingly, the patterns of the ZY, and ZY com, (curves
3 and 4, respectively, in Fig. 2—ZY) do not show at all the
very intense diffraction peak at 26.3°, but they do show the
same small peaks at 18.6° (here at 16.6°) and 47.1° (here at
47.3°) of the Mo compound in ZAy;,. Two small peaks at
12.5° and 16.6° can be assigned to hexagonal MoO;
[35-37], in agreement with the needles observed by SEM.
These peaks are very small because the needles are only on
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Table 3 Atomic composition (%) (EDS) of the modified zeolites

Zeolite Shape of Mo surface deposits Atomic percentage
Co Mo Ca Na Mg K
ZA-Co 1.7£0.9 35+0.8 03+0.2 09+0.2 3.7+0.8
ZY-Co 0.14+0.10 0 1.4+0.4 0 33+1.1
ZSM5-Co 0 0 0 0 0.6 £0.2
ZA-Mo Cubic grains 23+1.8 22412 0.7+0.5 1.2+0.4 6.4 +38
10£5 74+34 0.5+0.1 0.9+0.3 2.1+1.0
ZA-Mo, washed 4.0+0.6 39402 0.4+0.1 1.1£0.1 40+02
ZY-Mo Cubic needles 09+0.4 0 1.4+04 0 4215
7+6 0 1.1+£0.2 0 67+13
ZY-Mo, washed 0.7+0.3 0 24402 0 45+£02
ZSM5-Mo Powder needles 0.2+0.1 0 0 0 1.2+£0.8
14+1.1 0 0 0 0.7+03
ZSM5-Mo, washed 0.05+0.02 0 0 0 1.1 £0.1
ZA-CoMo Cubic grains 0 05+04 0.8+0.2 0 0.4+0.1 42+24
1.4+04 54+2.0 32432 04+0.2 09+0.2 40+12
ZY-CoMo Cubic needles 0.05+0.02 0 0 0.6+0.3 0 29+20
0.11£0.04 7+6 0 1.0+£0.5 0 74 +3.1
ZSM5-CoMo Powder needles 0 0 0 0 0 03 +0.1
0 0.3+0.1 0 0 0 0.5+02

the outer surface of ZY, while XRD is a bulk technique. Some
Mo could have entered the pores of the zeolite as a neutral
species, in agreement with the Mo mapping of washed ZAy,

dispersed in the zeolite, although most of the Mo-containing
grains on the outer surface had been washed away. This is
supported by the work of Tran et al. [31], who prepared a

(image ZAy, (2) in Fig. S2), which shows that Mo is well ~ molybdenum oxide catalyst using Mo heteropoly acids for

Fig. 2 XRD patterns of
unmodified zeolites (curves 1)
and of zeolites modified with
cobalt (curves 2), molybdenum
(curves 3), and both cobalt and
molybdenum (curves 4). Peaks
are marked as follows: (*):
unmodified zeolites; (red dashed
lines): cobalt oxides; and (green
dotted lines): molybdenum
compounds
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Table 5 Electrochemically active molybdenum loading, half-sum potential, and peak separation of the redox couples. Data taken from Fig. 6

Electrode: GC/graphite- [Mo]# E,/V vs RHE AEp/V
1078 mol cm 2

cl/al c2/a2  c3/a3  cd/ad cS5/a5 c6/a6 al-cl a2-—c2 a3-c3 ad-c4 a5-c5 ab6b-cod

-ZAno 8.5 0.09 0.18 034 056 069 - 0.08 0.07 0.08 0.04 0.06 -
-ZAy* 7.6 -0.09 - — — 078 - 0.24 - - — 0.08 —
-ZY Mo 11.0 -0.01 0.1 - 056 0.68 081 0.08 0.23 - 0.05 0.07 0.07
-ZY mo* 6.2 -0.09 0.09 - 057 0.68 079 0.02 0.13 - 0.06 0.03 0.02
-ZSM5y0 24.2 -0.10 0.09 029 048 064 - 0.07 0.24 0.18 0.17 0.12 -
-ZSM5y0* 6.2 -0.05 009 021 042 069 - 0.10 0.10 0.08 0.03 0.15 -

[Mo]#: electrochemically active Mo concentration from the positive scan in CVs at 0.02 V s

E‘/z = 1/2(Epan + Epc'dt); AEp = Ep'dn - Epcat
*Washed with hot water

encaging molybdenum oxide in ZY. These authors observed  ZYy, (2) in Fig. S2), which shows a significant presence of
no difference in the XRD patterns, which they attributed toa ~ Mo.
high dispersion of Mo.

The patterns of both ZSM5¢,, and of ZSMS5¢ o, (curves 2
and 4, respectively, in Fig. 2—ZSM5) showed no Co peaks, in
agreement with the 0% Co concentration in these two zeolites
(Tables 3 and 5, respectively). In a similar way, the patterns of
both ZSM5y,, and ZSM5¢om, (curves 3 and 4, respectively, in
Fig. 2—ZSM5) showed almost no Mo peaks, in agreement
with their very low Mo concentrations (Tables 4 and 5,
respectively). This is in agreement with the micrographs of
ZSM5¢, and ZSM5cono (Fig. 1), which show no grains and O 1s
nearly no needles, respectively.

The XRD patterns of the samples washed with hot water
and/or calcined (Fig. S3) evidence that some Mo was not
washed away, in agreement with the small, but finite, Mo
concentration (Table 3) and with the Mo mapping (image

XPS

XPS analyzes only the uppermost (3—10 nm) layer of the
samples, and its detection limit is 0.1-1 at.%. The XPS
wide-scan spectra of the original zeolites (not shown) agree
qualitatively with those expected from the nominal

-

Table 4 Atomic ratios of the unmodified and modified zeolites as 17,
determined by XPS E ZAco
Zeolite Co/Si Mo/Si O/Si Si/Al =

O
ZA - - 4.6 3.7 O
ZA-Co 0.86 - 5.7 4.0 ZAvo
ZA-Mo — 0.58 5.7 2.6
ZA-CoMo 0.13 0.67 7.6 42
7Y — — 3.7 3.9
ZY-Co 0.11 — 4.5 3.5
ZY-Mo — 0.30 5.1 3.6
ZY-Mo, washed - ~0.01 - -
ZY-CoMo 0.02 0.61 6.2 3.6 ZACoMo
ZSM5 - - 39 -
ZSM5-Co 0.01 - 3.1 - Lttt L1

538 536 534 532 530 528 526 524

ZSM5-Mo - 0.39 5.0 - B dln Ener (eV)
ZSM5-CoMo 0.01 0.06 32 - i g gy

Fig. 3 XPS spectra of Ols in ZA, ZAco, ZAmo, and ZAcomo
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Fig. 4 XPS spectra of Co 2p in
Zc, and XPS spectra of Mo 3d in
Zno- Thin lines: experimental
data; thick and dashed lines: fitted
curves

Co

Mo 3d

Z ‘A\.Io

Intensity /au

810 800

composition, the atomic ratios being given in Table 4. The Co/
Siand Mo/Si ratios were very high: The Mo/Si ratio was 0.6 in
Z Ao, 0.3 10 ZY \o, and 0.4 in ZSMS5y ... In stark contrast with
this, the concentrations of Co and Mo obtained by EDS
(Table 3) were very low, a few atomic percent at the most.
This clearly shows that Co and Mo were mostly on the outer
surface. Interestingly, the XPS data show that the Co-modified
ZSMS5 sample contains a small Co concentration that was
undetected by EDS, clearly showing again that Co was mostly
on the surface.

The narrow-scan O 1s spectra of the various ZA samples
are given in Fig. 3. The O 1s spectrum of the unmodified ZA
shows a relatively narrow single peak with a binding energy of
531.8 eV. The O 1s spectrum of ZA, was very similar to that
of ZA, but that of ZA\,, showed an additional oxygen contri-
bution at 530.0 eV which accounted for 35% of the spectral
area. This binding energy can be associated mainly with the
presence of OH groups, although a contribution to that peak of
an overlapping Si—O signal cannot be discarded [38]. The O
Is spectrum of ZA, was very similar to that of ZA, but that of
Z Ay, showed an additional oxygen contribution at 530.0 eV
which accounted for 35% of the spectral area. This binding
energy is characteristic of metal-oxygen bonds [38] and is due
to the high Mo/Si ratio, 0.58 (Table 4). The contribution at
530.0 eV increased to 51% in ZAcomo, also due to its high
Mo/Si ratio, 0.67 (Table 4). A similar increase of the oxygen
contribution at 530.0 eV was observed in ZY and ZSMS5 upon
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modification with Mo, due to their high Mo/Si ratios, 0.30 and
0.39, respectively, but not for ZSMS5c oo, since its Mo/Si ratio
was only 0.06 (Table 4).

The Co 2p and Mo 3d narrow-scan spectra are shown in
Fig. 4. The Co 2p spectra of ZAco, ZY o, and ZSM5¢,, are
virtually identical and show several contributions. The Co 2p
spectrum is composed of a spin-orbit doublet with binding
energies of 781.3 and 797.1 eV for the Co 2p3, and Co
2p; > core levels, respectively. The spectra also show strong
shake-up structure at 786.9 and 802.8 eV, this satellite struc-
ture being characteristic of Co**. The binding energies of the
corresponding core levels are slightly higher than those ex-
pected for a typical Co®* species such as those encountered in
CoO or Co**-containing spinels, for example [39], and are
more like those shown by Co in ion-exchange sites in zeolites
[40, 41].

The Mo 3d spectra of the three Mo-modified zeolites are
also shown in Fig. 4. Again, the three spectra are very similar,
with a main doublet at 232.0 and 235.1 eV, characteristic of
Mo(VI), whereas the very weak peaks at 230.2 and 233.3 eV
have been associated with Mo(IV) [42]. Most probably the
latter peaks were produced by photoreduction of Mo(VI) dur-
ing the very long times required for obtaining spectra of the
very low amounts of Mo in the samples [43]. The Mo/Si ratio
in the washed and washed and calcined ZY1y, was very low,
around 0.01 (Table 4), which indicates that most of the Mo
had been removed from the zeolite.
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The XPS instrument used did not have the lateral resolution
required for analyzing only the grains and needles (not the
zeolite bulk) that appeared on the surface of Mo- and both
Co- and Mo-modified zeolites.

ATR-FTIR Spectroscopy

The FTIR spectra of the ZA, ZY, and ZSM5 zeolites are
shown in Fig. 5, in which curves 1 correspond to the unmod-
ified zeolites, curves 2 to Co-modified zeolites, curves 3 to
Mo-modified zeolites, curves 4 to Mo-modified zeolites after
washing with hot water, and curves 5 to both Co- and Mo-
modified zeolites. The fingerprint region of the spectra of ZA,
ZY, and ZSMS is given in Figs. S4a, S4b, and S4c, respec-
tively, the labeling of the curves being the same as in Fig. 5.

The spectra of unmodified ZA, ZY, and ZSMS5 (curves 1 in
Fig. 5) have been widely reported [44—46] and show practi-
cally the same profile between 4000 and 1500 cm ', The
4000-3500-cm ™" spectral region, where the interaction be-
tween zeolites and adsorbed water molecules is observed
(OH stretching mode of Si(OH)AI groups, Brensted sites,
silanol groups) [47], and that in the 2000—1300-cm ' region,
of the HOH bending of water [44], are noisy in the three
zeolites, probably due to the presence of occluded water.
The band at 2344 cm ' has been attributed to a Lewis center
without participation of A** [47]. The spectrum of ZY shows
an additional band at 3400 cm™ ' (curve 1 in Fig. 5—ZY),

2315
{1528
1198

~-J3400
D344

Intensity/ a.u.

T — T : l -
3000 2000 1000
-1
Wavenumber / cm
Fig. 5 FTIR-ATR spectra of zeolites. Curves 1: unmodified zeolites;
curves 2: Co-modified zeolites; curves 3: Mo-modified zeolites; curves

4: Mo-modified zeolites after washing with hot water; and curves 5: both
Co- and Mo-modified zeolites

4000

reported for NaY only [48], which could be due to hydroxyl
groups attached to extra framework alumina species. This re-
gion of the spectra changed drastically when the zeolites were
exchanged with Co (curves 2 in Fig. 5), showing a virtually
identical negative band at 3400 cm ! in the three zeolites,
which might correspond to a stretching Co—OH vibration
[47]. This band was not observed in the CoMo—zeolites
(curves 5 in Fig. 5), which implies that Mo affected the Co—
Z structure.

In the fingerprint region (Fig. S4), the unmodified zeolites
(curves 1) show a wide main peak, corresponding to the asym-
metric and symmetric stretching modes of internal tetrahedra
between 1198 and 850 cm ™', depending on the zeolite. Thus,
the band associated with the Si—-O-T (T = Al or Si) internal
asymmetric stretching vibration [49] was observed at
995 ¢cm™' in ZA, at 982 cm ' in 7Y, and at near 1067 cm’!
in ZSMS.

At lower wavenumbers, the Co-exchanged zeolites (curves
2 in Fig. S4) showed only small changes with respect to the
unexchanged ones, indicating a small concentration of Co, in
agreement with the SEM-EDS and XPS results. The bands of
Co—O between 700 and 500 cm ' could not be observed be-
cause the zeolites have many peaks in this region.

In the Mo-modified zeolites (curves 3 in Fig. S4), new
bands appear at 792 cm ' in ZAy, and at 648 cm™! in
ZY o and ZSM 5y, which should be due to the large grains
in ZAy, and to the needles in ZYy, and ZSM5y,,, as ob-
served by SEM. These bands could be due to a Keggin
isopolyoxometalate structure [S0]. The Si—O-Si bands near
990-1056 cm ! decrease in ZAy, and ZSM5y,, which can
be attributed to a change in the environment of the Si—O bond
due to the incorporation of Mo. A new band near 800 cm ' in
the spectra of ZAyy,, washed ZAy,, and ZAcom, (curves 3, 4,
and 5, respectively, in Fig. 5) has been attributed to O-Mo—-O
stretching vibrations [31] and supports the presence of molyb-
denum oxide, as suggested by the EDS and XPS results.
When the Zy;, samples were washed with hot water, the band
at 792 cm ! in ZAy, and at 648 cm ! in ZY, and ZSM5y,
(curves 4 in Fig. S4) disappeared, confirming the dissolution
of the Mo-containing compounds (large grains in ZAy,, and
needles in ZY 1, and ZSM5y,), whereas the band at 991 cm™!
was shifted to lower wavenumbers. These changes were less
evident in the ZSMS5 zeolites due to their very small Mo con-
tent (Tables 4 and 5). It should be noted that the spectra of
different samples from different preparations were very
reproducible.

In summary, the characterization of the modified zeolites
evidences the presence in them of Co, Mo, or both. In all
cases, the metals were mostly, if not exclusively, on the outer
surface of the zeolites. Mo did form grains on the outer surface
of ZAy,, and needles on the outer surface of ZYy, and
ZSMS5y,. Probably, the grains were orthorhombic &-MoOs,
and the needles ex-MoOs. These grains and needles could be
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largely eliminated by washing with hot water, as confirmed by
XPS, FTIR spectroscopy, and EDS. As reported by Debecker
etal. [19, 24] for Mo species supported on mesoporous silica—
alumina, the Mo,0,,% anion interacts strongly with the Al
centers on the surface of the support, which facilitates the
dispersion of the Mo. The different structures of the MoO;
forming the new phases observed in the SEM micrographs
should be related to the different proportions of Al and Si
centers on the zeolite surfaces, which would lead to the nucle-
ation of different structures of the same compound.

Cycdlic Voltammetry of GC/Graphite-Modified Zeolite
Electrodes in a pH 3 Electrolyte

We carried out preliminary CVs of the Mo-modified zeolites
at pH 3, 7, and 9. The best results were obtained at pH 3,
because at this pH both Mo(VI) and Mo(IV) form insoluble
species, MoO3 and MoQO,, respectively, which improves the
stability of the electrodes [20, 51]. All the CVs in Fig. 6 were
carried out at 0.02 V s~ starting from the rest potential, indi-
cated by the vertical arrows, toward negative potentials. Two
CVs (between —0.81 and 1.24 Vyyg and between — 0.6 and
0.8 Vgrup) of a GC/graphite electrode in a pH 3 solution of

1 4 Graphite — Base
— Mo
1 al
O 1 ﬁ( > __.=..:—_—
1 g L 1 mM (NH4) Mo O,
-1 £ cl N " .
24 al a2 3

as ZA

Fig. 6 Cyclic voltammograms at 0.02 V s™' in a deaerated pH 3, 0.1-M
Na, SO, solution of (a) GC/graphite electrode in the pH 3 base electrolyte
and in the presence of | mM (NH;)sMo070,4. Introduce ZA GC/graphite-
ZAy, electrode. Introduce ZB GC/graphite-ZYy,, electrode. Introduce
ZSMS5 GC/graphite-ZSMS5y, electrode. Curves 1: GC/graphite-Z elec-
trode; curves 2: GC/graphite-Zyy,; and curves 3: GC/graphite-Zy,, after
washing in hot water. Zeolite loading 3.3 mg Z/cm?, Ry = 136+ 18
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0.1 mol L' Na,SO, plus 1 mmol L' (NH4)sMo,0,, (Fig.
6—graphite) showed, independently of potential limits, only a
redox couple, cl/al, with peak potentials of —0.14 and
0.22 Vgyg, respectively. This process probably corresponds
to the reaction

MoO,4* + 4H" + 2¢ sMo0s(s) + 2H,0 (5)

whose redox potential is a matter of discussion [52—54]. A pair
of peaks at about — 0.4 and — 0.3 V vs Ag/AgCl was found by
Joncaetal. [53] in CVs of a gold disc in 0.6 M NaCl solutions
of both pH 2.04 and 1.42 containing sodium molybdate.

The CVs between —0.61 and 1.24 Vryg in a pH 3 solution
of 0.1 mol L™! Na,SO, of GC/g-Z electrodes (curves 1), GC/
g-Zn, electrodes both as prepared (curves 2), and after wash-
ing with hot water (curves 3), for ZA, ZY, and ZSMS5 are given
in Fig. 6. The three unmodified GC/g-Z electrodes (curves 1 in
Fig. 6) showed the well-known flat CV [21] and a wide, nearly
negligible couple near 0.64 Vg associated with the C-OH/
C=0 process of the graphite carbonyl groups. The three Mo-
modified zeolites showed (curves 2 in Fig. 6) five clearly
defined pairs of peaks, which is most interesting, since the
multiplicity of voltammetric peaks is nearly a hallmark of
polyoxometallates, which in this case have been obtained sim-
ply by impregnation of zeolites with a molybdate solution.
The first pair of peaks had a half-sum potential of about —
0.1 Vryg, which is about 0.1 V more negative than the half-
sum potential of +0.035 Vgryg of the al/cl pair of the
Mo,0,,°" anion on GC/g (Fig. 6—graphite), and therefore,
should correspond to a different process. These results clearly
show that the Mo compound responsible for the five pairs of
voltammetric peaks of ZA and ZSMS5 forms only on zeolites,
but not on a GC/graphite electrode.

The CVs of the three Mo-modified zeolites after washing
with hot water (curves 3 in Fig. 6) show that while in the case
of ZA the CV remains practically the same (curve 3 in Fig.
6—ZA), in the case of GC/g-ZY . (curve 3 in Fig. 6—Z2Y),
the peaks decreased only slightly, and in GC/g-ZSM5y;,
(curve 3 in Fig. 6—ZSMS5) decreased very much but could
still be seen. Therefore, the Mo compound responsible for the
multiplicity of peaks is not present in the needles on the outer
surface of the zeolites, since these peaks remain after washing
away the needles with hot water. We suggest that the electro-
chemically active compound was the Mo;0,,°"
isopolyoxomolybdate anion, proceeding from the impregnat-
ing solution and anchored on the zeolite surface, perhaps by a
strong interaction with its acidic sites.

Pourbeyram et al. [30] observed three pairs of peaks in CVs
on GC of a heteropolyoxometalate, phosphomolybdic acid
(H3PMo0;,04), in 0.1 M H,SO,. Three pairs of peaks also
appeared when the phosphomolybdic acid was dispersed
within dealuminated ZY zeolite, but they were negatively
shifted by about 0.5-0.7 V. Zhao et al. [50] synthesized a
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Keggin-type isopolyoxometallate,
[(C3HsN,),H[MoY", sMoY!,040], which showed four pairs
of peaks in CVs in DMF.

Assuming that each pair of peaks corresponds to a 2-
electron process, we estimated the amount of Mo electro-
chemically active sites by integrating the charge of the anodic
region between about —0.25 and 0.9 Vi of the modified
zeolites (curves 2 in Fig. 6—ZA, ZY, and ZSM5) and
subtracting the electrical charge of the respective unmodified
zeolites (curves 1 in the same figures). The estimated Mo
amount was 0.09, 0.11, and 0.24 umol cm 2 (geo) for the
ZA, ZY, and ZSMS zeolites, respectively (Table 5). Washing
with hot water decreased the amount of Mo (curves 3 in Fig.
6—ZA, ZY, and ZSM5), the remaining Mo being 89% in ZA,
56% in ZY, and 26% in ZSMS5. 1t is very interesting that ZA,
the more hydrophilic zeolite, had the lowest Mo loading, but
this Mo was strongly anchored on the surface, because it
remained practically to the same extent after hot-water wash-
ing, as can be seen by the near coincidence of the respective
CVs in Fig. 6—ZA. On the contrary, the more hydrophobic
zeolite, ZSM5, had the highest Mo loading, but this Mo was
anchored rather weakly, the CV after the washing barely
emerging from that of the unmodified zeolite, as can be seen
in Fig. 6—ZSMS5.

Active molybdenum loading, half-sum potentials, and peak
separation of the redox couples obtained from cyclic voltam-
mograms at 0.02 V s ' in a pH 3 solution of glassy carbon
electrodes modified with a mixture of graphite and
molybdenum-modified zeolites are given in Table 5. The
half-sum potentials, that is, half the sum of the anodic and
cathodic peak potentials, constitute a good approximation to
the reversible potentials and are very similar for peaks 1, 2, 3,
and 5 in ZAyj, and ZSM5Sy,, (peak 4 is missing in ZAy,).
However, while the peak separation of the five redox process-
es of the ZSM5y,, zeolite is 130-200 mV, indicating that these
processes are very irreversible, the five redox processes of the
ZAy, zeolite are less irreversible, with a peak separation of
only about 70 mV.

The Mo-based electrodes were stable, because repetitive
CVs of them showed no significant changes (Fig. S5).

The CVs of Co-exchanged zeolites coincide with those of
the unexchanged zeolites (Fig. S6), showing that the Co pres-
ent had no electrochemical activity. And, as was to be expect-
ed, the CVs of the electrodes modified with both Co and Mo
coincided with those of Mo-modified zeolites (Fig. S6).

Oxygen Reduction Reaction
Cyclic Voltammetry of the Electroreduction of Oxygen
The CVs at 0.02 V s, starting negatively from the open

circuit potential down to —0.61 Vgyyg and then up to
1.2 Vgpug, in an O,-saturated 0.1 mol L! Na,SO,4 solution

of pH 3, using GC/g-Z electrodes (curves 1) and GC/g-Zc,
(curves 2), GC/g-Zy, (curves 3), and GC/g-Zcom, (curves 4)
electrodes for ZA, ZY, and ZSMS5, are shown in Fig. 7. The
oxygen reduction peak (peak 1C) appeared at about 0.1 Vryg
in all the electrodes. Oxygen shifts negatively the hydrogen
evolution, which affects the Mo(VI)/Mo(IV) peak potentials,
and therefore, some small Mo peaks appear in the CVs of the
Mo- and Co—Mo-modified zeolites. The current density of
peak 1C was almost the same, 10 mA cmfz, for the Mo-
modified ZA and ZY zeolites, which was about twice that
for the unmodified zeolites, clearly showing the catalytic ac-
tivity of Mo for the ORR. Surprisingly, the current density of
the very sharp peak 1C of the unmodified ZSM5 zeolite was
very high, 22 mA cm 2, and about the same for Co-Mo-mod-
ified ZSMS5 (Fig. 7—ZSMY). Possibly, the hydrophobic char-
acter of this zeolite favors the access of oxygen to the elec-
trode surface by weakening the binding of water to the zeolite
surface. The high value of the peak current density with Co—
Mo-modified ZSMS5 could be due to the fact that this peak was
very sharp, the current at more negative potentials decreasing
so steeply that at — 0.25 V it had decreased so much that it was
comparable with those of the ZA- and ZY-based electrodes.

As said above, although washing with hot water eliminated
most of the Mo-containing grains from the outer surface of the
ZA zeolite, its CV retained the five pairs of peaks (Fig. S7a).
As can be seen in the CVat 0.02 Vs~ in Fig. S7b, the current
for the ORR of a Mo-modified ZA electrode was practically
unaffected if the zeolite was previously washed with hot wa-
ter, which shows that the Mo-containing grains had no signif-
icant activity for the ORR.

As can be seen in Fig. S8, dissolved heptamolybdate in-
hibits the ORR and probably the hydrogen evolution as well.
Since our electrodes were active for the ORR, it is clear that
desorption of the heptamolybdate adsorbed on the zeolite sur-
face was negligible.

Linear Potential Sweeps in the Kinetically Controlled Region
of the ORR

The graphite—zeolite electrodes had high capacitive currents in
CVs at 0.02 V s~' (Fig. 7), as was to be expected from their
high roughness factor, 131 + 5. However, these capacitive cur-
rents became negligible when the scan rate was reduced to
0.002 V s !, at which the kinetic measurements were carried
out. The LPS under magnetic electrolyte stirring at
0.002 V s ! in an O,-saturated 0.1 mol L' Na,SO, solution
of pH 3 electrolyte of electrodes based on ZA, ZY, and ZSM5,
after subtraction of the capacitive current, is shown in Fig. 8.
In the case of ZA and ZY, the currents tend to plateau off at
about 0.15 'V, at which potential the diffusion limit is reached,
while with ZSM5, there appears a peak at this potential. At
more negative potentials, a well-defined plateau was reached,
except for the GC/g and GC/g-Z electrodes. The onset
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Fig. 7 Cyclic voltammograms at 0.02 V s ' in an O,-saturated pH 3, 0.1-M Na,SO, electrolyte, of the following electrodes: GC/graphite-unmodified
zeolite and GC/graphite-Zy; electrodes, where M is Co, Mo, and Co—Mo. Zeolite loading 3.3 mg Z/em?, Rp=131+5

potentials, evaluated as the intersection with the potential axis
of the extrapolation of the linear section of the current—
potential curves in Fig. 8, are given in Table 6. In all cases,
the onset potentials with untreated and metal-modified zeo-
lites were about 0.1 V more positive than that of 0.30 V for the
GCl/graphite electrode, a modest activity increase. Clearly, the
highest onset potentials, 0.41-0.42 V, were those obtained
with the ZAc, and ZY ¢, electrodes.

As was the case with the CVs, the LPS for the ORR of the
GC/g-ZA\,, electrode remained practically the same if the
zeolite was previously washed with hot water (Fig. S9), which
again shows that the Mo-containing particles on the surface of
the unwashed zeolite had no significant activity for the ORR.

The Tafel plots of the ORR on the different electrodes,
obtained from the curves in Fig. 8, are given in Fig. 9 and
the corresponding Tafel slopes in Table 6. The Tafel slope of
the ORR with a GC/g electrode was about 0.120 V decade .

The Tafel slopes with GC/g-Z electrodes were somewhat
higher, which cannot be due to an increase of the electrode
resistance caused by the insulating zeolites, since this ohmic
effect would obviously be linear with the potential.

The graphite/unmodified zeolites (Fig. 9) modestly de-
creased the overpotential of the ORR at 56 A cm * by 83
(ZA), 111 (ZY), and 62 (ZSMS5) mV as compared with that of
GCl/graphite electrodes. This decrease was significantly great-
er, 112 and 146 mV, for electrodes based on ZA¢, and ZY ,,
respectively, but about the same for ZSM5¢,. The modifica-
tion with Mo increased the overpotential in the case of ZA, did
not change it in ZY, and decreased it slightly in ZSMS, with
respect to the unmodified zeolites. And the modification with
both Co and Mo decreased slightly the overpotential only in
the case of ZSMS. For ZSMS, the Tafel plots of the Co-mod-
ified, the Mo-modified, and the Co- and Mo-modified zeolite
nearly coincide (Fig. 9), which should be due to the negligible

Fig. 8 Linear potential sweeps at
0.002 V's™" in an O,-saturated pH
3, 0.1-M Na,SO, electrolyte, of
the following electrodes: GC/
graphite, GC/graphite-Z, and GC/
graphite-Zy; electrodes, where M
is Co, Mo, and Co—Mo. Zeolite
loading 3.3 mg Z/cm?, Ry = 131
+5

0.0+
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Table 6 Onset potentials and

Tafel slopes of the ORR obtained Electrode Onset potential/V vs Tatel slope/V de- % of H,0, as evaluated

from Fig. 8. The percentage of RHE cade”! with Eq. (6)

H,0, yield at —0.2 and —

0.1 Vryg determined by RRDE E=-02V E=-01V

experiments at 1600 rpm was

obtained from Fig. 10 for the ZA- ~ GC/graphite 0.28 —0.115 + 0.001 PAY 3.0

based electrodes (the plots for the  GC/graphite-ZA 0.35 —0.187 + 0.002 2.0 22

ZY-and ZSM>-based electrodes  Goygranhite ZAc, 0.42 ~0.146 = 0.001 10.0 10.7

are not shown) )
GC/graphite-ZAp, 0.32 —=0.170 + 0.001 5.6 4.7
GC/graphite-ZAcomo 0.37 —0.175 + 0.001 12.7 11.5
GC/graphite-ZY 0.34 —0.184 + 0.003 1.1 1.3
GCl/graphite-ZY ¢, 041 —0.143 + 0.002 0.0 0.0
GC/graphite-ZY nmo 0.36 —0.185 + 0.002 0.36 0.42
GC/graphite-ZY como 0.35 —0.150 + 0.001 0 0
GC/graphite-ZSM5 0.33 —0.118 + 0.001 0.10 0.16
GC/graphite-ZSM5c¢, 0.34 —0.121 + 0.001 0.13 0.24
GC/graphite-ZSM5y;, 0.36 —0.119 + 0.002 0.84 1.02
GC/graphite-ZSM5como  0.37 —0.134 + 0.002 0 0

exchange capacity of this zeolite, more than to its hydrophobic
character. Summing up, only the Co-modified ZA and ZY
electrodes had significantly lower overpotentials for the
ORR than the unmodified zeolite electrodes. However, these
overvoltage decreases are of little practical significance, since
they are compensated for by the considerable increase of the
Tafel slope.

Graphite; = Z: <+ Z-Co:

20 25 30

log(j/pA em™)

Fig. 9 Tafel plots in the kinetic region of the beginning of the oxygen
reduction as obtained from the linear potential sweeps at 0.002 V's ' in an
O,-saturated pH 3, 0.1-M Na,SO, electrolyte in Fig. 8. The electrodes
were GC/graphite, GC/graphite-Z, and GC/graphite-Zy;, where M is Co,
Mo, and Co-Mo. Zeolite loading 3.3 mg Z/cm®

Hydrogen Peroxide Detection with Au Ring/(GC/g-Z)
Disc Electrodes

In order to detect the hydrogen peroxide, a gold ring-(GC/g-
Zy) disc rotating electrode was used. The collection factor, N
(N = Iy/Ip), was determined using 2 mmol L ! Fe(CN) 2 in
1 mol L™" KNO; [55]. The gold ring was held at a potential of
1.3 V vs the RHE. The disc (bottom plots) and ring (upper
plots) currents for unmodified and modified ZA-based elec-
trodes in negative-going LPSs are shown in Fig. 10, and the
efficiencies for H,O, production at a disc potential of —0.20
and — 0.1 V vs RHE and 1600 rpm are given in Table 6. The
efficiency for H,O, production was evaluated as p x 100, the
parameter p being [56]:

]_R
_N (6)

1
ID+WR

p=2x

Where Iy: ring current density, /p: disc current density, and
N: collection factor. The total number of electrons transferred
per O, molecule is [56]:

n=4-"2p (7)

The value of n was nearly 4 for almost all the electrodes,
evidencing a low performance for the production of hydrogen
peroxide.

The efficiency of GC/graphite at a disc potential of —
0.2 Vryg was 2.8%. The efficiency with GC/graphite-ZAy,
was twice higher, with GC/graphite-ZA¢, 3.6 times higher,
and with GC/graphite-ZAconmo 4.5 times higher.
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Fig. 10 Linear potential sweeps 4 GC/ GCleZA GCls-ZA GC/e/ZA GClg-ZA
at 0.002 V's ! of the gold ring ‘e /8- AR SR glLA, CoMo
currents (upper plots) and of the
GCl/graphite-ZA disc currents 3 —— 800
(bottom plots) of an RRDE in O,- - 1200
saturated pH 3 electrolyte at dif- = 2
ferent rotation rates. Zeolite load- e w0 — 1600 1
ing 1.83 mg Z/em’, Rp=11.0 % k= —2000
0.5 - 1
0 / |
i -100 :
.
#
~Z 200 -
-300 :
00 04 00 04 00 04 00 04 00 04

All the ZY- and ZSM5-containing electrodes showed very
poor efficiencies for H,O, production, none of them reaching
the 1% level (Table 6). However, as will be shown below, in
long-term electrolyses, the highest H,O, concentrations were
obtained with the Mo-modified zeolites, this yield being prac-
tically the same for the three zeolites and about 5 times higher
than the concentrations obtained with the GC/graphite
electrodes.

Hydrogen Peroxide Production in Long-Time
Electrolyses

In order to determine the stability of the electrodes, 4-h elec-
trolyses at — 0.2 Vyyg of O,-saturated 0.1 mol L' Na,SO,
solutions of pH 3 were carried out. Samples were taken at
regular intervals, and their hydrogen peroxide concentration
was determined by UV—vis spectroscopy of the colored com-
plex with TiO," [28, 29], using the equation:

Absorbance = —(0.001 £ 0.0018)
+ (0.7510 4 0.0074) [H,0,] (8)

The evolution of the concentration of hydrogen peroxide is
shown in Fig. 11 for ZA, ZY, and ZSMS5. The three zeolites
modified only with Mo yielded the highest HO, concentra-
tions, which, again, we attribute to the presence of the
Mo-0,4~ isopolyoxomolybdate on the surface of the zeolites.
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The unmodified ZA and ZY zeolites had H,O, yields only
slightly higher than that of graphite, while the unmodified

0.101 ZA /A
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Fig. 11 Evolution of the hydrogen peroxide concentration during 4-h
electrolyses at — 0.2 V in an O,-saturated pH 3, 0.1-M Na,SO, solution
using GC/graphite—zeolite electrodes, and GC/g-Zy, electrodes, where M
is Co, Mo, and Co-Mo. Zeolite loading 2.0 mg Z/cm?
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ZSMS5 had a rather high yield, about half that of the Mo-
modified zeolite. This agrees with the high peak current den-
sity (Fig. 7—ZSM5) and the high kinetic current density (Fig.
8—ZSM5) for the ORR of unmodified ZSM5. Co exchange
did not significantly improve the H,O, yield of ZA (Fig. 11—
ZA), but it did so for ZY and ZSMS5. And while for ZA the
exchange with both Co and Mo slightly improved the yield
over that with Mo alone, for ZY and ZSM5, the yield with
both Co and Mo was very low, only slightly higher than that
with graphite alone. The Co on the 3-nm surface layer, as
determined by XPS, was low for the three zeolites.

The fact that for all the Mo-modified zeolite electrodes the
hydrogen peroxide concentration increased at a rather steady
rate over the 4-h electrolysis shows that these electrodes are
stable and that, therefore, they could be interesting for the
degradation of pesticides by a Fenton-like process.

The stark difference between the efficiencies for H,O, pro-
duction determined in RRDE experiments and in long-time
electrolyses is due to the fact that the H,O, yield of Co-
modified electrodes decreased with time. This can be clearly
seen in Fig. 11, which shows that although initially the H,O,
yield was higher for the ZY- and ZSM5-based Co-modified
electrodes, soon the Mo-modified electrodes took the lead. We
assume that this is due to a loss of Co in the Co-modified
electrodes during the ORR.

Conclusions

Cobalt can be exchanged with the zeolite cations, while mo-
lybdenum cannot, because at the pH 3 used here it cannot
form cationic species. Furthermore, in the case of ZSMS, prac-
tically no cation exchange can take place, since its Al/Si ratio,
which determines its maximum possible exchanged cation/Si
ratio, is only 0.02. A Mo compound, most probably an oxide,
was deposited on the surface of the zeolites, as attested by the
SEM-EDS, XRD, FTIR-ATR, and XPS analyses. Probably,
this oxide was MoQj3, as grains (thombic M0Q3) in ZA and as
needles (hexagonal MoOs) in ZY and ZSMS. After washing
with hot water, some grains remained in ZA, while the needles
in ZY and ZSMS5 were largely washed away. Very interesting-
ly, the CVs of the Mo-modified zeolites showed five clearly
defined pairs of peaks in the case of ZA and ZSM5 and pos-
sibly six pairs in ZY. This points to the presence on the outer
surface of the zeolites of the adsorbed M0702467
isopolyoxomolybdate anion, proceeding from the impregnat-
ing solution. Currently, the electrochemistry of
polyoxomolybdates is being actively investigated, both from
the basic and applied fields, the latter because of their possible
use in electrocatalysis. With respect to Co, the XPS results
show that in three zeolites, the Co is in a similar structure,
mainly as a Co>* species similar to those of Co in ion-
exchange sites in zeolites.

The ORR currents in the kinetic range of the three graphite/
unmodified zeolite electrodes were higher than those with
graphite alone. Only the modification with Co of the ZA and
ZY zeolites, but not that with Mo or Co—Mo in all the other
cases, significantly improved these currents and therefore
modestly decreased the overpotential. Unfortunately, the con-
siderable increase of the Tafel slopes of the modified zeolites
ran counter to their overpotential decreases.

In long-time electrolyses, the three Mo-modified zeolites
modified generated a hydrogen peroxide concentration high
enough for pesticide degradation. This concentration was the
same for the three zeolites, irrespective of their exchange ca-
pacity and their hydrophobic/hydrophilic character. Initially,
the H,0, yield was the highest for the Co-modified electrodes,
but this yield decreased with time, which we assume was due
to a loss of Co during the ORR. The rotating ring-disc exper-
iments gave only short-time results, which were shown to be
not applicable to a possible industrial use.
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