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ABSTRACT: Based on the search for new biodegradable materials
that are low cost and easy to synthesize by environmentally friendly
methods, we report the use of carrageenan membranes (mixture of
k and A carrageenans) with different concentrations of titanium
dioxide nanoparticles (TiO, NPs) and Ni/CeO, (10 wt % Ni) for
the fabrication of a novel fuel cell electrode for the oxidation of
ethanol. Each membrane was characterized to determine its
physicochemical properties using X-ray diffraction (XRD), differ-
ential scanning calorimetry (DSC), and Fourier transform infrared
(FTIR) spectroscopy. Using impedance spectroscopy (IS), a
maximum value of 2.08 X 107* S/cm in ionic conductivity was
found for the carrageenan nanocomposite with a concentration of 5
wt % TiO, NPs (CR5%). Due to its high conductivity values, the
CR5% membrane was mixed with Ni/CeO, to prepare the working electrode for cyclic voltammetry measurements. Using a solution
of 1 M ethanol and 1 M KOH, the oxidation of ethanol over CR5% + Ni/CeO, resulted in peak current density values at forward
and reverse scan voltages of 9.52 and 12.22 mA/cm’, respectively. From our results, the CR5% + Ni/CeO, membrane proves to be
more efficient in the oxidation of ethanol compared with commercially available Nafion membranes containing Ni/CeO,.
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1. INTRODUCTION

In recent years, polymers have been widely studied as an
alternative in the production of electronic devices, capacitors,
and fuel cells."”* However, there is a problem with their low
biodegradability, which causes a harmful impact on the
environment and health.”” For this reason, it is necessary to
find new materials that are more environmentally friendly,
which generates the need to obtain new materials as substitutes
for these polymers and meet eco-friendly expectations.”* One
of the alternatives to solve this problem is the use of natural
polymers or biopolymers that are abundantly found in nature
and inexpensive. These also have specific physical and chemical
properties that make them good candidates to replace
synthetic polymers.” Several investigations have been carried
out on these biopolymers, especially on carrageenan, which is a
family of sulfated polysaccharides whose main polysaccharide
chain is mainly formed by the f-p-galactopyranose monomers
and a-p-galactopyranose linked through a-(1 — 3) and f-(1
- 4) bonds,.®” Furthermore, there are nanoparticles of metal
oxides, such as titanium dioxide nanoparticles (TiO, NPs),
which have specific physicochemical characteristics that make
them good candidates as additives in biopolymers since they

have been shown to be biocompatible, nontoxic, and cheap,
with dielectric properties.®’

Several research groups have been working with nano-
composites of biopolymers mixed with metal oxides and other
compounds. For example, Lizundia et al.'’ prepared nano-
composites of poly(L-lactide) (PLLA) with cellulose nano-
crystals (CNC), which showed reduction on thermal stability
when in the presence of CNC-grafted-PLLA, while raw CNC
slightly increases the thermal stability of PLLA. Shukur et al."!
found an increase in the conductivity of 1.04 X 107 S/cm with
addition of glycerol on corn starch-based solid biopolymer
electrolytes doped with lithium acetate (LiOAc). On the other
hand, Ng and Camacho'” prepared a polymer electrolyte blend
composed of a mixture of poly(3,4-ethylene dioxythiophene)
(PEDOT) and k-carrageenan for application in dye-sensitized
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solar cells. Jo et al.'’ studied cellulose/carrageenan/TiO,
nanoparticles nanocomposites and the efficiency of adsorption
and photodegradation for methyl blue.

Contrary to these biopolymers, there are synthetic polymers,
such as polyfluorinated sulfonic acid ionomers (for example,
Nafion),"* which are used worldwide in the manufacture of
fuel cells for the generation of clean energy. However, it has
been reported in recent decades that polyfluorinated
substances’ widespread presence in the environment is
correlated with adverse effects on human health and
ecology.''® To mitigate part of this problem, in this study,
we performed a detailed analysis of the thermal, electrical, and
structural properties of membranes made of mixed (x and 1)
carrageenan (biopolymer) with TiO, NPs (CRS%). In
addition, Ni/CeO, was incorporated as a catalyst to CR5%
to study the performance of these materials in the oxidation of
ethanol (alkaline media) through cyclic voltammetry measure-
ments. The Ni/CeO, catalysts were used since cerium-based
metal oxides have been reported to exhibit excellent redox
properties.”'® Our results show that CR3% + Ni/CeO,
exhibits a higher efficiency in the oxidation of ethanol
compared with commercially available Nafion membranes
containing Ni/CeO, under equivalent conditions.

2. MATERIALS AND METHODS

2.1. Materials. Titanium dioxide (TiO,) nanoparticles
(TiO, NPs) with a purity of 99.5% and particle size of
approximately 21 nm; mixed carrageenan (k and 1); ethanol
(99.5%); sodium hydroxide (NaOH 99.99%); potassium
hydroxide (KOH, 99.99%); and Nafion perfluorinated resin
solution S wt % in lower aliphatic alcohols—water mix were
used. All reagents were used without modification and
purchased from Sigma-Aldrich. Glassy carbon (GC) electrodes
(3.0 mm diameter) from Bio-Analytical Systems (B.A.S.) were
used as working electrodes. The deionized water used for the
experiments was previously distilled and pumped through a
Nanopure system (Barnstead) to give a resistivity of 18.2 MQ-
cm.

2.2. Synthesis of the Samples. The procedure to obtain
the nanocomposites was very similar to that of Lizundia et
al,*'" with a few minor modifications. A polysaccharide
solution of 4.7 wt % was prepared by mixing 5 + 0.01 of
carrageenan and 100 mL of distilled water. Then, 1 mL of
sodium hydroxide solution (NaOH) at 0.25 mol/L was added
and dispersed (n T 18 B S1 ULTRA-TURRAX disperser was
used, with an output power of 40% to homogenize the
mixture). Subsequently, in different beakers, with a volume of
25 mL of distilled water, the TiO, NPs were dispersed with a
concentration of 0.1, 0.5, 1, and 5 wt % (labeled as CR0.1%,
CR0.5%, CR1%, and CR5%, respectively) and stirred for S min
with an output power of 16.0%. To these samples of dispersed
TiO, NPs, 15 & 0.01 g of carrageenan solution at 4.7 wt % and
NaOH were added, and then the mixture was stirred for 5 min,
with an output power of 40%. Then, the final mixture was
placed in different Petri dishes at 65 °C for 24 h.

The Ni/CeO, (10 wt % Ni) catalyst was prepared by
incipient wetness impregnation of an aqueous solution of
nickel (II) nitrate hexahydrate (Alfa-Aesar, 98%) on cerium
oxide (donated by Daiichi Kigenso Kagaku Kogyo Co., Ltd).
The obtained powder was dried overnight at 393 K, followed
by calcination at 400 °C for 3 h at a ramp rate of 5 °C/min
under flowing dried air at 40 mL/min.

2.3. Differential Scanning Calorimetry (DSC). To study
the thermal stability of the samples, a Mettler Toledo DSC
822e calorimeter was used. Nanocomposites of approximately
6 + 1 mg in aluminum capsules and dry nitrogen were used as
a purge gas, with a flow rate of 60 mL/min and a heating rate
of 5 °C/min from room temperature to 500 °C.

2.4. X-ray Diffraction (XRD). The crystalline structures of
the samples were studied using a Rigaku X-ray diffractometer
(Smartlab) with a Cu Ka monochromatic radiation source.
Data were collected from 20 to 80° with a sampling step of
0.02° and a scanning speed of 1°/min.

2.5. Fourier Transform Infrared Spectroscopy (FTIR).
Fourier transform infrared spectroscopy measurements (FTIR)
were recorded by a Shimadzu IRAffinity-1S spectrophotometer
coupled with an attenuated total reflectance cell (ATR). The
measurements were carried out in a range of 400—4000 cm™
with 100 scans and a resolution of 2 cm™.

2.6. Impedance Spectroscopy (IS). The electrical
measurements of the nanocomposites were made with the
help of a HIOKI 3522-50 L.C.R. impedance analyzer (Hioki E.
E. Corporation, Melrose, MA) in the frequency range of 42—5
MHz at room temperature.

2.7. Scanning Electron Microscopy (SEM). Surface
morphology was examined using a scanning electron micro-
scope (SEM). The micrographs were taken on a JSM-6360
(JEOL, Japan) with an acceleration voltage of 8 kV and a
working distance of 8 mm. The observation was conducted at
room temperature.

2.8. Cyclic Voltammetry Measurements (CV). For the
electrochemical characterization, cyclic voltammetry was used
through a PalmSens4 potentiostat with a traditional three-
electrode cell composed of a glassy carbon working electrode
(GCE), a platinum wire as an auxiliary electrode, and an Ag/
AgCl as a reference electrode. The GCE was modified with
different CR, CR5%, and CR5% + Ni/CeO, (10 wt % Ni)
solutions and different Nafion and Nafion + Ni/CeO, (10 wt
% Ni) solutions. The measurements were made at room
temperature in solutions containing 10 mL of 1 M KOH, and
another with 10 mL of 1 M KOH with 1 M ethanol at a scan
rate of 100 mV/s in a range of —1.4 to 1.4 V.

2.8.1. Characterization of Working Electrodes. The
procedure used to prepare the G.C. working electrodes was
very similar to that used by Feliciano-Ramos et al.,"” with some
minor modifications. The working electrode alone (bare) was
initially run. The surface of the working electrode was polished
with 5 ym alumina and washed several times with ultrapure
water to place on it S uL of carrageenan solution (CR) (5 mg
in 10 mL of ultrapure water), which was then placed to air-dry
for 30 min. This procedure was repeated for the CRS5%
membranes. We made a slight variation for the CRS% + Ni/
CeO, (10 wt % Ni) membrane, where we mixed S mg of Ni/
CeO, (10 wt % Ni) with 2.5 mL of ethanol and 80 uL CR5%
solution (S mg in 10 mL of ultrapure water) and sonicated it
for 30 min. An analogous procedure was used for the Nafion
membrane. Initially, the working electrode alone was run, then
the working electrode with the Nafion solution, and finally, we
ran the Nafion solution with Ni/CeO, (10 wt % Ni). All of
these measurements were made first in a 1 M KOH solution
and another with 1 M KOH with 1 M ethanol solution at a
scan rate of 100 mV/s over a range of —1.4 to 1.4 V.

2.8.2. Assembly of the Working Electrode with CR5% and
Nafion in the Modification of Glassy Carbon (GC) Electro-
des. For the first electrode, we mixed S mg Ni/CeO, (10 wt %
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Ni) with 2.5 mL of ethanol and 80 L of CR5% solution (S mg
in 10 mL of ultrapure water) and sonicated the mixture for 30
min. On the surface of the working electrode, S L of CR5% +
Ni/CeO, (10 wt % Ni) solution was placed to air-dry for 30
min at room temperature. For the second electrode, the
procedure was similar, but this time, 80 yL of Nafion solution
was used instead of the CR5% solution over a range of 0.2—0.8
V.

2.9. Energy Dispersive X-ray Spectroscopy (EDX).
Energy dispersive X-ray spectroscopy measurements were
conducted in a scanning electron microscope (SEM). The
spectra were taken on a JSMIT-500 HR (JEOL, Japan), with
an accelerating voltage of 20 kV and a working distance of 10
mm. All spectra were taken at room temperature.

3. RESULTS AND DISCUSSION

After the synthesis process of the nanocomposites, different
characterization measurements were carried out on the
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Figure 1. DSC thermogram showing the thermal stability of the
samples: (a) carrageenan (CR), (b) carrageenan with a concentration
of 0.1 wt % of TiO, NPs (CR0.1%), (c) carrageenan with a
concentration of 0.5 wt % of TiO, NPs (CR0.5%), (d) carrageenan
with a concentration of 1 wt % of TiO, NPs (CR1%), (e) carrageenan
with a concentration of S wt % of TiO, NPs (CR5%), and (f) pure
TiO, NPs.

samples to know their thermal, structural, electrical, and
morphological properties and to determine their potential
application in the electro-oxidation of ethanol compared to the
membrane, widely used commercially, as is the Nafion.

3.1. Thermal Stability of Nanocomposites. It is
necessary to know the thermal stability of the materials to
determine their limit-operating temperatures and, in this way,
to know the range of temperatures where they can be used, for
this reason. Figure 1 shows the DSC thermogram for different
nanocomposites and their precursors (mixed carrageenan (x
and 1) and TiO, nanoparticles). Two thermal anomalies are
observed in the carrageenan and the four composites (CR0.1%,
CRO0.5%, CR1%, and CR5%). The first anomaly corresponds to
an endothermic peak observed around 100 °C, belonging to
the water physically bound in the composites and carrageenan.
Similar behavior in the k-carrageenan was reported be-
fore."™'*'” A second anomaly is observed around 200 °C,*’

which corresponds to an exothermic peak. It could be
associated with a crystalline phase or decomposition process
in the different composites. The exothermic peak obtained in
this study matched the data previously reported by Prasad et
al.”" in the three types of carrageenans (, , and 4). A shift of
the exothermic peak was observed toward lower temperatures
as the concentration of TiO, particles increased. This shift
reflects a change in the thermal properties of the carrageenan,
probably due to structural changes of the nanocomposites. On
the other hand, TiO, NPs do not present any thermal anomaly
due to their thermal stability over a wide range of
temperatures.” To better investigate the hypothesis of whether
there is any structural change in the composites due to the
variation of TiO, NPs, X-ray diffraction measurements were
made.

3.2. Change of the Structure of the Samples. The X-
ray measurement was performed considering the hypothesis
raised from the DSC results. Figure 2 shows the X-ray
diffraction spectrum corresponding to the mixed carrageenan
(x and 1), TiO, NPs, and the different nanocomposites. The
diffractogram shows a crystalline phase in the mixed
carrageenan belonging to an inorganic salt, which some
authors have reported as possibly potassium chloride
(KCI).”* For its part, Setijawati et al”’ found an equal
crystalline phase in different types of carrageenans (x and 1)
and attributed this crystalline structure to cohesive properties
in these polysaccharides. However, these reflections matched
very well with the phases of Sylvite (KCI) (95%) and Halite
(NaCl) (5%) with card numbers 00-004-0587 and 01-089-
3615 of the JCPDF, respectively. The appearance of the peaks
corresponding to the nanoparticle phase of TiO, is observed
from the concentration of 0.1 wt %, together with the phases of
the inorganic salts belonging to the mixed carrageenan. These
two phases are maintained until the nanocomposite 5 wt %,
where the phases of the salts disappear by complement, while
the phase of TiO, prevails completely. This behavior is to be
expected since there is an increase in the concentration of
TiO, nanoparticles. This phase of TiO, is in accordance with
the card number (00-021-1276) of the JCPDF. This change in
the intensity of the peaks indicates a concentration change in
the samples due to the variation of TiO,, which implied a
change in the thermal properties observed in the DSC
measurements. This structural and thermal change of the
samples also imply possible changes occur in the different
bonds in the nanocomposites. Therefore, infrared spectroscopy
measurements were conducted for the mixed carrageenan (i
and 1), TiO, NPs, and the different nanocomposites.

3.3. Vibrations of Molecular Structures. It is important
to know the oscillation modes (vibrations) of the carrageenan
structure together with the TiO, NPs. Figure 3 shows the FT-
IR spectrum for different nanocomposites and their respective
precursors between 4000 and 400 cm™' (graph A) and 1500
and 400 cm ™' (graph B). For mixed carrageenan, contributions
are observed in the bands corresponding to both k-carrageenan
and A-carrageenan, together with the common bands for both,
showing more intensity for one type of carrageenan than for
the other. In Figure 3A, the spectrum shows a band at 3392
and 3412 cm™! that corresponds to the OH stretch vibrations,
while the band at 1641 cm™ corresponds to the water bound
at the nanocomposites and at the TiO, NPs.***>* The most
important region to identify the different carrageenan types is
the region of the fingerprint, which corresponds to the
spectrum between 1500 and 400 cm™" (Figure 3B), where the
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Figure 2. X-ray measurements for the different nanocomposites: (a) carrageenan (CR), (b) carrageenan with a concentration of 0.1 wt % of TiO,
NPs (CRO0.1%), (c) carrageenan with a concentration of 0.5 wt % of TiO, NPs (CR0.5%), (d) carrageenan with a concentration of 1 wt % of TiO,
NPs (CR1%), (e) carrageenan with a concentration of S wt % of TiO, NPs (CRS%), and (f) pure TiO, NPs.
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Figure 3. (A) Spectrum of FT-IR in the range of 4000—400 cm™ and (B) spectrum in the range of the fingerprint (1400—400 cm™) for (a)
carrageenan (CR), (b) carrageenan with a concentration of 0.1 wt % of TiO, NPs (CR0.1%), (c) carrageenan with a concentration of 0.5 wt % of
TiO, NPs (CR0.5%), (d) carrageenan with a concentration of 1 wt % of TiO, NPs (CR1%), (e) carrageenan with a concentration of 5 wt % of

TiO, NPs (CR5%), and (f) pure TiO, NPs.

band is observed at 1026 cm™!, characteristic of the A-
carrageenan, while the bands at 844 and 731 cm™" correspond
to the k-carrageenan.””””?® The peak at 1222 cm™!
corresponds to O=S=O0 (asymmetric stretch) and is shown
as a broad peak due to the contribution of these groups by the
two carrageenan types (x and 4). For its part, another
characteristic band is the 925 cm™' that belongs to the
coupling of the stretching vibrations of the C—O—C in the 3,6-
anhydrous-p-galactose (3,6-anhydrogalactose). In this same
region of the fingerprint, there is a very particular behavior in
the bands since there is a progressive decrease in its intensity as
the percentage of nanoparticles of TiO, increases (0.1, 0.5, and
1 wt %) and a significant reduction in the intensity of the
bands for the sample of 5 wt %, this due to the interaction of
TiO, with the most external groups in the mixed carrageenan
such as the glycosidic bonds in 1002 cm™!, the vibrations of

stretches of the C—O—C in 3,6-anhydrogalactose in 925 cm™,

20645

groups C4—0-S in galactose (stretch) in 844 cm™', groups
C4—0-S in galactose (stretch) in 700 cm™, and the groups
O=S=0 (doubling) in 601 and 560 cm™". These last two
bands do not show significant changes because they coincide
with the bands belonging to the vibrations of the Ti—O groups
(Table 1).%”

3.4. Electrical Properties. Knowing the thermal and
structural behavior of nanocomposites, it is also necessary to
know the electrical properties that they present and determine
which of them have a greater potential in the ethanol electro-
oxidation processes. Figure 4 shows this electrical behavior in
the Cole—Cole plot for carrageenan (CR) and the different
nanocomposites (CR0.1%, CR0.5%, CR1%, and CR$%). In
the region of high frequencies, there is a variation in the
semicircle by the different samples as the concentration of
TiO, nanoparticles increases. This variation of the semicircle
may be related to ionic conduction in the bulk of the samples.

https://doi.org/10.1021/acsomega.3c01188
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Table 1. Bands and Functional Groups Detected in Nanocomposite Samples Corresponding to k and A Carrageenan (+,

Present; —, Absent)

wavenumber (cm™) functional group

3392 O—H (stretching)
1641 polymer-bound water
1369 sulfates (stretching)
1222 O=S=0 (asymmetric stretching)
1160 C—0O-C (asymmetric stretching)
1064 C-0 + C-OH
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Figure 4. Cole—Cole graph of the electrical behavior for (a)
carrageenan (CR), (b) carrageenan with a concentration of 0.1 wt %
of TiO, NPs (CRO0.1%), (c) carrageenan with a concentration of 0.5
wt % of TiO, NPs (CR0.5%), (d) carrageenan with a concentration of
1 wt % of TiO, NPs (CR1%), and (e) carrageenan with a
concentration of S wt % of TiO, NPs (CRS%).

Table 2. Conductivity Values of Nanocomposites

samples conductivity (S/cm)
CR 1.07 x 107*
CRO.1% 126 x 107*
CRO0.5% 121 x 107*
CR1% 1.76 x 107*
CR5% 2.08 X 107™*

In the region of low frequencies, there is an inclined spike that
is attributed to the blocking effect by the electrodes.”” In
addition, the bulk resistance R, was obtained through the
intercept between the semicircle and inclined spike. With these
resistance values, the ionic conductivity at room temperature
was estimated from the following equation:

o=
RA (1)
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where t is the thickness of the membranes, R, is the electrical
resistance of the package, and A is the contact area of the
electrodes. The obtained conductivity values are shown in
Table 2. The ionic conductivity value for carrageenan (CR) is
1.07 X 107* S/cm, two orders of magnitude greater than that
reported by Christopher et al.”> and Liew et al’* for «-
carrageenan and an order of magnitude greater than that
reported by Karthikeyan et al.”® and Monihan et al.* for -
carrageenan. This increase in conductivity values is due to
traces of inorganic salts (KCl and NaCl) observed in X-ray
measurements, which facilitate conduction through electrolytic
polymers, as reported.”” There is a tendency to increase the
conductivity values in the samples as the concentration of TiO,
nanoparticles increases, reaching its maximum in the CR5%
nanocomposite of 2.08 X 10™* S/cm. The addition of TiO,
nanoparticles facilitates the movement of hydrogen protons
through the polymer chains, which improves the conductivity
of the membranes. However, there are variations in the
conductivity values that can be attributed to the interaction of
Ti" with OH groups of carrageenan, as we observe in the FTIR
measurements. This decrease in conductivity values for higher
concentrations of TiO, is attributed to the formation of
clusters in the samples, as seen in the SEM images, which
makes it difficult for the ions to pass through the bulk of
nanocomposites.

3.4.1. Dielectric Study. 1t is known that the dielectric
constant for many solids and liquids, in general, depends on
the frequency. This dispersion phenomenon can be described
by the complex dielectric constant through the following
equation

¥ =¢ —ie )
Where ¢’ is the real part of the complex dielectric constant or
dielectric constant of the material and &” is the imaginary part
of the complex dielectric constant or dielectric loss that is
related to the energy dissipation processes. The variation of the
dielectric constant and the dielectric loss with frequency is
shown in Figure SA/B, respectively, for the different nano-
composites. There is an increase in the dielectric constant
value at low frequencies, and the dielectric loss decreases for
higher frequencies until reaching a constant value. In addition,
with the increase in the concentration of TiO, nanoparticles,
there is an increase in the values of the dielectric constant and
the dielectric loss until they reach a maximum value for the
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NPs.

CR5% sample, which is in accordance with the conductivity
results. This increase could be due to the polarization effect of
the dipoles, ions, and charge space in the samples close to the
electrodes.”” At high frequencies, the dipoles and ions cannot
follow the frequency of the applied electric field, which reduces
the charge accumulation in the electrode/electrolyte interface,
causing the dielectric constant and the dielectric loss to
decrease suddenly. These values of the dielectric constant for
nanocomposites are in the same order of magnitude as those
reported by Hema et al,,””*® making them good candidates for
use in capacitors and fuel cells.

The complex electrical module is a vital magnitude to
describe the phenomenon of ionic transport in materials and is
expressed as follows

M*= L = -

e* (3)
M’ and M" are the real and imaginary parts of the complex
electrical module. In Figure 6A,B, at low frequencies, a long tail
is observed along with almost zero values for M’ and M” in all

nanocomposites. These two behaviors are associated with a
high capacitance of the electrodes and negligible polarization
on these at low frequencies.”> At the end of the high-frequency
region, there is an increase in both quantities (M’ and M") due
to the bulk effects on the nanocomposites.

3.5. Morphology of the Samples. Figure 7A shows a
low-magnification SEM micrograph of the surface of
carrageenan (CR). The area enclosed by the red circle has
an amorphous surface, typical of carrageenan, as shown in
Figure 7B, while in Figure 7C, the area enclosed by the black
circle presents cube-shaped agglomerates, which correspond to
the inorganic salts KCI and NaCl, evidenced by the results of
X-rays. On the other hand, Figure 7D shows the surface of
carrageenan with a concentration of 0.1% of TiO, NPs
(CR0.1%). The area enclosed by the blue circle has
microclusters embedded in the surface belonging to the
TiO, NPs, as shown in Figure 7E. In addition, Figure 7F shows
the formation of large islands corresponding to the cube-
shaped structure of inorganic salts.

On the other hand, Figure 8 shows low SEM micrographs of
the carrageenan surface with different concentrations of TiO,
NPs (0.5, 1, and 5%) and pure TiO, NPs. If we compare the
CR0.5% sample (Figure 8A) with the CR (Figure 7A) and
CRO.1% (Figure 7D) samples, we observe that the surface area
covered by the large islands of cube-shaped structures has
decreased. The structures are now limited to isolated islands.
On the other hand, the number of microclusters has increased
compared to Figure 7D. Figure 8B corresponds to carrageenan
with a concentration of 1% of TiO, NPs (CR1%); in
comparison, with samples CR, CR0.1%, and CR0.5%, cube
structures are not observed, but an amorphous area, where the
agglomeration of TiO, NPs into microclusters occurs, is
observed. Figure 8C shows the nanocomposite with the
highest concentration of TiO, NPs, 5% (CRS%), where the
surface is almost completely covered by a continuous film of
TiO, NPs. No structured cubes are observed, and the
microclusters are limited to the smallest points. These results
coincide with the X-ray measurements, where a progressive
increase in the TiO, peaks was observed with a decrease in the
phase corresponding to the inorganic salts (KCl and NaCl).
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Figure 9. Cyclic voltammograms (A) for the glass carbon electrode (GCE), CR, CR5%, and CR5% + Ni/CeO, (10 wt % Ni) and (B) GCE,
Nafion, and Nafion + Ni/CeO, (10 wt % Ni) in a solution of 1 M KOH at 100 mV/s.

https://doi.org/10.1021/acsomega.3c01188
ACS Omega 2023, 8, 20642—20653


https://pubs.acs.org/doi/10.1021/acsomega.3c01188?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01188?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01188?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01188?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01188?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01188?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01188?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01188?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
33 ] T T T T T T T T T T T 7] J T T T T T T T T T T
30 ] (A) Bare GCE ] 24+ (B) o 7]
J —CR J T Bare GCE g
27 ——CR5% ] 21+ Nafion 2 .
1 —— CR5%+Ni/CeO, (10 wt% Ni) 1 1 Nafion+Ni/CeO, (10 wt% Ni) =
— 24 1 ~ 18 .
;E) 21 7 1 é 15 ] E (V vs. AgACl) _
< 18 : = 1
é 15 ] é 21 ]
— 2] ] ~ 9] -
- ] ] = ]
9 - 64 4
6 . ]
] 3 4
3 - - <
0] . o] 7 ]
] p\/ J
3 ] 34 4
1 T T T T T T T T T T . 1 T v T T T T T T T v
-1.0 -0.5 0.0 0.5 1.0 1.5 1.0 -0.5 0.0 0.5 1.0 1.5
E (V vs. Ag/AgCl) E (V vs. Ag/AgCl)

Figure 10. Cyclic voltammograms (A) GCE, CR, CR5%, and CR5% + Ni/CeO, (10 wt % Ni) and (B) GCE, Nafion, and Nafion + Ni/CeO, (10

wt % Ni) in a solution of 1 M KOH and 1 M ethanol at 100 mV/s.

BT 77T
14 J | —— CR5% + Ni/CeO, (10 wt% Ni) ]
13 ] Nafion + Ni/CeO, (10 wt% Ni) .

2 04 3 08

E (V vs. Ag/AgCl)

J (mA/cmz)

0.2 I 0.3 I 0!4 I 0!5 I 0!6 I 0.7 0.8
E (V vs. Ag/AgCl)
Figure 11. Cyclic voltammograms of CRS% + Ni/CeO, (10% wt Ni)

and Nafion + Ni/CeO, (10% wt Ni) in a solution of 1 M KOH and 1
M ethanol at 100 mV/s.

On the other hand, Figure 8D corresponds to the pure TiO,
NPs, where the microclusters were observed.

3.6. Cyclic Voltammetry Measurements (CV). The
technique mostly used to determine the oxidation—reduction
processes in different substances is cyclic voltammetry. Figure
9 shows cyclic voltammograms for the carbon fiber working
electrode (GCE), the membranes of CR, CR5%, and CR5%
mixed with Ni/CeO, (CR5% + Ni/CeO, (10% wt Ni)), and
for GCE, Nafion and Nafion mixed with Ni/CeO, (Nafion +
Ni/CeO, (10 wt % Ni)) at a scan rate of 100 mV/s in a range
of —1.4 to 1.4 Vin a 1 M KOH solution. These measurements
show small reduction peaks for the GCE and the CR5%
membrane mixed with Ni/CeO, (10 wt % Ni) (Figure 9A).
Similarly, only shows a small reduction peak corresponding to
the GCE (Figure 9B).

3.6.1. Ethanol Oxidation. The performance of the
membranes in an alkaline medium (KOH) was evaluated for
ethanol oxidation using cyclic voltammetry measurements.
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Figure 10 shows two cyclic voltammograms for the working
carbon electrode (GCE), the CR, CR5%, and CRS5%
membranes mixed with Ni/CeO, (CR5% + Ni/CeO, (10 wt
% Ni)), and for the GCE, the Nafion and the Nafion mixed
with Ni/CeO, (Nafion + Ni/CeO, (10 wt % Ni)) at a scan
rate of 100 mV/s over a range of —1.4 to 1.4 V in a solution of
1 M KOH and 1 M ethanol. Figure 10A shows two peaks of
the current density that correspond to the oxidation of ethanol
around 0.35 V and one reduction peak around —0.35 V by the
CR5% membrane mixed with Ni/CeO,. Similarly, Figure 10B
shows two small oxidation peaks around 0.35 V and one
reduction peak around —0.35 V, corresponding to Nafion
mixed with Ni/CeO,. These voltammograms show the synergy
between the CRS5% membrane, Nafion, and Ni/CeO, in
oxidizing ethanol. However, the current density peaks show
greater intensity with the CR5% membrane.

To better study this behavior, measurements were
conducted in the voltage range between 0.2 and 0.8 V,
which includes the two oxidation peaks by the membranes, as
shown in Figure 11, where the cyclic voltammograms of the
membranes are compared for CR5% + Ni/CeO, (10 wt % Ni)
and Nafion + Ni/CeO, (10 wt % Ni) in a solution of 1 M
KOH and 1 M ethanol at a scan rate of 100 mV/s. These
results show a significant increase (40 times greater) in the
current density peaks corresponding to the oxidation of
ethanol by the CRS5% sample with respect to the Nafion
sample. The increase in the peak current density in the CV
measurement is due to the adsorption of the ethoxy groups on
the surface of the CR5% and the Ni/CeO, membranes on the
working electrode, around 0.35 V, reaching its maximum value
of 9.52 mA/cm? at 0.50 V on the forward scan voltage. In the
reverse scan voltage, we observe a second ethanol oxidation
peak at a current density of 12.22 mA/cm?, which is due to the
adsorption of the ethoxy groups of fresh ethanol on the surface
of CR5% and Ni/CeO,. These values in the peak current
density are higher than those reported by Yang et al.*” for the
electro-oxidation of ethanol through bimetallic PtPb nano-
particles on a graphene—Nafion film, whose values are 7.69,
2.28, and 0.56 mA/cm? for PtPd/Nf—graphene/GCE, Pt/Nf—
graphene/GCE, and the Pd/Nf—graphene/GCE, respectively.
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Figure 13. Graphs of current vs square root of scan rate for CR5% + Ni/CeO, (10 wt % Ni) and Nafion + Ni/CeO, (10 wt % Ni).

When comparing the values of the peak current densities
between CR5% + Ni/CeO, and Nafion + Ni/CeO,, it is
observed that there are significant differences among the
systems (Figure 11). This difference in peak current density
could be associated with the formation of a surface with a
higher amount of oxygen vacancies for CRS% + Ni/CeO,,
resulting in a higher amount of reduced metal cations (Ti*,
Ce*), possibly facilitating the anchoring of ethoxy groups on
the electrode surface.*’ Contrary to Nafion + Ni/CeO,, which
only have C—F and S=O0 groups in the working electrode, the
availability of reduced metal cations is limited for the
anchoring of the ethoxy groups on the electrode surface,
thus resulting in a small density of current (Figure 11).

Figure 12 shows the measurements for different speeds (10—
100 mV/s) for CRS% + Ni/CeO, (10 wt % Ni) and Nafion +
Ni/CeO, (10 wt % Ni). The progressive increase in the peak
current density is observed as the scan rate increases, which
demonstrates the direct proportionality relationship between
the peak currents and the square root of the corresponding
scan rate. This direct proportionality relationship is shown in
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Figure 13 as straight lines with a positive slope for the different
peak currents, both for the CR5% + Ni/CeO, and the Nafion
+ Ni/CeO, membranes, respectively.

Another important characteristic in CV measurements is the
number of cycles to which a sample is subjected. Figure 14
shows the measurements at 50 mV/s for CR5% + Ni/CeO,
and Nafion + Ni/CeO,. The progressive decrease of the peak
current density can be observed according to the number of
cycles (20—60 cycles). The relative instability of the ethanol
oxidation current density over the different cycles seems to
suggest that there is a poisoning of the surface by reaction
intermediates for both samples.

3.7. Energy Dispersive X-ray Spectroscopy (EDX).
Continuing with the process of characterization of the
membranes, it is necessary to study the chemical composition
and the relative abundance of the elements that make them up.
For this reason, EDX measurements were conducted, as shown
in Figure 15, for each of the different membranes (CR,
CR0.1%, CR0.5%, CR1%, and CRS5%). In the CR0.1%
membrane, we noticed main peaks corresponding to the S,
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O, and C elements that are the main components of the
polysaccharide structure (k-carrageenan and A-carrageenan),
which are present in all membranes, while the peaks
corresponding to the K, Cl, Na, and Ca ions belong to
inorganic salts, which are found in commercial carrageenan.41
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These peaks of the inorganic salts were also found in the XRD
measurements (see Figure 2). When we start to dope the CR
membrane with different concentrations of TiO, NPs, we can
see the appearance of the Ti element in the CRO0.1%
membrane around 0.46, 4.52, and 4.94 keV. For these last
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two energy values, its progressive increase in intensity is
observed, as the TiO, NP concentration increases, until it
reaches its maximum value in the CR5% membrane.

4. CONCLUSIONS

Using an environmentally friendly method (solvent evapo-
ration), carrageenan nanocomposites were synthesized with
different concentrations of TiO, NPs. In the DSC studies, the
thermal behavior of the nanocomposites was observed, where
there was a reduction in the decomposition temperature
(~200 °C) with the increase in the concentration of TiO,
NPs. This increase in concentration is evidenced in the XRD
measurements with the appearance of the TiO, NPs and the
progressive disappearance of traces of inorganic salts (KCl and
NaCl) in the nanocomposites, as well as the reduction of the
intensity in some of the peaks in the FTIR spectra
corresponding to k-carrageenan and A-carrageenan. The
conductivity of the ionic species was confirmed through
impedance measurements, giving a maximum value of 2.08 X
107* S/cm for the CRS% membrane. SEM micrographs
showed the formation of microclusters by TiO, NPs and islets
belonging to the inorganic salts in the nanocomposites. In
addition, through EDX measurements, the presence of TiO,
NPs and inorganic salts was corroborated. In the electro-
chemical measurements, the CR3% + Ni/CeO, showed
excellent values of 9.22 and 12.22 mA/cm? in forward and
reverse peak current density, respectively, which demonstrates
its efficiency in the electro-oxidation of ethanol compared with
commercial Nafion membranes (Nafion + Ni/CeO,). We have
demonstrated through the combination of synthesis, character-
ization, and cyclic voltammetry measurements that CRS% +
Ni/CeO, membranes are a viable alternative for the
manufacture of electrodes for the electro-oxidation of ethanol
in alkaline medium, with potential application in direct alcohol
fuel cells (DAFC).
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