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Abstract

The electrolysis of ammonia has the selection of the electrodes as a factor to
minimize losses and optimize energy consumption. With this thesis, it is proposed
the use of nickel supported on carbon nanotubes and carbon nanospheres as a cheaper
catalyst alternative to the commonly platinum electrodes for the oxidation process
of ammonia. Using scanning electron microscopy and Raman spectroscopy is
confirmed the presence of the Ni on the surface of the carbon nanostructures and
based on the electrochemical results is established that the redox process between
Ni*? and Ni*?® plays the role of intermediate in the ammonia oxidation reaction. This
process causes an increment in the anodic current density that is dependent on the
pH and ammonia concentration. Even more, using the rotating disk electrode
technique, the ammonia oxidation, is defined as a diffusion-controlled process that
follows first-order kinetics respect to the concentration of ammonia and suggests the
formation of nitrogen as the principal reaction product, where the carbon

nanospheres present the best results.

Evenmore, is offered an advantageous synthesis of carbon nanotubes and
carbon nanospheres with nickel encapsulated inside by using a one-step CVD process
which saves time and money. The presence of nickel nanoparticles was confirmed by
STEM micrographs and TGA analysis, and the catalytic activity evaluated by means

of electrochemical characterization.



Resumen

La electrolisis del amoniaco tiene la seleccion de los electrodos como un factor
para minimizar las pérdidas y optimizar el consumo de energia. Con esta tesis, se
propone el uso de niquel soportado en nanotubos de carbono y nanoesferas de carbono
como una alternativa de catalizador méas barata a los electrodos de platino,
comunmente utilizados para el proceso de oxidaciéon del amoniaco. Mediante
microscopia electronica de barrido y espectroscopia Raman se confirma la presencia
de Ni en la superficie de las nanoestructuras de carbono y, segin los resultados
electroquimicos, se establece que el proceso redox entre Nit? y Ni*® desempena el
papel de intermediario en la reaccién de oxidacion de amoniaco. Este proceso provoca
un incremento en la densidad de corriente anoédica que depende del pH y la
concentraciéon de amoniaco. Aun més, usando la técnica de electrodo de disco
giratorio, la oxidacién de amoniaco, se define como un proceso controlado por
difusién que sigue una cinética de primer orden con respecto a la concentracién de
amoniaco y sugiere la formacién de nitrégeno como el principal producto de reaccion,

donde las nanoesferas de carbono presentan los mejores resultados.

Ademds, se ofrece una sintesis ventajosa de mnanotubos de carbono y
nanoesferas de carbono con niquel encapsulado en su interior mediante el uso de un
proceso CVD de un solo paso que ahorra tiempo y dinero. La presencia de
nanoparticulas de niquel fue confirmada por micrografias STEM y anélisis TGA, y

la actividad catalitica evaluada mediante caracterizacion electroquimica.



INTRODUCTION

The increasing energy demand leads to develop alternatives that offer high-
efficiency technology, eco-sustainable energy conversion, and good energy storage by
means of solar cells, wind turbines, batteries, super-capacitors, electrolyzers, fuel

cells, etc.

Electrolysis is a promising option to obtain hydrogen, and fuel cells provide
an opportunity to develop thermodynamic systems that generate electricity based on

that hydrogen. This technology presents high efficiency, low environmental footprint



and the direct conversion of fuel to electricity. In this context, advanced water
electrolysis has been considered as one of the most efficient and reliable approaches
to obtain hydrogen. Nevertheless, ammonia has been considered as a possible fuel for
use in fuel cell applications recently; it has the advantage of being a relatively cheap
liquid fuel, and it appears to oxidize completely to nitrogen and water. Compared
with water electrolysis that requires at least 33 Wh g! H, at standard conditions
ammonia electrolysis requires 1.55 Wh g' H, which represents 95% less energy [1,2].
It indicates that the potential of the ammonia electrolysis technology to produce

hydrogen is an energy-efficient process theoretically.

Even more, ammonia is a pollutant frequently found in wastewater resulting
from domestic, industrial and agricultural activities causing water eutrophication';
consequently, its removal is an important task. This process is commonly carried out
by bacterial degradation, but present high cost[3]. On the other hand, due to
ammonia has a high hydrogen capacity, as was said early, the electrochemical process
is one promising method that has attracted great attention, because offers
environmental remediation while produces hydrogen [1,2,4,5]. Moreover, ammonia
offers significant advantages due to its higher density, easier storage and distribution

does not release carbon oxides during its decomposition.

1 Eutrouphication: In agreement with the Meriam Webster dictionary is the process by which a body of
water becomes enriched in dissolved nutrients (such as phosphates) that stimulate the growth of aquatic
plant life usually resulting in the depletion of dissolved oxygen.
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In the case of anodic reactions like the oxygen evolution reaction (OER) and
ammonia oxidation reaction (AOR), metallic oxides can act as reaction precursors
or even directly participate in interfacial electrochemical processes. These oxides can
offer an alternative reaction pathway that possesses a reduced activation Gibbs
energy, thus act as electrocatalysts [6]. Usually, for those reactions, Pt, Ru, Pd, and
Ir are used as catalytic electrode, nevertheless, the lack of affordability limits their
application on an industrial scale [7—10]. So far, the use of catalyst support as carbon
black is commonly contemplated, due to its low cost and high availability, but carbon
corrosion is present, among other issues [5,11-13]. On the other hand, carbon
nanotubes (CNTs) and carbon nanospheres (CNSs) are stable, have a high surface
area, and good electrical conductivity making them a better choice as catalyst

support [14-17].

Nickel was used, since the late 60s, in numerous electrochemical systems, such
as rechargeable batteries, supercapacitors, fuel cells, electrolyzers, and as an effective
and cheap catalyst for the oxidation of small organic compounds including a wide
range of alcohols and amines, oxalic acid, ethylene glycol, glycerol, glucose, etc. [18—
22]. As an example, the work reported by Fleischmann et al. [23] in 1970, was carried
out to analyze the oxidation of some organic compounds, particularly amines and
alcohols, at a passivated nickel anode. The oxidation of those organic compounds at
a nickel anode in aqueous alkaline solution shows its capacity to efficiently catalyze
the conversion of primary alcohols, secondary alcohols and primary amines to
carboxylic acids, ketones and nitriles respectively. The kinetics for these anodic

oxidations has been studied and a mechanism has been proposed to explain the



behavior observed. Nevertheless, its use in ammonia, even when it oxidized at same

potential its limited and present contradictories conclusions.

For instance, in 1966, Despic et al.[24], studied the kinetics of the anodic
oxidation of ammonia in alkaline solution at Raney nickel electrode. In their
investigation, a nickel electrode failed to give meaningful results. Here, they claimed
that electrochemically activated surfaces were spontaneously oxidized at the
potentials obtaining in ammonia solution and hence lost practically all catalytic
activity for the anodic oxidation of ammonia. Years later, Yao and Cheng [25] make
their own investigation of the electrocatalytic activity of nickel using cyclic
voltammetry and semiconductor electrochemistry theory. Their results, in agreement
with those found by Despic, shown that nickel does not present catalytic activity
and offer an explication saying that the layer of oxide formed on the nickel electrode
surface disable the adsorption of ammonia and hence its activity. However, in the
same article, Yao and Cheng in presence of (NH4),SO, and NH4Cl, found that nickel
could catalyst the ammonia oxidation, suggesting that apparently, the presence of
NH.," ions, helps in the ammonia oxidation, but the sequential discharging processes

inhibit the nickel activity.

On the other hand, Kapalka et al. [26] using NH,ClOy, claimed that NH; rather
than NHs" is oxidized on nickel electrodes. Even more, they by means of
chronoamperometry found out that Ni is not deactivated during the oxidation

process even at high ammonia concentrations. Nevertheless, testing the bulk



electrolysis at pH 11, after 12 hours, they noticed that the solution became grey
suggesting corrosion of the electrode. In contrast, Candido et al. [27] using (NH4)>SOy4
claimed that Ni corrosion is present only at pH 7, but not at higher pH, and
demonstrated activity for ammonia and ammonium ion. Besides, Shih et al. [28,29]
present a direct AOR on nickel using ammonium sulfate and sodium sulfate as
supporting electrolyte, where they proposed an electrochemical mechanism of AOR

process on nickel, which differs from the mechanism proposed by Kapalka [26].

In this thesis, carbon nanotubes were synthesized looking for an efficient
process, which involves the analysis of the catalyst metal, temperature, time, and
the flow velocity of the precursor gas inside the CVD chamber. The CNTs were
characterized morphologically and structurally using scanning electron microscopy
(SEM), Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR) and
X-ray diffraction (XRD). For the ammonia oxidation reaction, is reported several
electrochemical measurements performed using CNT decorated with nickel as a
catalytic electrode. Based on the pH-controlled equilibrium of the NH3;/NH," in
aqueous solution, three pH values were considered for the tests: pH 7 were the
predominant specie is NHs*, pH 9.4 where both species are present in equal

percentage and pH 11 were NH; represents more than 99% in the solution.



OBJECTIVES

e Formulate a synthesis method for carbon nanostructures that would be used
as catalyst supports for the ammonia oxidation reaction, those carbon
nanostructures must present high electrical conductivity, high surface area

and be inert in the catalytic reaction.

e Define under what conditions nickel can catalyze the ammonium and

ammonia electrochemical oxidation reaction, and when is more efficient.



e Evaluate if nickel suffer corrosion when catalyzing the ammonium or

ammonia oxidation reaction.

o Asses if nickel lost activity after some time off been used as a catalyst for
the ammonium or ammonia oxidation reaction or with high ammonium or

ammonia concentration.



MATERIALS AND METHODS

1.1. MATERIALS

For the CVD catalyst preparation, ethanol, tetraethyl orthosilicate (TEOS),
nitric acid (HNOs), iron (III) nitrate nonahydrate (Fe(NOs)s e 9H,O) and nickel (II)
nitrate hexahydrate (Ni(NOs), e 6H,0) were used. For the synthesis of the MWCNTSs
nitrogen gas with 99.99% purity, nitrogen-hydrogen mixture gas (90:10), and

acetylene gas were used, all purchased from INFRA, México.



For electrochemical tests, sulphuric acid (H2SOi), potassium hydroxide
(KOH), ammonium sulfate ((NH4)2SOy4), potassium sulfate (K2SO4), and Nafion 117
solution were used. All chemicals were purchased from Sigma Aldrich and used as
received unless were said the contrary. All solutions were prepared using deionized
water with a resistivity around 18 M cm (obtained from a Millipore water

purification system).

1.2. SYNTHESIS
1.2.1. CVD catalyst

To produce the catalyst support, the Sol-Gel® technique was employed using
TEOS as a silicon source. The amounts of iron and nickel nitrates were estimated at
a mole ratio of 2 (Fe: Ni), while the NiFe:Os /(NiFe:O4+48i0:) weight ratio was

defined to 70 %.

TEOS was first dissolved in ethanol to prepare it for the hydrolysis, then, the
solution was slowly added into an aqueous solution of mixed iron nitrate and nickel
nitrate. The TEOS/ethanol/H>O molar ratio was fixed at 1:1:4 in order to obtain a
castable solution. The mixture was stirring for several minutes, initially, it appeared
turbid and then turned transparent with an exothermic response, indicating that the
hydrolysis of TEOS had taken place. An aqueous solution of HNO;3; was added to

promote the hydrolysis process with a linear polymerization.

2 See supplementary information (appendix) to learn more about Sol-Gel process
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The catalyst liquid solution was put in a rotative cylindric reactor to dry and
milled at 350 °C for 3 hours, followed by calcination of the catalyst powder at 650

°C for 3 hours.

1.2.2. Carbon nanostructures

Carbon nanostructures as carbon nanotubes (CNTs) and carbon nanospheres
(CNSs) have been synthesized by different methods, most of them take place in a
vacuum chamber or with protective gases as nitrogen or argon. Some of those
methods are arc discharge, laser ablation, and chemical vapor deposition (CVD). Of
those, CVD is the most promising for the industrial scaling, for its price per unit
ratio, and because CVD allows carbon nanostructures synthesis directly on a

substrate (Table 1).

The equipment for a standard CVD consists of a reaction chamber (normally
a quartz tube) and a heating furnace (Figure 1). In this thesis, a standard CVD
synthesis was performed, using FeNi/SiO, particles as the catalyst. The catalyst is
loaded into the quartz-tube reactor, then, under vacuum, the temperature is raised
until 700 °C and nitrogen gas is delivered to the reactor at 1 liter per minute (LPM)
for 10 minutes to drag off all the oxygen particles and to create an inert atmosphere.
Afterward, the catalyst particles were reduced using a flowing mix of gases (N»/H,

at 90:10 %) at 1 LPM for 20 minutes. To initiate the growth of the carbon
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nanostructures, acetylene is continuously injected into the reactor while the electric
tube furnace provides energy to the pyrolysis reaction. The carbon-containing gas is
broken apart first at the surface of the catalytic nanoparticles, then, the obtained
carbon fragments are transported to the edges forming the multiwalled carbon
nanotubes (CNTs) and/or carbon nanospheres (CNSs). Accordingly with Nyamori
and Coville [30], the CNTs and CNSs were synthesized by controlling the carbon
decomposition of acetylene over the catalyst using lower flow rate of acetylene for

CNTs.

Table 1 Comparison of different synthesis methods of CNTs. (Taking

from [31])

Arc Up to
4000 1 L Higl L
discharge 107 o 181 oW
Laser )
. RT-1000 1 0.1 Low High Med
ablation
. Med-
CVD 500-1200 | 0.1-10° | 0.1-10 | High Med ¢
High
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Figure 1: CVD experimental setup. The chamber reactor is heated by
an electric furnace and the gases flow inside the chamber during the

CVD process.

1.2.3. A mmonia oxidation catalyst

In order to functionalized with Ni the surface of CNTs and CNSs, the chemical
reactivity and specificity of both were increased by wet oxidation using concentrated
nitric acid and sulfuric acid (1:3 in volume ratio). The mixture was sonicated in a
water bath for 2 h at 60 °C and let rest for 24 hours in the acid mixture. Afterward,
the mixture was filtered and washed with deionized water until neutral pH. Finally,

carbon nanostructures were dried in vacuum at 40 °C overnight.

The oxidized CNTs and CNSs were dispersed into 0.1 M aqueous solution of

Ni(NO3)2*6H20 and sonicated in a water bath at room temperature for 10 min, and
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then, it was left to settle at room temperature. After impregnation and filtration, the

mixture was dried at 40 °C for 10 h.

Finally, for the electrochemical test, two inks were made mixing 100 pL of
Nafion with 5 mg of each modified carbon nanostructures and dispersed using an
ultrasonic bath for 5 minutes. Then, 30 ul of the ink was dropped on to the graphite

electrode and let dry for 20 min in an oven at 60°C.

1.3. CHARACTERIZATION METHODS
1.3.1. Thermogravimetric analysis (TGA)

TGA is an analytical technique used to determine a material’s thermal
stability and its fraction of volatile components by monitoring the weight change
versus time while the sample is heated at a constant rate. TGA represents a useful
tool to obtain information regarding thermal and oxidative stability, life expectancy,
decomposition profile, moisture and volatiles content [32]. Thermal decomposition
was performed using a TGA/DSC 2 STAR® system to evaluate thermal stability
provided by Mettler Toledo. All the tests were performed using sealed alumina
crucibles of 70 nL, heated from room temperature to 900 °C under oxidative

atmosphere at temperature rate of 10 K/min.
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1.3.2. Surface area and porosity

The surface area and porosity are important physical properties that are
closely related to chemical activities of materials as well as product function, efficacy,
and stability. Pore size analysis requires physisorption experiments where the
manometric method is generally considered for undertaking physisorption
measurements with nitrogen at cryogenic temperatures (i.e., 77 K, the boiling
temperature of nitrogen). Physisorption is a general phenomenon that occurs
whenever an adsorbable gas (the adsorptive) is brought into contact with the surface
of a solid (the adsorbent), and its counterpart is desorption, which denotes the
converse process, in which the amount adsorbed progressively decreases [33].
Adsorption hysteresis arises when the adsorption and desorption curves do not
coincide [33]. The proposed updated classification of physisorption isotherms and

hysteresis loops recommended by the ITUPAC in 2015 [33] is shown in Figure 2.
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Figure 2 Classification of a) physisorption isotherms, and b) Hysteresis

loops [33].

The type I isotherms are given by microporous solids having relatively small
external surfaces, type II isotherms are given by the physisorption of most gases on
nonporous or microporous adsorbents. In the case of a Type III isotherm the
adsorbent-adsorbate interactions are relatively weak, and the adsorbed molecules are
clustered around the most favorable sites on the surface of a nonporous or
macroporous solid, and type IV isotherms are given by mesoporous adsorbents. Each
of the six characteristic types of hysteresis loops is closely related to particular
features of the pore structure and underlying adsorption mechanism. The Type H1
loop is found in materials which exhibit a narrow range of uniform mesopores, the
type H2 can be attributed either to pore-blocking/percolation in a narrow range of
pore necks or to cavitation-induced evaporation, the Type H3 loop are given by non-

rigid aggregates of plate-like particles (e.g., certain clays) but also if the pore network
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consists of macropores which are not completely filled with pore condensate. The H4
loop is a composite of Types I and II, the more pronounced uptake at low p/p0 being
associated with the filling of micropores. H4 loops are often found with aggregated
crystals of zeolites, some mesoporous zeolites, and micro-mesoporous carbons.
Although the Type H5 loop is unusual, it has a distinctive form associated with

certain pore structures containing both open and partially blocked mesopores.

The Brunauer-Emmett—Teller method (BET) and Barrett, Joyner, and
Halenda (BJH) methods are commonly used for evaluating the surface area of porous
and finely-divided materials. BET surface area measurement and porosity of the
samples were determined from nitrogen adsorption-desorption isotherms using a
Quantachrome Autosorb iQQ C-XR device. The N, adsorption was measured at liquid
N, temperature and with relative pressure range from .0071 to 0.2. The BJH method
was applied to the desorption branch of the N, adsorption isotherms to obtain the

pore size distribution curves and cumulative volume of pores.

1.3.3. Scanning Electron Microscopy (SEM)

SEM is a powerful instrument that gives a direct view of the solid understudy.
Is frequently used to study nanomaterials to obtain data about the shape, size,
homogeneity, etc. Produces images of a sample by scanning the surface with a focused
beam of electrons. The electron beam is scanned in a raster scan pattern, and the
position of the beam is combined with the intensity of the detected signal to produce
an image. Here was analyzed the morphology of the nanomaterials by SEM using a
JEOL JSM -7610F brand equipment. All the samples were dispersed in ethanol and

a drop was deposited in a silicon wafer to analyzed.
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1.3.4. X-ray powder diffraction (XRD)

XRD becomes a fundamental technique enabling us to evaluate: the nature of
crystalline phases, their concentration in the solid and the crystallite size. Is based
on constructive interference of monochromatic X-rays and a crystalline sample that
satisfy Bragg’s law. This law relates the wavelength of electromagnetic radiation to
the diffraction angle and the lattice spacing in a crystalline sample. These diffracted
X-rays are then detected, processed and counted. By scanning the sample through a
range of 20 angles, all possible diffraction directions of the lattice should be attained
due to the random orientation of the powdered material. Conversion of the diffraction
peaks to d-spacings allows identification of the mineral because each mineral has a
set of unique d-spacings. Typically, this is achieved by comparison of d-spacings with
standard reference patterns. The XRD patterns were obtained in a Rigaku Dmax2100

diffractometer using Cukq» (A = 1.5406/1.5442 A) radiation.

1.3.5. Spectroscopic methods

Spectroscopy can be based on phenomena of emission, absorption, fluorescence
or scattering. Different spectroscopic methods are frequently used for the

characterization of a wide range of materials.

e Raman spectroscopy. was named in the honor of its inventor, C.V.
Raman, who, along with K.S. Krishnan, published the first paper on

this technique[34]. It is based on the inelastic scattering of incident
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radiation through its interaction with vibrating molecules. It probes
the molecular vibrations. In Raman spectroscopy, the sample is
illuminated with a monochromatic laser beam which interacts with the
molecules of sample and originates a scattered light[35]. Raman
spectroscopy was performed using a Lab RAM HR Evolution Raman
spectrometer from Horiba. For the Raman measurements, a He—Ne
excitation laser of 632.8 nm was used, with 2 mW of power through
50X LD lens and 2 pm spot to avoid photo decomposition of the

samples.

Fourier Transform Infra-Red (FTIR) spectroscopy is a well-
established technique for the identification and structural analysis of
chemical compounds. The peaks in the IR spectrum of a sample
represent the excitation of vibrational modes of the molecules in the
sample and thus are associated with the various chemical bonds and
functional groups present in the molecules. Thus, the FTIR spectrum
of a compound is one of its most characteristic physical properties and
can be regarded as its "fingerprint." Infrared spectroscopy is also a
powerful tool for quantitative analysis as the amount of infrared energy
absorbed by a compound is proportional to its concentration[36].
(FTIR) was used to evaluate the presence of functional groups and
nickel on the carbon nanostructure surface with a Bruker IR Tensor 27
spectrophotometer using a wavenumber range of 400 to 4000 cm-1, 24

swept cycles and 4 cm™ of resolution.
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1.3.6. Electrochemistry

Electrochemistry is the study of techniques that use electrical stimulation to
analyze the chemical reactivity of a system. The objective of electrochemical systems
is the analysis of the electrode/electrolyte interface and the events that occur there
when an electric potential is applied and current passes. An electrode is a material
in which electrons are the mobile species and therefore can be used to sense (or
control) the potential of electrons and an electrolyte is a material in which the mobile

species are ions and free movement of electrons is blocked [37].

Electroanalysis comprises ‘static’ and ‘dynamic’ techniques (see Figure 3). The
potentiodynamic techniques are all those techniques in which a time-dependent
potential is applied to an electrode and the current response is measured. They form
the largest and most important group of techniques used for fundamental

electrochemical studies.
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Figure 3 Interfacial electrochemical techniques. The specific techniques
are shown in red, the experimental condition in blue, and the analytical
signals in green. Taken from Analytical Chemistry 2.0 by David Harvey

[38].
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Voltammetry is a measurement of current as a function of controlled
electrode potential and time. The resultant current-voltage display is
commonly referred to as voltammogram. For a voltammogram, the
scan is usually started at a potential where no electrochemical reaction
occurs, then, at the potential where the charge transfer begins, a
current can be observed which increases with the potential, however,
after a maximum value (current peak) it starts to decrease due to the

depletion of the reacting species at the interface [39].

Cyclic voltammetry is commonly where the current response of an
electrode to a linearly increasing and decreasing potential cycle is
performed. Cyclic voltammetry is an excellent technique to survey the
reactivity of new materials or compounds and can provide information
about the potential at which oxidation or reduction processes occur,
the oxidation state of the redox species, the number of electrons
involved, the rate of electron transfer, possible chemical processes

associated with the electron transfer, and adsorption effects [39].

Chronoamperometry is an electrochemical technique in which the
potential of the working electrode is stepped and the resulting current
from faradaic processes occurring at the electrode (caused by the
potential step) is monitored as a function of time. Chronoamperometry
is used to study the kinetics of chemical reactions, diffusion processes,

and adsorption. It can be also be used to monitor events [39].
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For this thesis, all electrochemical experiments were achieved in a
conventional three-electrode cell using a Voltalab PGZ402 potentiostat. As a working
electrode, a glassy carbon electrode (5 mm of diameter) was used that was covered
with a carbon nanostructure ink. From radiometer analytical, a platinum plate
(B35M140) was used as a counter electrode and a saturated calomel electrode (SCE)
as the reference electrode (B20B110) which was positioned as close as possible to the
working electrode by means of a Luggin capillary. the selection of this electrode is
because SCE is highly stable, but all potentials were calculated and reported versus
Reversible Hydrogen Electrode (RHE). The RHE is subtype of the standard
hydrogen electrodes, nonetheless its measured potential does not change with the pH
making it a practical and reproducible electrode "standard", this is an important
issue because all the references used different reference electrodes testing solution at

different pH.

1.3.7. Chemical analysis

The concentrations of total nitrogen, total ammonia, and nitrate were
measured with a Hach Lange spectrophotometer DR 2800, TNT 828 test for total
nitrogen (20-100 mg/L), TNT 833 test for ammonia (47-130 mg/L NHs-N, 60-167
mg/L NHs) and TNT 836 for nitrate (5 — 35 mg/L NOs-N, 22 — 155 mg/L NOs).
Nitrite was not measured, because in later bibliography ([26,28,29]) its concentration

was reported very low (less than 1 mg/L).
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RESULTS AND DISCUSSION

2.1. CVD CATALYST

In the chemical vapor deposition (CVD) process, the selection of the catalyst
is a key factor in carbon nanostructures growth that define size and form. Even more,
the performance of the synthesis is dependent on the rate of dissolution, diffusion,
and precipitation of carbon atoms over the catalytic particles. Therefore, the choice

of the catalyst and its preparation was thoroughly analyzed.

As was presented in chapter 2, CVD catalyst was synthesized by a sol-gel

process to form ultra-fine powders that involve the hydrolysis of a metal alkoxide
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(Tetraethyl orthosilicate, TEOS), followed by a cascade of condensation and
polycondensation reactions [40]. The best thermal treatment was identified
experimentally, based on the thermal decomposition of the liquid catalyst, by means

of thermogravimetric analysis (TGA) and is shown in Figure 4.
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Figure 4 Thermo analysis of the liquid CVD catalyst a) TGA, b) DTG,

and c) DTA.

The TGA reveals an accelerated mass loss between 30 °C and 200 °C. From
the derivative thermogravimetry (DTG) is possible assigned this degradation process

as the combination of individual steps, a partial dehydration and evaporation of the
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solution containing the Fe(NOs)se 9H,0O and Ni(NOs). e 6H2O salts, then is present
the NOs degradation into nitrogen oxides and oxygen [41-44]. From 70 °C to 200
°C is the decomposition of HNOj3, combined with the degradation of the nitrate from
the Ni(NOs) in the range from 120 °C to 150 °C, and the nitrates from the Fe(NOs)
around 150 °C to 170 °C [41-44]. The range between 170 °C to 200 °C, is caused by

the removal of structural water from sol-gel matrix [41-44].

A second important mass loss in the TGA curve is present between 200 °C
and 350 °C. From TDG the range between 200 °C and 255 °C is the oxidation process
of iron to form Fe»O3, then between 255 °C and 313 °C, is the formation of NiFe,Ou,

and from 313 °C to 350 °C the formation of NiO [41-44].

At the same time in the differential thermal analysis (DTA), three
endothermic peaks appear at 40 °C, 137 °C, and 166.5 °C. The first one is due to the
partial dehydration of nitrates hydrates, the second one is due the decomposition of
the nitrate from nickel salt, follow from the endothermic peak of nitrate
decomposition from iron salt [41-44]. At 300 °C, there is a little exothermic peak
caused by the combustion of the ethanol group of the silica matrix [45]. Finally, a
broad exothermic peak is present-centered at 600 °C caused by the condensation

polymerization of the sol-gel [45].

Because at 350 °C the solvent should be evaporated and the metals crystallized
and oxidized, to obtain a powder of Fe/Ni/SiO,, the sol-gel solution was transferred
into rotative reactor set at this temperature for 3 h, at a slow heating rate of 0.5

°C/min and 25 rpm. Use of such a slow heating rate was to facilitate the
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establishment of a silica network, as any cracks of the gel due to fast heating at this
stage could cause the nitrate salts to leach out and decompose into oxides upon the
subsequent heat treatment. Finally, the sample was calcinated at 650 °C for 3 h in

order to achieve a completed condensation of silanols into siloxanes groups.

The X-ray diffraction pattern in Figure 5 of the product confirmed the
exclusive presence of iron and nickel oxides (Maghemite-Fe.Os, Bunsenite-NiO, and
Trevorite-Fe:NiOy). Even more, the diffraction pattern presents fluorescence caused
by the presence of Fe and Ni. The diffraction peaks were very broad, due to the low

crystallinity of the three oxides.
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Figure 5 XRD pattern for oxide mixture use as CVD catalyst

Knowledge of morphological parameters such as surface area, pore-volume,

area, and pore size distributions, is useful to comprehend the catalytic behavior in
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the reaction environment. On one hand, the catalytic process takes place on the
surface of the catalyst, then its area strongly affects the catalytic activity [33,46]. On
the other hand, to reach the surface, the reagent molecules must run across the
porous system, as well as the reaction products must leave the catalyst. Mass transfer
process inside the granules depends on pore size (bulk diffusion in macropores,
Knudsen diffusion in mesopores and molecular diffusion in micropores) and tortuosity
factor. Therefore, the characterization of the catalyst powder was performed using
the Brunauer-Emmett-Teller (BET) and Barrett, Joyner, and Halenda (BJH)

methods.

In Figure 6 the BET isotherms of the FeNi catalyst is presented. The FeNi
catalyst powder exhibits a Type IVa isotherm given by mesoporous adsorbents with
two hysteresis loops. The first loop is typical of Type IVa, capillary condensation is
accompanied by hysteresis and occurs for nitrogen adsorption at 77 K with pores
wider than ~ 4 nm. The second loop is classified as type H5, this type is unusual
because it has a distinctive form associated with certain pore structures containing
both open and partially blocked mesopores. In the case of the CVD catalyst, this
blocked mesopores could be caused by the presence of metal nanoparticles in the

silica matrix.

The surface area of the catalyst was calculated as 25.489 m?/g with the data
obtained from the BET analysis. BJH was used to analyze the size distribution
desorption data, given a surface area of 32.347 m?/g a pore volume of 0.019 cc/g and

a pore diameter of 1.184 nm. This values implies that the FeNi nanoparticles should
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present high activity because for the size and morphology of the power their surface
area should be higher (with this test we analyzed the SiO, support and the metallic
nanoparticles are embedded in it). Therefore, the acetylene pyrolysis should be
efficiently catalyzed and, at the same time, we should have good carbon deposition

on the catalyst to form the carbon nanotubes and spheres.
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Figure 6 Nitrogen adsorption/desorption plot according to the BET

model of the CVD catalyst. The inset is the BJH pore size distribution.

The catalyst mixture powder due to the milled process could present different
sizes, then, a first attempted to classified it was based on particle size meshes of 65,
53, 45 and 38 pnm openings, but all the material present lower sizes. Therefore, SEM

was used to analyze the catalyst morphology, and the micrograph is shown in

Figure 7. The image shows a catalyst particle, the brighter dots are the

metallic nanoparticles and the darker the SiO. support. All the metallic particle
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present good distribution and similar sizes suggesting that the carbon nanostructures
will be grown with almost the same diameter all over the particle catalyst forming

dense groups.

— 1lpm JEOL 6/19/2019
X 10,000 1.00kV SEI GB HIGH WD 3.1lmm 13:19:54

Figure 7. SEM micrograph of a CVD catalyst powder, the bright dots

are the metallic nanoparticles and the darker the SiO; support.

2.2. CARBON NANOSTRUCTURES

Carbon nanostructures are generally produced from hydrocarbon-catalytic-
decomposition over selected metal nanoparticles. By controlled decomposition of
carbon-containing reactants over the metal catalyst, the carbon nanostructure-
morphology can be controlled too, meaning, under appropriate conditions can be
defined the shape, length, diameter, and even more, change their physical and

chemical properties. For instance, low metal-carbon relation generates carbon
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nanospheres (CNSs), while high metal-carbon relation produces carbon nanotubes

(CNTs).

Then, follow the process described in chapter 2, the CNTs and CNSs were
synthesized. A micrograph obtained by SEM is presented in Figure 8. As can be seen,
CNSs tend to grow forming beads and grow separated from the catalyst, on the other
hand, CNTs grow in bundles that wrap up the catalyst. When both samples are

analyzed in detail, was found that they contain several kinds of heterogeneities:

e carbonaceous species like fullerenes, amorphous carbon, graphitic and
carbon particles, etc;

e impurities such as residual metallic catalyst often protected by
graphitized carbon shells or polyhedra;

o defects at the surface or oxygenated grafted functions,

e dispersion in diameter, chirality, and morphology (aspect ratio) and

e aggregation into bundles.

©100nm JEOL 1/31/2018 ipm  JEOL 1/23/2018
2.00kV SEI GB_HIGH WD 4, Smm 17:50:58 X 25,000 1.00kV SEI GB_HIGH WD 4.5mm 12:49:11

Figure 8 SEM of a) CNSs and b) CNTs. Was circulated some

heterogeneities
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2.3. CNT AND CNS AS CATALYST SUPPORT

The morphology and size of nanotubes and nanospheres suggest that they
could be used as supports for heterogeneous catalysis or as templates for creating
small wires or tubular structures by coating them with metals. Nevertheless, their
use is limited due to their impurities, besides, the agglomeration (caused by strong
inter-tube van der Waals forces) and their high surface energy (due to the strong
curvature of the thin nanotubes) [47,48], difficult their solubility in solvents (either
aqueous or nonaqueous) even after adding dispersing materials [49]. Then, a

purification and a functionalization will be necessary.

The impurities are usually remove using concentrated acids (NHO;, HCI,
H2S04 or mixtures) or strong oxidants (KMnOy, H2O,) [50-52] by means of a selective
oxidation process that separate the synthesis products as a function of their
reactivity, wherein amorphous carbonaceous impurities and metallic-catalyst
particles are easily oxidized at a faster rate than CNTs or CNSs [52,53]. Therefore,

this process is called purification.

On the other hand, functionalization of CNTs involves the addition of
chemical moieties on their surface improving the solubility and processability [47].
The first step to functionalize a carbon nanostructure is the formation of carboxyl
surface groups by oxidation. The second one is the grafting of the oxidized surface

with various functional groups to obtain more specific surface reaction [54].
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Due to both carbon nanostructures will be used as catalyst supports for the
ammonia oxidation reaction (AOR) using nickel as active catalyst electrode, we
report in chapter 2, a general method in which the nanotube surface can be modified
by oxidation to cover them by carboxylic (-COOH), carbonyl (-C=0) and hydroxyl
(-COH) groups. The most important advantage is the fact that the presence of these
groups should increase the chemical reactivity and specificity of the otherwise
relatively inert carbon surface. The carboxylic groups on the surface would be used
for ion exchange, replacing the proton with a nickel ion. This should give a very
uniform coverage if the carboxylic groups are evenly spread on the nanostructure

surface.

FTIR analysis was performed to evaluate the oxidation effect of the acid
process onto the CNTs and the successful addition of nickel at the surface. This
technique can identify, if they're present, which functional groups are on the surface
of the CNTs. The spectrogram in Figure 9 shows the CNT-P spectra, where the peak
at 1578 cm™ is attributed to the vibration of the carbon skeleton (C-C stretching) of
the carbon nanotube bulk [55,56]. The CNT-O spectra (Figure 9) shows a narrow
band at 1382cm™ and wideband 3650 cm™ attributed to the OH stretch mode in
carboxylic acid groups, at 2930 cm™ indicates the symmetric and asymmetric
stretching of CH,, the band at 1631 cm™ is assigned to characterize the C = O
stretching of the carbonyl acid. Then, those results show that the carboxyl acid
groups (-COOH) were bound to the CNT surface resulting from the acid treatment
used [57-60]. The absorption peaks at 440 cm™' are associated with Ni-O vibration

bond but absorption bond at 645 cmis assigned to Ni-O-H stretching bond.
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Figure 9 FT-IR spectrums from a) CNTs and b) CNSs. As grown (-P),

after the oxidation process (-O) and after nickel decoration (-Ni).

Raman spectroscopy was used in the CNTs and CNSs before and after being
modified in order to analyze structural changes caused by the oxidation process and
functionalization with nickel. Figure 10 shows three characteristic Raman peaks. The
first one is called D band, generally attributed to the presence of disordered carbon
in the graphite and is identified around 1330 cm™. The second peak is named G band,
is associated with the sp? hybridization vibration in a two-dimensional hexagonal
lattice and reflects the structural integrity of the nanotubes, are located around 1590
cml. The third peak, known as G' band is characteristic of double resonance induced
by disorder and defects (overtone of D band), is found around 2630 cm™ and is also
inversely proportional to the number of graphitic layers that formed the carbon
nanostructure. Besides, in agreement with bibliography [58,60-62] the relative degree
of graphitization in the nanotubes could be evaluated by the intensity ratio of D to
G bands (Ip/Ig). This value was calculated for both structures for the CNT-P was
1.62, for CNT-O was 0.83, and for CNT-Ni was 1.055 while for CNSs was 1.47, 0.96

and 1.33 before oxidation, after oxidation, and after the functionalization with nickel
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respectively. In Figure 10 the changes in the Ip/I¢ ratio caused by the oxidation

process was due to the removal of the amorphous carbon for the surfaces. The same

when nickel was added the nickel nanoparticles modify the spectra causing not only

changes in the Ip/Ic ratio but also a slight fluorescence that causes broadness in the

spectra.
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Figure 10 Normalized Raman spectra of a) CNTs and b) CNS. Both

nanostructures were analyzed as-grown (-P), after the oxidation process

(-O) and after add nickel onto their surface walls (-Ni).

The CNTs and CNSs after the functionalization with nickel are shown in

Figure 11, in there a film formed by nickel is surrounding both carbon nanostructures

making them wider and more thermally stables.
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Figure 11 Micrograph obtained of a) CNTs and b) CNSs after been

functionalized with nickel.

2.4. NICKEL AS AOR ELECTROCATALIST

The electrode material is clearly an important parameter in electrosynthesis
since the mechanism and the products of some electrode reactions are known to
depend on the material of the electrode and, indeed, in certain cases on the method
of preparation of the electrode surface. Here, the oxidation state of Ni at the electrode
surface is very important and determines the electrode’s performance, for instance
the surface of nickel in alkaline solutions is covered spontaneously and passivated
against corrosion with nickel hydroxide. The hydroxide called o-Ni(OH). is formed
at the initial stage on the electrode at this potential range (-0.20 < E < 0.5 V vs.
RHE) [64,65] but tend to change into B-Ni(OH), irreversibly by increasing the
potential or after some time [64-66]. Therefore, after a sequential discharging process
the lack of a-Ni(OH), inhibits the catalytic activity when is used at this particular
potential. Thus, nickel is prefer to use in alkaline systems at the potential range

where B-Ni(OH), is oxidized into nickel oxyhydroxide (3-NiOOH) at 1.45 V vs RHE.

35



CNT-Ni and CNS-Ni were analyzed through cyclic voltammetry as water
electrolyzers by expanding the potential window gradually to observe and determine
the relationship between oxidation and reduction reactions taking place on the
catalyst surface. As shown in Figure 12, a couple of redox peaks are clearly observed
in the CV curve of both catalysts electrodes caused by the reversible cycling between
Ni**/Ni** [64-66]. But while the potential window is increasing two new redox peaks
appear corresponding to the onset potential for the OER and the onset potential for
the HER. The result indicates that both nanoparticles can be used as a redox catalyst
to alkaline water electrolysis process. Nevertheless, as was presented in chapter 2,

ammonia requires 95% less energy to be electrolyzed. Therefore, was analyzed this

process.
1050 1500

— OER — OER
e a) £ b)

G 700 © 1000

< ;]

T 3504 i

> ‘E; 500

= -

c 04 c

) (] 0

ko] T

- .0 -~

S 350 Ni s .

g 3% g -500- Ni°

S

=1 =

O -700+ HER o HER

T T T T T T -1000 T T T T T T
-1000 -500 0 500 1000 1500 2000 -1000 -500 0 500 1000 1500 2000
Potencial (mV vs. RHE) Potencial (mV vs. RHE)

Figure 12 CV recorded in 10 mM solution of K2S04 with pH adjusted

with KOH at 11 and 25 mV/s. a) CNT-Ni and b) CNS-Ni
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2.5. AMMONIA OXIDATION PROCESS

The dissociation process of ammonia (NH3) and ammonium ions (NHJ) in
aqueous solution is pH-dependent and is described by Vitse et al. [67] in Eq. (1) and

represented in Figure 13, it shows how as the pH increases, the ionized NH." is

liberated into gaseous NHs.

NH; + H,0 & NHf + OH™,  pK, = 9.25 (1)

~ 02
= Ho0
E .
: -
L

-5 NH o

1 i i i i i i i P

0 2 4 6 8 10 12 14

Figure 13 Pourbaix diagram showing the NH; * /NH; equilibrium at pH

9.25 (ammonium's most interactive state) at 25°C. Taken from [68]

According to Eq. (1) at pH 7.25, predominates NHj (99%), and the

electrochemical process to form nitrogen [27] occurs as shown the Eq. (2)
NH} - -N, +4H* +3e”,  Eoug) = 167.5mV (2)
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On the other hand, when predominates NH3, at higher OH™ concentration,
ammonia will be adsorbed onto the surface of the electrode, and then oxidized to N,
(Eomep=1.4 V at pH 11), as describe the mechanism proposed by Gerisher and

Mauerer [69] in Eq.(3).

NHzaq = NHzaq (3a)
NH;,4 + OH™ > NH,,4 + H,0 + e~ (3b)
NH,,q + OH™ > NH,q + H,0 + e~ (3¢)
NH,q 4+ OH™ - N4 +H,0 +e" (3d

Nad + Nad - NZad

Nzag = Ny

In order to define if Ni could catalyze the oxidation process of NH; or NH4"
or both, we take advantage of the pH equilibrium system of ammonia solutions.
Figure 14 shows cyclic voltammograms recorded on CNT-Ni and CNS-Ni in the
presence of 200 ppm of (NH4)>SO4 in 100 mM K,SO, at pH 7, 9 and 11. Between
both graphs is evident again the better catalyst activity of CNS-Ni with higher anodic
density current in the cathodic side, even more they show greater capacitance (the
semi rectangular space between anodic scan and cathodic scan) which is effect of the

higher electrical conductivity and the spherical shape.
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Figure 14 Cyclic voltammograms recorded on a) CNT-Ni and b) CNS-
Ni in the presence of ammonia at various pH values; scan rate 100
mV /s; the solution contained 200 ppm of NH; and 10 mM of K.SO4 +

KOH at pH 7, 9, and 11; temperature 25 °C.

The curves show that the oxidation process is strongly pH-dependent and
proceeds mainly at pH > 7. As the pH increases, the oxidation peak of ammonia
increases. This result is in agreement with Kapalka et al. [26], demonstrating that
Ni could catalyze the AOR, but it contradicts what found by Despic et al. [24], Yao
et al. [25] and Candido et al. [27]. The most important difference is that when Ni
does not present any catalytic activity [24,25] only was use ammonia without any
ion support in the alkaline electrolyte. Only after add sulfate ion, perchlorate ion or
chlorate ion ((NH4)2SOs, NHsClO4 or NH4C1) was notice the nickel activity. We could
suggest an explanation here, as was proposed by Yu-Jen Shih et al. [28,29], the
supporting electrolyte maintains constant conductivity necessary for operating the

whole electrode system while minimizing other side effects, such as redox reaction of
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background electrolyte species and gas evolution, i.e., O2 at the anode and H» at the

cathode.

Second, Candido et al. [27] also use (NH4)2SO4 but they found, unlike us,
activity for both NH; and NH*" as show Figure 15. To explain it is important to

understand the nickel behavior in alkaline solution against the potential.

When nickel gets in contact with a base solution, its surface is covered
spontaneously with nickel hydroxide. The hydroxide called o- Ni(OH)s is formed at
the initial stage on the electrode when is polarized in the potential (E) range of -0.20
< E £0.5V vs. the reversible hydrogen electrode (RHE) [64-66]. The o-Ni(OH). is
formed in anodic step and can be electrochemically reduced to metallic Ni; given a

cathodic peak in the range 0.1 < E <—0.20 V vs. RHE [64-66].

When the potential increases o-Ni(OH), is transformed into B-Ni(OH).
irreversibly. The process is irreversible in the sense that a decrease of potential down
into the region of HER does not convert p-Ni(OH), back into o-Ni(OH). nor reduces
it to metallic nickel[64-66]. Nickel hydroxide has been reported that could be oxidized
to nickel oxyhydroxide, which also presents two polymorphs structures (g and v),

the overall reaction pathway is illustrated in Scheme 1 [70].

a—Ni(OH), . y—NiOOH
dehydration —— T
inalkali «——— overcharge

B _ Ni(OH)Z discharge B — NiOOH
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Scheme 1: General reaction scheme of nickel in alkaline media initially taken

from [70]. o-Ni(OH), dehydrates in the concentrated alkali, forming g-Ni(OH),, while

by charging process goes to y-NiOOH, and R-Ni(OH); into 3-NiOOH.

From Figure 15a, if the reference electrode is adjusted from SCE to RHE

(E(RHE) = E (SCE) + 0.242 + 0.059 pH at T = 25 °C), if we made a new graph

this would overlap exactly with Figure 15b, thus, in order to oxidize NH*" is

necessary o-Ni(OH), while for NHs is require the beta form.
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Figure 15 a) Cyclic voltammograms for Ni in 1000 ppm (NH4)2S04 + 1

M NaOH, pH 7 and pH 9.4. Take it from Candido et al. [27]. b) Three

cyclic-voltammetry (CV) profiles for Ni(poly) electrode in 0.5 M

aqueous KOH solution. Take it from Mohammad et al.[65].

This also explains why Yao [25] after some sequential discharging processes

saw inhibited the activity of nickel because it tends to be rapidly converted to the

thermodynamically more stable beta-phase material.
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The redox characteristics of the CN'T-Ni and CNS-Ni in a solution containing
different amounts of ammonia nitrogen were evaluated by voltammetry in the
presence of 10mM K>SOy, as inert electrolyte (at pH 11). In Figure 16 is shown the
i-E response of the carbon nanostructures had a pair of peak potentials, anodic and
cathodic, which were attributed to the formation and reduction of nickel
oxyhydroxide (B-NiOOH). While NH; concentration increase the anodic peak current
of B-NiOOH increased too, implying that the faradaic electron transfers of nitrogen
species were mediated by the transition of g-Ni(OH); to B-NiOOH. On the other
hand, unlike the anodic peak, the reduction peak almost does not increase as the
concentration of ammonia increases. This can be explained by the fact that the
applied potential is now being split between two oxidation reactions (nickel and

NHs), and only is present the reduction of Ni in the cathodic region.
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Figure 16 Cyclic voltammograms of CNT-Ni and CNS-Ni with 200 ppm,
400 mM, and 600 ppm of NH3. Was added 10 mM K2S0O4 as support
electrolyte and KOH to adjust at pH 11 and 25 °C recorded at 100

mV /s.
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Figure 17 The current response of CNT-Ni and CNS-Ni using a
polarization potential of 1.5 V vs RHE. The electrolyte used was 130
ppm of NH; at pH 11 and 25 °C. The peak variations were caused by
electrolyte movements at the time of taking samples for the chemical

analysis.

According to Ni Pourbaix diagram (Figure 18), Ni(OH). is known to passivate

nickel and should avoid any further corrosion[71].
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Figure 18 Electrode potential—pH (Pourbaix) diagrams, taken from [72]
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Nevertheless, Kapalka et al. [26] notice corrosion of the electrode after
performer a bulk electrolysis of 50 mM ammonia on the Ni/Ni(OH). electrode in 1
M NaClOs at pH 11 after 12 h of the test, therefore, we tested our electrodes too
using a chronoamperometric study. Figure 17 the current response of CNT-Ni and
CNS-Ni electrodes after 6 hours, both electrodes were polarized at 1.5 V vs. RHE
(approximately at oxidation point between Ni**/Ni*f), using (NH4).SO; as the
electrolyte and the pH was adjusted at 11 using KOH. As can be seen, both electrodes
are very stable in time, the current density variation came at the beginning as
capacitance effect and then keeps almost constant, evidently CNS-Ni shows less
variation than CNT-Ni due to, as was said early, present higher capacitance also this
result indicates that the nickel hydroxide on both electrodes is not deactivated during
ammonia oxidation. Even more, the electrodes were tested for more than 12 hours
(not shown here) but we could not saw any variation either in the current density
nor at solution color. We suggest that the corrosion in Kapalka et al. [26]
experiments are caused by the ClO7 ions, those are known that can form coordination

complexes with nickel, causing de-passivation and pitting corrosion.

The bulk electrolysis was simulated while was running the
chronoamperometry using 130 ppm of ammonia on both electrodes at pH 11 and
taking samples every hour for the chemical analysis with the Hach
spectrophotometer. Figure 19 shows the concentration changes of total nitrogen,

total ammonia, and nitrate during the electrolysis, in both graphics, the amount of
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total nitrogen and ammonia continuously decreases whereas the amount of nitrate

barely increases.
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Figure 19 Concentration changes of nitrogen species (Total nitrogen,
ammonia, and nitrate) at a constant potential of 1.5 V vs RHE as a
function of reaction time. a) CNT-Ni with initial ammonia
concentration of 135 ppm, b) CNS-Ni with initial ammonia

concentration of 142 ppm. In both tests, pH was adjusted to 11.

At the end of the experiment for the electrolysis using CNT-Ni (after 6 h),
17.6% of the ammonia was degraded resulting in a degradation rate of 2.93 ppm/h.
0.9 % was recovered as nitrate, which leaves 13 % of the production as volatile N-
species (N2). When CNS-Ni was used after the same time, 21.8% of the ammonia was

degraded at 3.63 ppm/h generating 1.1% of nitrate and 17.6 % as N..
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Comparing the electrolysis results obtained from both electrodes with Kapalka
[26] shows higher efficiency because we do not present nickel corrosion and the
amount of nitrate generated is lower (1.1 % vs 11 %). Those results are in agreement
with Shih [28,29] where a nickel foam-supported Ni(OH)./NiOOH electrode was used
to study the oxidation of ammonia in aqueous solution. The difference is the electrode
size, they use a nickel foam (sheet, 2 mm of thickness, area density ~ 250 g/m?, holes
number = 94 £+ 10 pores per linear inch (PPI), Innovation Materials Co., Ltd.,
Taiwan) was the working electrode, while we use an ink with 0.196 cm? of diameter
with surface area approximated of 120 g/m? to obtained the same results showing

that the use of carbon nanostructures increase the catalytic activity.

The catalytic activity of the studied catalysts toward the AOR was performed
by linear voltammetry, LV, using the rotating disk electrode (RDE) technique. A
general approach to measure the standard rate constant (ko) of both catalysts for the
AOR was performed by a set of voltammograms at different rotation rates (Levich
study) and then plot the reciprocal current (sampled at particular locations along
the rising portion of each voltammogram) on a Koutecky-Levich plot. The linear
sweep voltammograms for different rotation speeds, i.e., 400, 900, 1600 and 2500
rpm, measured at 5 mV /s 200 ppm of (NH4):SOs + 10 mM solution of K:SO, as
supported electrolyte saturated with N». Figure 20 shows that the limiting current
density is directly proportional to the rotation rate in both cases, indicating a

diffusion-controlled process.
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Figure 20 Linear sweep voltammograms of a) CNT-Ni and b) CNS-Ni.
The electrolyte has 200 ppm of ammonia from (NH,4).SO4 with 10 mM

of K>SO, as support electrolyte concentration and pH adjusted at 11.

A selection of Koutecky-Levich plots and their linear fits are shown in Figure
21. As is shown for both carbon nanostructures, the half-reaction is limited by
sluggish kinetics rather than by mass transport, which is classical in the AOR. Even
more, the fitted lines of the Koutecky-Levich plots from both nanocatalysts show
good linearity and parallelism. This result indicates that the AOR process follows
first-order kinetics respect to the concentration of ammonia and suggest the

formation of nitrogen as the principal reaction product.
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Figure 21 Koutecky-Levich plots for a) CNT-Ni and b) CNS-Ni

In this thesis until now, the CNTs and CNSs were pretreated to transform them
into catalyst support by functionalization. The methodology proposed takes around
48 hours and includes a CVD synthesis (to growth the nanostructures), purification,
and the metal decoration (functionalization with nickel). Nevertheless, both CNTs
and CNSs present the ability to encapsulate other materials, such as metals and
polymers, suggesting an improvement in catalytic applications. In literature, different
synthesis methods have been modified to filled or doped (in-situ) the carbon
nanostructures [7], [8], [11]-[13], [22]-[27]. Within, the approach of this investigation
is to reduce the total time for synthesis and doping in CTNs and CNSs in a single-
step CVD method that leaves Ni nanoparticles deposited between the walls of the

CNTs and CNSs to form the nanocatalyst.

As was said early, carbon nanostructures were synthesized by the CVD process
using nickel iron alloy (FeNi) powder prepared by the sol-gel process and using silica
as support in a SiO,. The FeNi nanoparticles catalyzed the acetylene pyrolysis
reaction, besides, acts as nucleation seeds, where the carbon precipitation at the

‘cold-end’ of the catalyst particle creates the CN'Ts or CNSs. Meanwhile, the catalyst
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nanoparticles could be lifted by the growing carbon nanostructures or still adhere to
the substrate surface, depending on the interaction between catalyst and substrate.
Nevertheless, the catalyst nanoparticles should be present in metallic form, but some
of them after the reduction process with the H./N> mixture remain as oxide, some of
those will be lifted and encapsulated by the graphitic walls of the nanotubes or

spheres as were reported by Haipeng Li et al. [29].

In order to analyze the possibility of have obtained encapsulated nanoparticles
was used thermogravimetric analysis (TGA) that has shown to be a useful technique
for the characterization of CNTs and CNSs [63]. Defects in nanotube walls increase
the local reactivity, leading to lower temperature oxidation and gasification of the
carbon, and manifesting itself in the TGA mass-loss profile. Considering that the
oxidation process used to prepare the surface for the functionalization with nickel
should eliminate the impurities, no carbonaceous or metallic impurities should be
detected through the TGA profile. Nevertheless, the TGA curve in Figure 22a of
both samples showed a similar oxidation behavior, with a single step degradation. In
the beginning, at a temperature lower than 500 °C, neither CN'Ts nor CNSs show
mass loss that should be occurred mainly due to the presence of amorphous carbon.
Also, there is no gain mass. The weight gain occurs in samples where the metal
particles are exposed to or are adhered on the surface regions of the sample and
therefore were oxidized, this suggests that both carbon nanostructures were purified
by the acid treatment. Finally, around 500 °C, a great mass loss is present, this is
characteristic of the CNT and CNS decomposition. It was noted that approximately
all the carbon should be gone but almost 40 % of the total mass in CNTs and 20 %

in CNSs remained behind after performing TGA up to 800 o C.
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Figure 22 TGA performed over CNS and CNT under oxidant
atmosphere. a) Analysis performed over the carbon nanostructures after

the oxidation process, b) after the functionalization with nickel.

In Figure 22b is present how, after surface functionalization, both carbon
nanostructures showed higher thermal stability, suggesting that either CNTs and

CNS are completely covered with nickel.

To complement the analysis and define what is the remaining mass at Figure
22a was used SEM and STEM. In Figure 23 is shown the micrographs obtained from
the CNTs and CNS after the oxidation process, here CNTs do not present
agglomeration but their surface show some defects caused by the acids. Even more
in the STEM image CN'Ts present some metallic particles encapsulated inside (darker
dots). Those particles represent the mass remains in TGA. Since there was no weight
gain observed during thermal treatment, the catalyst should be completely
encapsulated and is rid of any external or tip catalytic particles, as evident from the
STEM results. Looking at CNSs images they also present degradation in the surface

and metallic nanoparticles distributed inside the nanostructures. There using a
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magneto was confirmed that both nanostructures present magnetic properties offer
by the metallic nanoparticles inside of them (Both Ni and Fe present ferromagnetic
properties either in their metallic form and as oxide). Similar results were reported

by Haipeng Li et al. [63].

lpm  JEOL
GB_HIGH WD

100nm JEOL 8/8/2018
X SEM WD 8.1mm 11:18:49

Figure 23 Micrograph obtained of CNTs and CNSs showing defects

caused by the acid treatment and metallic particles encapsulated inside
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To analyzed if the nanoparticles encapsulated presents catalytic activity for the
AOR. An ink was prepared in the same way that was formulated before for the

CNT-Ni and CNS-Ni and analyzed by cyclic voltammetry.

a) AOR b) AOR
& 1400 CNT-O at pH 11 Ni** to Ni** & 1400 CNS-0 at pH 11 Ni*" to Ni**
E —— CNT-O at pH 11 + NH3 E —— CNS-O atpH 11 + NH3
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Figure 24 Cyclic voltammetry with and without 200 ppm ammonia

using a) CNT-O as the electrode and b) CNS-O as the electrode.

Figure 24 shows in both carbon nanostructures that the CVD catalyst
nanoparticles inside present catalytic activity for the AOR and in both cases is
almost the same, the difference is that the iron component is most active in CNS-O

but for the AOR does not present changes.

An important issue here is that CNT can be grown directly on a substrate as
stainless steel that is conductor to use as electrode without the step of
functionalization to decorate with the nickel and without preparing the ink and even
more can grow aligned to improve their activity, this can be achieved by the CNS
that grown separated from the substrate, even when was synthesized on the CNT

they do not remain attach as is shown in the micrographs in Figure 25.
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Figure 25 SEM of carbon nanostructures synthesized on stainless steel.
a) CNT entangled, b) CNT aligned (forest), c) CNS and d) CNT and

CNS.
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CHAPTER 5

CONCLUSIONS

Here, the synthesis methodology for two carbon nanostructures, carbon
nanotubes and carbon nanospheres (CNT and CNS respectively) was presented. The
synthesis method was defined through the analysis of the CVD catalyst that is a key
part that defines sized, graphitic quality, etc. Our method in this study consists of
the catalytic decomposition of acetylene over iron-nickel alloy particles supported on
silica (SiOs). Free carbon produced from the decomposition of acetylene aggregates

around the metal particles and starts to grow to form CNTs or CNSs.
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Both nanostructures show good applicability as nickel catalyst support (CNT-
Ni and CNS-Ni) for the ammonia oxidation reaction (AOR). The AOR has been
studied due to its promising applications in ammonia electrolysis, wastewater
remediation, direct ammonia fuel cells, and sensors. And nickel was chosen because
compared to other metals (Au, Pt, Ru, Co, In, Ir, Cu, etc.), Ni with higher natural
abundance is economically feasible, suitable for numerous applications in batch, and

presents low toxicity.

Results clearly demonstrated the successful decoration of CNTs and CNSs
with Ni. The new Ni-electrodes were capable of directly oxidizing NH; to N, with
high selectivity without overoxidation to NOs. The presence of NH; augmented the
anodic current for the oxidation of metallic nickel to nickel oxyhydroxide, which
suggested that the redox of Ni(IT)/(IIT) on the surface of Ni mediated the electron
transfer of ammonia nitrogen. After comparing both structures, CNS-Ni presents the

best results for the AOR.

At the same time was analyzed why the conclusions given by the literature
are contradictories, demonstrating that nickel is capable of oxidizing ammonia and
ammonium ion depending on the oxidation state of the metal; o-Ni(OH): is required
to oxidized NH)" and B-Ni(OH), for the NHs oxidation. Even more, was
demonstrated that is necessary the use of electrolyte support but the use of chloride
or perchloride should be avoided because they form complexes with nickel and caused

its corrosion.
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Even more, the carbon nanostructures were analyzer for the AOR without
decorating their surface with nickel taking advantage of the CVD catalyst
encapsulated inside showing better results the use of CNTs because they can be
synthesized directly on a conductive substrate minimizing the time of production

and with it the cost.
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APPENDIX

SOL-GEL PROCESS

The Sol-Gel process is the name applied when a solution, usually of a metal
alkoxide, form polymers which crosslink together to form a gel (Figure A 1). At the
transition, the solution or sol becomes a rigid porous mass through destabilization,

precipitation, or supersaturation.

For a silica gel, with tetraethylorthosilicate (TEQOS), is a one-phase solution
that goes through an irreversible sol-gel transition to a rigid two-phase system of
solid silica and solvent-filled pores. In this mechanism, the gel is formed as a
combination of a continuous solid and fluid network of silanes, silanols, silicon

alkoxide, water, and ethanol.
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Figure A 1. Sol-Gel process

This process initiates spontaneously in the presence of water which hydrolyzes
successive ethoxy groups on TEOS to create silanols and ethanol (Figure A 2). Since
water and alkoxides are immiscible, it is necessary to use a common solvent to mix
them into solution, commonly chosen to have the same carbon chain as the ligands

of the alkoxide, in this case ethanol.

C,Hs H;0
(lj OH
C,Hs — 0 - sli - 0 —@‘ OH — Sli — OH + C,HsOH
; oH
Cles Silanol

Figure A 2. Hydrolysis process of TEOS

Complete hydrolysis of TEOS would give silicic acid; however, this does not
happen. Instead, a polymerization occurs (Figure A 3). As soon as a silanol group is
formed it can react with an ethoxy group of TEOS or with another silanol to create

siloxane bonds with a catalyst-controlled mechanism. In the presence of an acid



catalyst an electrophilic substitution occurs which difficult the subsequent hydrolysis
while under base conditions subsequent hydrolysis becomes easier and carry out
through nucleophilic substitution. As a result, linear polymers grow in an acid-

catalyzed solution, and branched clusters grow in a base-catalyzed solution.
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Figure A 3. Polymerization mechanism: Polymerization regenerates the

water used in hydrolysis, perpetuating the reaction.

Once we succeed in going from step one, forming a solution, through step two,
gelation, the third step is drying. In this process, the solvent phase is removed with

ordinary evaporation to create xerogels, or with hypercritical evacuation to form

aerogels (Figure A 4).
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ABSTRACT: In this work, the optical properties of a corn starch-based film were correlated with its structural properties. Scanning electron
microscopy was performed to determine if incorporation of starch into the matrix gives a homogenous and smooth surface. X-ray diffraction
was performed to identify the relative degree of crystallinity. The optical properties of the film in the range 300 to 2500 nm were studied,
showing diffuse total transmissivity and total absorption coefficients comparable with that of low-density polyethylene films. The process used
in this research is carried out in an aqueous solvent, without using any toxic raw material, and prepared by casting. The process allows for the
use of different additives. This processing of the starch film represents a great advantage also because it takes a maximum of 10 h, four times

less than other processes, and no special equipment is needed. © 2018 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2018, 135, 47111.
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INTRODUCTION

Plastics have been widely used throughout the world for a long
time. Normally they are designed and manufactured to resist
environmental degradation; besides, they are low in cost in terms
of processing and energy.' Plastic materials have a wide range of
applications due to their desirable properties, such as flexibility,
light weight, optical transparency, low cost, ease of manufacture,
and diverse mechanical properties.’

However, over time, plastics have come to represent a serious pollu-
tion problem. Therefore, environmental concerns have promoted
research and development on new materials from renewable sources
that are biodegradable or compostable at the end of their lifecycle."*”
In recent years, the importance and applications of biobased plastics
have grown. In 2014, the global production capacity of biobased plas-
tics was 1.7 million of tons, where 10% was based on biodegradable
starch blends.® Bioplastics are used in an increasing number of appli-
cations, from packaging to electronics, from automotive to agriculture,
and a number of other segments.®

In agriculture and food industries, plastic is successful because it is
light in weight, is a barrier against microorganisms, and provides
protection against the environment, which keeps plants and food
fresh and free of contamination.>®*!® In protected horticulture,
plastic materials are used as radiation filters in order to modify crop

© 2018 Wiley Periodicals, Inc.
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temperature and the growth of plants. Therefore, the optical proper-
ties, such as reflectivity (p), transmissivity (t), and absorption (a) of
solar radiation, are important factors that have to be taken into
account when designing plastics for that application.>''™"* In the
present work, research was conducted on synthesizing a transparent
plastic based on starch without using special equipment. It is neces-
sary to remark that the total processing time was 10 h, shorter than
that for other processes used to produce plastics with the same pur-
pose, which are carried out over more than 48 h and need both
some additives and a vacuum to process them."*™"”

Maran et al."* obtained a homogenous and clear film of starch by

the casting method, using degassing with a vacuum and drying
for 48 h. Alves et al.'” prepared a translucent starch film by cast-
ing, employing a filmogenic solution, and drying in a ventilated
oven for about 20 h. Thermoplastic starch was processed by Seli-
gra et al.'® at 50 °C for 24 h. Guimaraes et al.'” obtained a film
from a solution of starch with 3% starch and drying for 10 days.

Starch-based film can be processed by different techniques (cast-
ing, injection, or blowing), and different processes can provide
different properties.'® The properties are dependent on the pres-
ence of flaws and the degree of crystallinity, and crystalline structures
found in thermoplastic starch polymers are influenced by the com-
position and processing.'*° For instance, high-amylose materials

J. APPL. POLYM. SCI. 2018, DOI: 10.1002/APP.47111
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generally result in products with higher strength and stiffness than
high-amylopectin materials, due to the linear amylose chains entan-
gling effectively and forming strong physical crosslinks, resulting in
strong and coherent materials.”' On the other hand, if the starch is
incompletely gelatinized, remnants of the granules can lead to frac-
ture zones in the samples. In addition, ghosts of the initial starch
granules can survive processing, and these too produce inhomogene-
ities in the structure that can limit the ductility and optical proper-
ties.”® In terms of optical properties, a rough surface reflects and
transmits light in random directions, and the refractive index of an
amorphous phase is less than that of a crystalline phase. The combi-
nation of the two previous effects makes the polymeric material less
transparent and therefore more or less opaque."®

For the above reasons, in the present work, we performed a morpho-
logical and structural characterization of the obtained materials using
scanning electron microscopy (SEM) and X-ray diffraction (XRD).
In addition, the optical properties that are the main focus of this
publication were determined, within which the spectral coefficients
and parameters related to the transmission of photosynthetically
active radiation were calculated using a spectrophotometer equipped
with an integrating sphere and compared with the values of low-
density polyethylene, which is the most-used synthetic plastic.

EXPERIMENTAL

Materials

Normal corn starch (Sigma-Aldrich, St. Louis, MO) and glycerol
(Meyer, Mexico City, Mexico) were used as received, containing
73% amylopectin and 27% amylose according to the provider, so we
can assume that the film will present a low crystallinity, in deionized
water (>18 p& cm). Commercial transparent low-density polyethyl-
ene (LDPE) from the petrochemical company PEMEX (Mexican Oil
Industry) was used for comparison.

Preparation of Cornstarch-Based Films

Native starch granules consist essentially of two types of poly-
mers of a-D-glucose: an essentially linear molecule, amylose, and
a highly branched molecule, amylopectin. The amylose/amylo-
pectin ratio varies for each starch source. To generate thermo-
plastic starch polymers, the complex semicrystalline structure
needs to be destroyed to produce an amorphous material. This

WILEYONLINELIBRARY.COM/APP
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process, called gelatinization, is achieved by heating the starch in
the presence of water and glycerol as plasticizer, which have two
important roles: aiding in gelation and decreasing the processing
temperatures to avoid starch degradation.'>***2

Native starch was dissolved in deionized water, using a starch/water
ratio of 1:10 at 90 + 5 °C on a hot plate and stirring the mixture
at 560 rpm until all starch clusters were dissolved. Then glycerol
(30% wi/w relative to starch) was added slowly to form a homogenous
solution. The corn starch-based (CSB) film solution was cooled
slightly and was used to prepare the films by casting on an acrylic
plate as substrate and dried at 70 °C in a conventional oven for 8 h.

Characterization of the Films

The X-ray diffraction study was performed using a Rigaku DMAX
2100 diffractometer (Tokyo, Japan). SEM analysis was performed
using a Philips XL30 ESEM (Amsterdam, Netherlands). An
ultraviolet-visible-near infrared (UV-vis-NIR) CARY 5000 spec-
trophotometer (Agilent, Santa Clara, CA), with an integrating
sphere accessory (DRA 2500), was used to determine the spectral
coefficients (p, T, and ). The sphere has a diameter of 110 mm,
with an internal coating of polytetrafluoroethylene (PTFE) of
4 mm thickness, and a measuring range of 200 to 2500 nm; the
sample ports have a measurement area of 3.14 cm’. Supplementary
infrared spectroscopy was used to analyze the functional groups in
both samples using a Fourier transform infrared (FTIR) spectro-
photometer (Spectrum GX, PerkinElmer, Waltham, MA). The
spectra were obtained in the range 4000 to 650 cm™' using
the technique of attenuated total reflectance (ATR), from which
the chemical groups of both films were determined.

RESULTS AND DISCUSSION

All analyses were performed using two films: a corn starch-based
film with thickness of 74 pm and an LDPE with 53 pm. As we
presented, many mechanical and optical properties are dependent
on the presence of flaws in the materials. Figure 1 shows the
SEM analysis of both films. Here both polymers present a low,
rough homogenous surface, which promotes a good optical dis-
persion of light. Even more, the CSB film [Figure 1(a)] shows no
cracks or internal voids or granule remnants. This means the
starch was completely gelatinized and destroyed, promoting the

Figure 1. Surface of (a) CSB and (b) LDPE. Micrographs were obtained by coating the sample with a thin layer of gold to improve conductivity.
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Figure 2. Original and deconvoluted X-ray diffractograms of (a) CSB film and (b) LDPE film. [Color figure can be viewed at wileyonlinelibrary.com]

formation of a homogenized and transparent film and suggesting
a cohesive matrix, as has been reported by Fakhouri et al.'®

X-Ray Diffraction

The X-ray diffraction results are presented in Figure 2, where the
dotted curve is the original diffractogram and the solid line is the
fitted curve obtained from a deconvolution. Figure 2(a) shows the
X-ray spectra of the CSB film. The planes indexed at 16.814°,
19.306°, 19.981°, and 21.957° are characteristic of type “A” of
native corn starch.*»** The plane at 19.306° may be associated
with a recrystallization of the CSB film due to the thermal pro-
cessing and the presence of glycerol. Figure 2(b) shows the dif-
fractogram of LDPE film, which, in contrast to starch biofilm,
has only one diffraction plane at 21.484°.>>">°

Values of relative degree of crystallinity, C, calculated with
eq. (1), and interplanar distance, d, calculated with Bragg’s law,
are shown in Table I, where A is the total area of the diffracted
planes (crystalline region), and A4 is the area of amorphous
material in the diffractogram.”****>*! CSB showed a lower crys-
tallinity than LDPE, and therefore a lower refractive index; conse-
quently, CSB should be more transparent, even taking account
the difference in thickness. On the other hand, the modulus and
strength are directly proportional to the degree of crystallinity.
To solve this problem, different additives could be used to

Table I. Relative Crystallinity of CSB and LDPE Films

improve the material properties, or a different type of starch with
bigger amylose/amylopectin ratio could be used.*'

A
— ¢ X100 (1)

(%) = Ac + Ay

Spectrophotometry

In the range of solar (300 to 2500 nm), near-infrared (700 to
2500 nm), and photosynthetically active radiation (PAR, 400 to
700 nm), the spectral coefficients (p, T, and o) were calculated
using the UV-vis-NIR spectrophotometer. Figure 3 shows the
UV-vis-NIR spectrum. Both films present very similar values
from 200 to 800 nm, but in the range 800 to 2500 nm, notable
changes are due to the cyclic structure of the starch in compari-
son to the linear structure of the LDPE and its contributions by
CH groups.”® ™ In the range 1400 to 1600 nm, the contributions
of CH; and OH groups are apparent, while in 1650 to 1850 nm
the contributions of CH and CHj; are observed. The signals at
about 1950 nm are attributed to the O-H vibration of water. At
2100 nm, the contribution of the O-H from the alcohol on C6 of
the ring of pyranose is observed. Finally, in the range 2300 to
2500 nm, the vibrations of CH; and CH, are observed.****

Diffuse transmittance spectra are shown in Figure 4, and they were
calculated by subtracting the normal transmission spectra from the
total transmission spectra for both films in the range 200 to
2500 nm. Measurements of transmission spectra at normal inci-
dence were obtained using the UV-vis—-NIR spectrophotometer,

Material 29 d(A) C (%) and total transmission spectra were obtained using the integrating
csB 16814 5569 556 sphere accessory. In this figure, it is shown that the diffuse trans-
' ’ ' mittance of the CSB film is greater than that of LDPE film.
19.306 4.594
19.981 444 Irradiation values E;(A) were taken from ASTM G173-03%; the
51957 4045 spectral coefficients can be calculated using the obtained spectra.
' ' The average material coefficient R, evaluated in the range of solar
CHDIS ELAEh Gl SE B2 radiation of interest can be calculated as shown in eq. (2) 311-13,
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Figure 3. Total transmission, total reflection, and total absorption spectra of (a) CSB film and (b) LDPE films measured with an integrating sphere. [Color

figure can be viewed at wileyonlinelibrary.com]

JMR(}»)EA(A)aD\
e (2)
J E,(1)dn

M

Rg=

where R; represents the transmissivity (t), reflectivity (p), and
absorption () coefficients, and R(1) represents the measured
spectral values (see Figures 3 and 4) evaluated over the range of
wavelengths considered.

Once the coefficients T and p are calculated, the average solar
absorption can be calculated using the Kirchhoff ratio™''™"*:

T+pta=1 (3)
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Based on the above studies, the spectral coefficients are presented
in Table II. The coefficients were evaluated in the solar, PAR, and
NIR ranges. Additionally, the spectral coefficients for diffuse
transmission are presented in the same table.

From Table II, the total absorption and diffuse transmissivity
coefficients in CSB are greater than in LDPE, showing an increase
of 162.2% and 357% in the solar range, 136.5% and 312.6% in
PAR, and 256.9% and 453.4% in NIR, respectively. This means a
greater amount of scattered radiation, decreasing the risk of burn
injuries on crops, as well as reducing the shade of solid materials
in their path. Certain basic information about the spectral
response of photosynthesis is required for a rational discussion of
the relative merits of the various definitions of photosynthetically

Low-density polyethylene film

1 Total transmission

=" Normal Transmission’
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Figure 4. Spectrum of normal transmission and diffuse and total transmission of (a) CSB film and (b) LDPE film. [Color figure can be viewed at

wileyonlinelibrary.com]

ADVANCED 47111 (4 of 7)

SCIENCE NEWS

advancedsciencenews.com

J. APPL. POLYM. SCI. 2018, DOI: 10.1002/APP.47111


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://WILEYONLINELIBRARY.COM/APP

- ARTICLE WILEYONLINELIBRARY.COM/APP Applied Polymer -
Table II. Spectral Coefficients of Transmissivity, Reflectivity, and Absorption

Range: Solar PAR NIR

Film: CSB LDPE CSB LDPE CSB LDPE
Tiotal (%) 89.7 90.13 88.98 89.23 90.73 91.32
Taiffuse (%) 50.84 14.24 51.39 16.44 50.15 11.06
Protal (%) 7.51 8.15 7.58 8.25 7.42 7.96
iotal (%) 2.79 1.72 3.44 252 1.85 0.72

active radiation. This could be in the form of an action spectrum,
that is, the rate at which carbon dioxide is taken up (or oxygen
evolved), divided by the rate at which energy is received by the
leaf, and is denoted by A4,.*

The effective photosynthetic action transmission 1 represents the
effective proportion of outside radiant energy transmitted by the
film and active for photosynthesis. It is obtained by eq. (4) '"'?
with the action spectrum parameter, A), characteristic of the
photosynthetic response of an average plant to PAR energy,
reported by McCree,”” where t()) is taken from Figure 4:

JmOE;L(}»)r(}»)AK(}»)d}\
n= 400700 (4)
J E, (M)A, (0)dA

400

The effective quantum transmission, E [eq. (5)], with quantum
yield response Y3,” represents the relative quantity of photon
flux that can be absorbed by the leaf of the plant after transmis-
sion through the film'"':

attributed to the stretching vibrational modes associated with
OH group bonds that make up the structure of starch and
glycerol.*?” The bands at 2935 to 2889 cm ™' are characteristic
of stretching CH bonds. It has been reported®” that a decrease
in the intensity of these vibrational bands can be attributed to
the breakdown that is due to the thermal processing of biode-
gradable starch materials, natural fibers, and glycerol. The
band at 1643 to 1630 cm™' is associated with bands of OH
bonds of water located in starch, and specifically the band at
1640 cm™" is due to bound water, probably in the carbonyl
group of starch.***”-3*

In the range 1500 to 1300 cm™, it is not possible to determine
the vibrational modes since these are attributed to the deforma-
tion of Z-C-H bonds, where Z may be O or C, although some
contribution of COH and OH stretching vibrational modes is
detected. In the absorption band at 1461 cm™", contributions of
bonds of O-C-H and C-H appear, in the absorption band at
1419 cm™" vibrations of bonds of O-C-H appear, while at
1340 cm™' deformation of bonds of C-H, and O-H appears, and
in the absorption band at 1292 cm™" appear vibrational modes of
O-C-H and C-C-H.»”**™"!

700
J Ey(M)T(M) Y (h)dh On the other hand, in the range 1300 to 900 cm™", contribu-

E= =% (5) tions arise due to the stretching modes of C-O and C-C bonds.
J E (M) Yy (M)dA According to Vasko et al,”>** the absorption bands at

400 1153 cm ™', 1076 cm ™', and 1049 cm™" are due to C-O bonds,

The light parameter { can be determined by eq. (6) and is a ratio of
photon fluence rates of a 10 nm band centered on 660 nm and
730 nm; this is related to the morphogenetic response of the plant''*:

_ E;(660)7(660)

¢= E,.(730)1(730)

(6)

Parameters related to the PAR range and the ratio { are summa-
rized in Table III, where small differences were found between the
films. Furthermore, values of n and E are very close to the values
analyzed in transmission in the PAR wavelengths, meaning CSB is
a good optical prospect as cover material due its transparency, as it

followed by contributions of C-C and C-O-H bonds. The
bands at 1019 cm™! and 990 cm™" are due to C-C bonds with
a contribution of about 50%, followed by the contributions of
O-C-H, C-C-H, and C-C-O bonds. The bands at 862 cm™*
and 846 cm™! are contributions of the C-C, C-C-H, and C-O
bonds.2”3%40

Figure 5(b) shows the FTIR spectrum of LDPE film. The bands
at 2916 and 2848 cm™" belong to the stretching modes of CH,
bonds. The band at 1471 cm™" belongs to bending vibrations

Table III. Comparative Values of the Plant Related to the Parameters Yield
Efficiency, Effective Quantum Transmission, and Ratio of Red to Far Red

will let the crop receive the PAR radiation it needs to grow. Irradiance

FTIR-ATR Film 0 E ¢
The spectra obtained for the CSB and LDPE films are shown in CSB 39 41 30 04 121
Figure 5. Due to the complexity of the molecular structure of the LDPE 9014 89 32 121
CSB film, the spectrum presents a variety of bands within the

range 3450 to 3217 cm™! [Figure 5(a)]. Those bands are Valuesin %.

ADVANCED
SCIENCE NEWS 47111 (5 of 7)

advancedsciencenews.com

J. APPL. POLYM. SCI. 2018, DOI: 10.1002/APP.47111


http://WILEYONLINELIBRARY.COM/APP

ARTICLE WILEYONLINELIBRARY.COM/APP Applied Polymer
(@) Corn starcrbbased film (b) Low-Density Pols;ethylene film
7r 7/
C-H \
. C-C, .,
> / C-C-H 3
o and ©
= vOH Cc-0 =
L | o
G-C and C-O-H —
——— L — 7,
4000 3500 3000 2500 1500 1000 4000 3500 3000 2500 1600 1400 1200 1000 800

A
v, Cm

A
v, Cm

Figure 5. FTIR spectra obtained by the ATR technique: (a) CSB film and (b) LDPE film (v = stretching deformation, § = scissoring deformation, y,, = wag-

ging deformation, y, = rocking deformation).

of CH, bonds, while the bands present at 1462 and 1376 cm ™'
are due to bending vibrations of CH; bonds. The band at
1369 cm™" belongs to wagging vibrations of CH, bonds, while
the bands at 729 and 719 cm™" belong to rocking vibrations of
CH, bonds.***

CONCLUSIONS

In this work, a simple optical characterization methodology is
presented that allows estimation of optical behavior and spectral
coefficients of a corn-based starch film. By means of SEM analy-
sis, it was ensured that granules of native starch were destroyed,
promoting in this way the formation of a film with a homoge-
nized solution, which is helpful in its optical properties. XRD
shows that CSB has a low relative crystallinity of 5.56%, explain-
ing its high transparency. The results confirm that a corn starch-
based film represents a low-cost, ecological, and sustainable alter-
native to low-density polyethylene as covers for agriculture due
to its high transparency and scattering in the visible range. It can
greatly reduce the risk of plants being burned by direct exposure
to radiation owing to its high values of diffused transmission
coefficients (50.84% for the solar range, 51.39% for the PAR
range, and 50.15% for the NIR range). Even more, the photosyn-
thesis process can be enhanced because the filtered light can
reach more parts of the plant.

Additionally, the corn starch process is appropriate for devel-
oping ecofriendly and low-cost films due to the capacity to
form cohesive films, and their use in agriculture represents a
low-cost alternative. The obtained results give the opportunity
to use hybrid composites to obtain a synergy between both
materials for applications in agriculture, with better properties
of biodegradability, less deformation, and more scattering of
light, and it is an approach toward an ecologically sound idea
of partially substituting for polymers from nonrenewable
sources.
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Introduction

In recent years, it has been recognized the potential
applications of carbon nanomaterials, such as carbon
nanotubes (CNTs) and carbon nanospheres (CNSs)
and their oxidized derivatives due to their possibility
to develop materials for a wide variety of applica-
tions such as capacitors, fuel cells, biosensors and
biocatalysts [1, 2]. Among the properties that can be
considered for the application of those materials are
the high surface area, high adsorption capacity of
some chemical species and high conductivity that
facilitate the transfer of electrons between the elec-
troactivated species and the electrode surface [3-6].
As it is well known, the CNTs are composed of
concentric and closed graphene sheets, rolled each
one around the other giving structures of different
diameters, typically 2 to 30 nm. The CNTs increase
the electrocatalytic activity of some chemical com-
pounds, due to the above-mentioned properties and
to the presence of active sites, like the edge plane
located at both ends and defects along the surface of
them, where the chemical species can be attached. In
addition to that, they provide a high surface-to-vol-
ume ratio and faster electron transfer kinetics owing
to their curvature [7, 8]. On the other hand, CNSs
consider the advantages of carbon materials with
spherical colloids, which give them several unique
characteristics such as regular geometry, tunable
porosity and controllable particle size distribution.
Those innovative materials present a high value for
catalysis, adsorption, purification of water and air,
storage and energy conversion [9, 10].

The immobilization of biomolecules (proteins such
as enzymes, nucleic acid, etc.) in different types of
surfaces and materials has been widely documented,
because once they are immobilized on a substrate,
they often show better physical stability and a greater
capacity to be reused [11]. Therefore, the immobilized
biomolecules have important advantages over the
biomolecules in suspension, since it is not necessary
to continuously restore the biocatalyst, which has
economic benefits and it is relatively easy to recover
the enzymatic components at the end of any reaction.
In many cases, it is also possible to obtain higher
catalyst concentrations in the reaction mixture; and
additionally, the immobilized biomolecule could be
physically more stable than the one in suspension
[12, 13]. Various types of biomolecules have been
successfully immobilized by simple physical

@ Springer

adsorption or adsorption on functionalized nanos-
tructures such as polymers, biomolecules or surfac-
tants by means of covalent bonds [14-16].

The immobilization of enzymes on different types
of nanostructures is a research area that still presents
great challenges for practical implementation [12, 17],
where novel materials such as carbon nanostructures
that present biocompatibility, high stability, surface
area, and conductivity help enzymes to retain their
catalytic properties [18]. For that reason, with the aim
of developing a robust biocatalyst, an enzyme extract
was immobilized on the surface of two different
nanostructures, CNTs and CNSs. To analyze the
materials as catalytic supports, different characteri-
zations are made, using Raman and Fourier-trans-
form infrared (FTIR) spectroscopies, scanning
electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV)
method. In agreement with the structural and elec-
trochemical characterization, the CNSs present better
qualities as enzyme immobilization support, due to
their higher electrical conductivity, and lower crys-
tallinity enhancing surface oxidation that results in
more anchor points to the enzymatic support.

Materials and methods

Carbon nanostructures were synthesized by chemical
vapor deposition (CVD) in the Nanostructured
Materials Synthesis and Electrochemical Characteri-
zation Laboratory of the Center for Research and
Advanced Studies of the National Polytechnical
Institute (CINVESTAV) in Mexico. Raw enzyme
extract, obtained using fungal inoculum generation,
from fungal strains identified by phylogenetic anal-
ysis as Trametes versicolor (CMUTAOQ1) was donated
by Dr. Gerardo Vazquez Marrufo from the Michoa-
can University in Mexico. In agreement with the
study made by Vazquez, CMUTAO1 produces three
ligninolytic enzymes: laccase, manganese peroxidase
and lignin peroxidase [19]. Glutaraldehyde at 50%
from Sigma-Aldrich was used as a surface modifier to
immobilize the extracted enzymes onto the carbon
nanostructures surface. As working electrodes, there
were used cylindrical Graphite ST-21 bars of 3 mm of
diameter supplied by Bay Carbon, Inc. The elec-
trolyte was 0.1 M phosphate buffer solution (PBS)
prepared with Na,HPO, and KH,PO, at pH value of
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6.5. The EIS and CV characterization were carried out
in a solution 5 mM of Kj[Fe(CN)gl/Ky[Fe(CN)¢] in
0.1 M KCl as electrolyte.

For the FTIR analysis, a Bruker IR Tensor 27
spectrophotometer was used with a wavenumber
range of 400 to 4000 cm ™', using 24 swept cycles and
4 cm™" of resolution. Raman spectroscopy was per-
formed using a Lab RAM HR Evolution Raman
spectrometer from Horiba. For the Raman measure-
ments, a He-Ne excitation laser of 632.8 nm was
used, with 2 mW of power through 50X LD lens and
2 pm spot to avoid photodecomposition of the sam-
ples. Morphology and surface composition were
characterized by JEOL Scanning Electron Microscope
JSM-7600F. For the electrochemical measurements,
EIS and CV were performed with a Potentiostat/
Galvanostat/ZRA, Gamry Instruments, Inc. All
experiments were carried out with a conventional
three-electrode system in a glass electrochemical cell,
working with a graphite electrode, coated with dif-
ferent composites. The counter electrode was a plat-
inum wire. A saturated calomel electrode (SCE) was
used as reference electrode. All experiments were
performed at room temperature.

Catalyst support preparation

Carbon nanostructures were synthesized by the CVD
process using an iron—cobalt (Fe-Co) powder alloy
prepared by the sol-gel process and using silica as
support. The ratio silica/catalyst was 50/50 (w/w).
Acetylene was used as gas precursor. At a tempera-
ture of 700 °C and by controlling the decomposition
of carbon over the metal catalyst; the carbon nanos-
tructure-morphology can be modified [20, 21]. A flow
rate of 1.0 sccm of the gas precursor produces CNTs,
while 0.5 sccm of the precursor gas produces CNSs.
The prepared CNTs had an average diameter of
about 30 nm and the CNSs 100 nm.

Functionalization of CNTs and CNSs

It was necessary to functionalize the carbon nanos-
tructures for attaching the enzymes. For that reason,
an adaptation of the procedure described by Raghava
et al. [20] was implemented. The CNTs and CNSs as
prepared were dispersed on a mixture of concen-
trated acids of H,SO,/HNOj (3:1 v/v) and sonicated
at room temperature continually for 2 h. After that,
deionized water was added to the mixture of acids

and carbon nanostructures. The suspension was left
to rest overnight, and the next day the samples were
filtrated and rinsed with deionized water until neu-
tral pH was obtained. Finally, the samples were dried
during the night at 80 °C. Figure 1 shows a scheme of
the whole process of functionalization.

Covalent immobilization of enzymatic
extract onto CNTs and CNSs through
glutaraldehyde

The enzymes of the extract were immobilized on the
carbon nanostructures surfaces modifying the pro-
cess of Abraham et al. [22] and Verma et al. [23],
according to the next procedure: 5 mg/mL of acid-
modified CNTs and CNSs were suspended in
deionized water and sonicated for 30 min; then, a
solution 1% (w/w) of glutaraldehyde (GA) was
added. GA is generally a dependable material that
invariably gives high yields of immobilized protein
on the support. GA acts to cross-link the enzymes
with the superficial functional groups on the carbon
nanostructures. The mixture was sonicated again for
1 h, and the modified carbon nanostructures were
removed by centrifugation and rinsed with deionized
water. Later, the covalent binding of the enzymes to
the carbon nanostructures was achieved by incubat-
ing the activated supports with extract, suspending
the carbon nanostructures in the enzyme extract
solution at 25 °C for 1 h using a shaker at 250 rpm.
After that, all the enzymes that were not covalently

Figure 1 Graphic representation of the carbon nanostructures

Oxidation
H2SO4£HNO3

Oxidation

H2S04:HNO3

before and after being oxidized by acid treatment.
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bonded to the carboxylic groups were removed by
repeated washings with deionized water and the
PBS. The immobilization method described is illus-
trated in Fig. 2.

Results and discussion

An analysis of the carbon nanostructures was per-
formed using Raman spectroscopy to characterize the
structural, electronic and vibrational properties of
CNSs and CNTs. According to the literature, gra-
phitic carbon materials can be characterized by three
bands in the Raman spectrum. The first is the
D-band, known as “disorder induced.” That band is
attributed to the defects that the nanotube can contain
in the network and to the presence of impurities. That
band is located at ~ 1330 cm™' and corresponds to
the mode of Ag vibration. The second one is called
G-band, due to in-plane vibrations of sp? carbons or

-o/o

=@

Oxldatlon
H:SO£HNO;,

of enzymes on carbon nanostructures. After the oxidation process,
the functional groups are modified by the glutaraldehyde allowing
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Figure 2 Schematic representation of the covalent immobilization

stretching mode of C—C bonds and is located at 1580
to1600 cm ™. That band corresponds to the funda-
mental vibration (first order) of tangential elongation
and is assigned to the vibration mode E;g. The third
band is called G’-band and is located
at ~ 2660 cm™'. The G’-band corresponds to an
overtone of the D mode and usually decrease inver-
sely proportional with the number of graphene layers
[24, 25]. Additionally, from the relative intensity
between the D- and G-bands, the degree of graphi-
tization of the nanotube walls is determined, as well
as the presence of defects in the network thereof. The
intensity ratio between the Ip/I; bands is greater
than one which indicates the presence of defects
[26-28], where it is possible to attach the enzymes.
Figure 3 shows the comparative Raman spectra of
the carbon nanostructures, in their pristine form,
CNS-P and CNT-P, after the oxidation process, CNS-
O and CNT-O and after the functionalization with the
enzymes CNS-E and CNT-E. As it can be seen, for the

’
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a covalent bond between carbon nanostructures and the enzymes.
The circle with E represents enzymes.
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Figure 3 Raman spectra of CNTs and CNS after normalization of
curves. P, O and E refer to the pristine, oxidized and enzymes
covered nanostructures, respectively.

two nanostructures there are important changes in
the position, width and relative intensity of every
band, which depend on the acid treatment or the
attachment of glutaraldehyde and/or the enzymes.
As shown in Fig. 3, in their pristine form CNSs pre-
sent a broader D-band compared to CNTs which is
eliminated by the oxidation process. That broadness
is related to a greater superficial amorphism, and
accordingly, CNTs are more crystalline than CNSs.
Additionally, after the acid treatment, the number of
defects was increased, as can be seen from the
changes in the Ip/Ig ratio, which is good for
increasing the number of superficial sites where the
enzymes were attached. From the same figure, the
acid treatment generates superficial groups on both
nanostructures and reduces the number of walls,
causing a rise of G’-band on CNTs and the presence
of that band on CNSs. On the other hand, after
functionalization, important variations appear in the
D-band and G-band. Those bands are still present but
a big luminescent spectral involves them; this is
attributed to the presence of the enzyme extract over
both carbon nanostructures, CNTs and CNSs.

The FTIR spectra of CNT-P, CNT-O, CNS-P and
CNS-O are compared in Fig. 4. For CNT-P (4a), the
spectra did not show any band in comparison with
that of CNS-P (4c), which shows an intense band,
centered around 3428 cm™'. That band is associated
with stretching modes of the OH groups attributed to
the adsorbed water and carboxyl groups on the

d
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Figure 4 FTIR spectra of CNTs and CNSs before and after the
oxidation process. a CNT-P, b CNT-O, ¢ CNS-P and d CNS-O.

surface. That band appears from the beginning on the
surface of the CNSs which gives an idea of the great
number of defects of those structures when they are
synthesized. For the CNTs, that band appears after
the acid treatment. The band around 1633 cm™' is
due to the stretching of the carboxylic groups, C = O,
in both functionalized structures, CNT-O (4b) and
CNS-O (4d), which increased after the chemical
treatment. That fact is consistent with that reported
by Mao et al. [9], Schierz et al. [29] and Sun et al. [30].
On the other hand, the band at 1383 cm™! is associ-
ated with the stretching vibrations of the C-O group,
which is part of the carboxyl group [31, 32]. The
signals found for CNS-O are stronger when com-
pared to that of the CNTs spectra, where it is possible
to conclude that the surface of the CNSs is more
susceptible to the formation of carboxylic groups.
SEM characterization was used to observe the
morphology and to confirm the success of enzyme
immobilization on the carbon nanostructure surfaces.
A sample of CNTs and CNSs after the oxidation
process and after the enzyme immobilization was
dispersed in ethanol. A drop was deposited on a
small piece of silicon wafer and coated with a thin
layer of gold for improving the conductivity and to
prevent degradation of the enzymes of the extract by
means of the electron beam during the observation.
Figure 5a shows the SEM image of the CNT-O; where
no amorphous residues are present and the entan-
gled nanotubes are clearly distinguished. On the

@ Springer



Figure 5 SEM analysis of: a CNT-O, b CNT-E, ¢ CNS-O and d CNS-E.

other hand, Fig. 5b shows the image of the CNT-E
when the glutaraldehyde and the enzymes are
added; in that image, it is possible to see how the
nanotubes are completely covered by glutaraldehyde
and enzymes. The micrograph 5c shows clean
spheres which present some superficial irregularities
due to the oxidation process, CNS-O, while in Fig. 5d
similarly for the CNTs is observed the presence of
glutaraldehyde and enzymes on the surface of the
carbon nanospheres, CNS-E.

Figure 6 shows EDS analysis of CNTs and CNSs. In
Fig. 6a, the EDS analysis reveals the characteristic
carbon and oxygen signals, those belong to carbon
structure and the oxidation products (carboxyl
groups), CNT-O. The spectrum of Fig. 6b shows the
characteristic signals of sodium and phosphorus
which are related to the presence of the PBS on the
surface. Additionally, the changes on the carbon and
oxygen bands indicate the presence of the enzyme
extract over the carbon nanostructures, CNT-E. Fig-
ure 6¢ shows the EDS analysis for the oxidized car-
bon nanospheres, CNS-O where the oxygen signal is
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greater than that for CNT-O. That implies that more
functional groups were generated on the surface of
carbon nanospheres, consequently giving more
anchor points and therefore a greater quantity of
enzymes of the extract. That was confirmed by more
intense signals than that for CNTs in the EDS analysis
of Fig. 6d for sodium and phosphorus, CNS-E.

Enzymes are proteins that present highly selective
catalytic properties toward specific substrates.
Therefore, to analyze electrochemically the immobi-
lization of the enzyme extract over the carbon
nanostructures, the reaction redox KyFe(CN)g/Ks.
Fe(CN)s was used as a mediator. The kinetic process
of that reaction is fast and reversible and presents a
well-characterized electrochemical behavior.

The EIS was used to evaluate the changes in the
electrodes surfaces [33]. It is well known for EIS that a
semi-circular curve at high frequencies in the Nyquist
diagram is related to the electronic transfer, in other
words, gives kinetic information of the redox process
on the electrode surface. The Randles circuit (inserted
in Fig. 6) is chosen to fit the obtained impedance data



Figure 6 EDS analysis of: @) ¢
a CNT-O, b CNT-E, ¢ CNS-O
and d CNS-E.
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containing the electron transfer process (modeled as a
load transfer resistance, Rct) and the diffusion pro-
cess (modeling as the Warburg-type impedance, W).
The diameter of the semi-circle corresponds to the
interfacial electron transfer resistance (Rct). On the
other hand, the linear curve at low frequencies is
associated with the diffusion process [34]. Electro-
chemical impedance spectroscopy (EIS) results for
the materials of this research are presented in Fig. 7.
The EIS characterization shows the curves for the
graphite electrode covered by CNT-E, CNS-E and the
electrode with a mixture of the enzymes extract and
glutaraldehyde. The graphite electrode presents a
linear tendency caused by one step systems with no
resistance to the charge transfer process. After adding
the composite CNT-E in the transducer surface, a
short semi-circle appeared at high frequencies caused
by the increase in resistance interface (48.15 Q). In the
same way, when CNS-E were added to the electrode,
EIS spectra show a resistance variation at high fre-
quencies (27.40 Q), this is lower than that for CNT-E
and could be attributed to the spherical symmetry.
Besides, the composite extract/glutaraldehyde shows
a semi-circle explained by the non-conductive prop-
erties of the enzymatic extract. This produced an
increase in resistance to the transfer of 135 Q
[6, 34-36].

Cyclic voltammetry (CV) is a versatile electroana-
lytical technique which monitors redox behavior of

Z"" (Ohm)

Z'(Ohm)

Figure 7 EIS of a graphite bar electrode, b CNS-E, ¢ CNT-E,
d Enzyme extract mixed with glutaraldehyde. A solution 0.1 M
KCl and 5 mM of Kj3[Fe(CN)gl/K4[Fe(CN)s] was used as
electrolyte.
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chemical species within a wide potential range. In the
presence of an electroactive molecule a voltammo-
gram shows a characteristic signal due to the reduc-
tion and/or oxidation of the electroactive molecule.
Therefore, the redox reaction K,;Fe(CN)q/KsFe(CN)g
was used as mediator and KCl as supporting elec-
trolyte, the scan rate was 100 mVs ™" and the potential
ranged was -0.6 to 0.80 V.

Cyclic voltammograms obtained using 5 mM of
K3[Fe(CN)6l/Ky[Fe(CN)s] and 0.1 M KCI as elec-
trolyte and with a scan rate of 100 mVs .
(a) Graphite bar electrode, (b) CNS-E, (c) CNT-E
(d) Mixture of enzymes extract with glutaraldehyde.

Cyclic voltammetries for the different prepared
materials are shown in Fig. 8: over (a) the graphite
electrode, (b) the electrode with CNTs and extract,
CNT-E, electrode with CNSs and extract (c) CNS-E
and (d) a mixture of glutaraldehyde and the enzymes
extract. In the curves, it is appreciated only the well-
defined characteristic signals of the redox pair of
K Fe(CN)g/KzFe(CN)g and its classic reversible
behavior. Curve 8a shows the electrochemical
response over only the graphite electrode showing
similarities with those reported by Perenlei et al. [37].
After adding the extract, the current density increases
due to the high electrical conductivity of carbon
supports, but in CNS-E is higher than that of CNT-E.
That fact is attributed to the excess of carboxylic
groups present on the surface of that carbon nanos-
tructure which helped to increase the quantity of
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Figure 8 Cyclic voltammograms obtained using 5 mM of
K;5[Fe(CN)g)/K4[Fe(CN)g] and 0.1 M KCl as electrolyte at a
scan rate of 100 mVs~'. a Graphite bar electrode, b CNT-E,
¢ CNS-E, d mixture of enzymes extract with glutaraldehyde.



immobilized enzymes over the surface. The mixture
of glutaraldehyde and the enzymes extract over the
graphite electrode obtained the lowest current den-
sity due to the poor electrical conductivity which will
inhibit the catalytic response of this material.

Conclusions

The results demonstrate the use of two different
carbon nanostructures, CNTs and CNSs, as support
to immobilize the enzyme extract, for example, for
efficient development of biocatalysts. The enzymatic
electrode obtained showed high electroanalytical
efficiency for practical purposes. The correct immo-
bilization was due to the presence of carboxyl groups
occurred in the oxidation process, which was cor-
roborated by Raman, FTIR, SEM and EDS. On the
other hand, the results obtained by the electrochem-
ical characterization with the enzymes provided the
adequate immobilization of enzymes on CNSs and
CNTs for its potential applications as biocatalysts for
a delignification process, nano-biosensor or any other
application. Even more, in the comparison of both
carbon nanostructures, CNSs present better qualities
as support, due to their higher electrical conductivity,
lower crystallinity that helps to enhance surface oxi-
dation and more anchor points to the enzymatic
support. Furthermore, CNSs present the highest
current densities in the redox K Fe(CN)g/KzFe(CN)g
system in comparison with those obtained for the
other electrodes. In summary, CNSs improve the
transfer of electrons in the redox process, accelerating
the transfer of electrons between the electroactive
sites embedded in the enzymes and the electrode.
The results are excellent, considering that the process
for obtaining CNSs is easy to scale up and the
obtained quantity of CNSs is greater when compared
with the production of CNTs.
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