Int. J. Electrochem. Sci., 14 (2019) 8141 — 8160, doi: 10.20964/2019.08.55

International Journal of

ELECTROCHEMICAL

SCIENCE
www.electrochemsci.org

Electrocatalytic Oxidation of Methanol on NiMnsalpnY
Modified Glassy Carbon Electrode

Xia Hual, Zhihong Gao?, Yan Wang"*, Wenyang Wang?, Baocheng Wang?, Ruifeng Li*"

1 College of Chemistry and Chemical Engineering, Taiyuan University of Technology, Shanxi,
030024, China

2 College of Materials Science and Engineering, Taiyuan University of Technology, Shanxi, 030024,
China

“E-mail: wangyan@tyut.edu.cn, rfli@tyut.edu.cn

Received: 28 February 2019/ Accepted: 26 April 2019 / Published: 30 June 2019

Zeolite composite catalyst NiMnsalpnY prepared by the flexible ligand method is examined for its redox
process and electrocatalytic activities towards the oxidation of methanol. The methods of cyclic
voltammetry (CV), chronoamperometry (CA), chronocoulometry (CC) and electrochemical impedance
spectroscopy (EIS) are employed. The NiMnsalpnY composite system presents the characteristic of
quasi-reversibility, which can be anticipated for the Ni(III)/Ni(Il) couple. In the presence of methanol,
the NiMnsalpnY modified electrode, compared with other modified electrodes, reveals a significantly
higher response for the electrooxidation of methanol. The addition of a small amount of alloying element
Mn to pure Ni can greatly enhance the ability of methanol electrooxidation. The anodic peak currents
corresponding to methanol oxidation exhibit a linear dependency on the square root of the scan rate,
indicating a diffusion controlled process. The electrocatalytic peak currents are proportional to the
concentration of methanol, suggesting that the electrocatalytic oxidation of methanol at NiMnsalpnY/GC
electrode seems to be certain. The mechanism of electrocatalytic methanol oxidation based on the
electrochemical cyclic regeneration of Ni(III)Mn(III) active sites and their redox reaction with methanol
in subsequent process is discussed. The kinetic parameters such as the electron transfer coefficient « (the
value is 0.34) of the electrode reaction, the diffusion coefficient D (the value is 1.28x10® cm?s?) of
methanol and the catalytic rate constant keat(the value is 1.55x10%m3-mol*-s for the concentration of
0.5M methanol) have been derived. The resistance of the electrocatalytic oxidation system has been
investigated through the EIS regime.
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1. INTRODUCTION

There is during the years increasing interest in the electrooxidation of methanol because of the
development of direct methanol fuel cells (DMFC) as power sources for electronic devices [1-4]. The
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DMFC is a promising future technology as an alternative to the conventional energy-generating devices,
due to its high efficiency, very low pollution emissions, a potentially renewable fuel source, the ease of
fuel storage and distribution, the fast and convenient refueling as well as the simple operation [5]. The
low operation temperature of a DMFC (typically<95°C) allows for easy start up and rapid response to
changes in load or operating conditions [6-8]. Nevertheless, one of the problems unsolved in the
development of DMFCs is the slow kinetic of methanol oxidation on several electrode materials.
Considerable efforts have been directed towards the study of methanol electrooxidation at high PH based
on the assumption that electro-catalysis should be more facile in this alkaline medium [9, 10]. The use
of alkaline solutions in a fuel cell has many advantages such as the increased efficiency [11], almost no
sensitivity to surface structures [12], a wider selection of possible electrode materials and negligible
poisoning effects in alkaline solution [13].

The electrode material is a distinctly crucial factor where a highly efficient electrocatalyst is
needed in the electrochemical oxidation of methanol. Ni has commonly been used as an electrocatalyst
for both anodic and cathodic reactions in the oxidation of alcohols [14, 15]. The addition of small
amounts of alloying elements to Ni has shown a much improved electrochemical activity for the
oxidation of methanol in alkaline media in comparison to the pure Ni electrode [16, 17]. This effect is
motivated primarily from the anticipation of a synergistic electrocatalytic benefit from the combined
properties of the components of alloys. Ni-Mn alloys have been used as important electrode materials
because of their specific advantages such as lower poisoning effect, higher heat conductivity, greater
electrocatalytic activity and stronger resistance to corrosion in alkaline media [18].

Zeolite-modified electrodes have been widely studied and applied in electrocatalysis over the
past few years [19-22]. Zeolites, as the supporting materials for primary catalysts of methanol oxidation,
are indispensable to produce the high catalytic activity. Zeolites with large surface area and porous
structure are crucial to disperse catalyst particles and to reduce the catalyst loading under the condition
of keeping high catalytic activity. A large number of articles have given an account of the preparation
and the characterization of the transition metal Schiff-base complex modified zeolites [23-25]. The
potential use of zeolite encapsulated metal complexes as heterogeneous redox catalysts is a promising
area of research in redox catalysis [26-28]. It is predicted that the shape selectivity, electrostatics and
acid-base properties of the zeolites are expected to synergistically enhance the reactivity of the physically
entrapped complexes towards the redox reactions although the complexes will retain much of the original
homogeneous catalytic properties [29]. Moreover, the complex encapsulated in the pores of zeolites have
numerous advantages such as low mobility, high thermal stability, chemical stability and isolation from
other molecules by the zeolite lattice [30-32].

In this work, the electrochemical behavior and the electrocatalytic oxidation of methanol at
NiMnsalpnY/GC electrode in the alkaline solution have been studied by the methods of cyclic
voltammetry, chronoamperometry, chronocoulometry and electrochemical impedance spectroscopy. It
aims at the elucidation of the mechanism, the derivation of the kinetic parameters and the application of
the electrocatalytic oxidation process.
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2. EXPERIMENTAL

2.1 Reagent and apparatus

All chemicals and reagents used in this work were of analytical grade and used without further
purification. 0.1MNaOH aqueous solution for electrochemical experiments was prepared using double
distilled water. NaY was from the China Petroleum and Chemical Corporation and its ratio of SiO2/Al>03
is 5.6. Electrochemical measurements were carried out in a home-made one-compartment three electrode
cell on a CHI model 600B (Shanghai, China) electrochemical workstation. Bare glassy carbon electrodes
(GCEs, geometric area 0.0707cm?) and modified GCEs were used as the working electrodes. Pt plate
(2mmx7mm) served as counter electrode and saturated calomel electrode (SCE) used as the reference
electrode. High purity N2 regulated by a flow-meter was used to maintain the deoxygenated environment
in the measurement cell. All the experiments were performed at ambient temperature of 24+1°C.

2.2 Preparation of the NiMnsalpnY

NiMnY was prepared by ion-exchange method in a 0.01mol-L? solution composed of
Ni(CH3COO)2 and Mn(CH3COO): (the ratio of Ni/Mn is 9:1) at ambient temperature for three times
(each time for 24h). Then, the solid fraction filtered out from the solution was washed twice with the
deionized water and dried at 100°C for 12h. Encapsulation of metal complex was performed with the
flexible ligand method [33]. First, NiMnY was intimately mixed with an excessive amount of Schiff-
base ligands (niigand/Nmetar=3) in a crucible with cover. The complexation was carried out under high
vacuum condition for 24h at the temperature of 130°C for Hosalpn (Hzsalpn = N,N’-bis(salicylidene)-
1,3-diaminopropane) [34]. Uncomplexed ligands that adsorbed on the exterior surface of the complex
were removed by full Soxhlet extraction with acetone until the solvent was colorless. The extracted
sample was ion-exchanged with 0.1M NaCl aqueous solution to be removed of the uncoordinated Ni?*
and Mn?* before being washed with deionized water until no CI- could be detected with AgNO3 aqueous
solution.

X-ray powder diffraction patterns were recorded on a Rigaku Dmax/gA X-ray diffractometer with
Cu Ko radiation. Fourier transform infrared (FT-IR) spectra were measured by a Perkin- Elmer 1600
FT-IR spectrometer using the conventional KBr pellet method. Before measuring, the sample was
pretreated at 160°C for 6 h under high vacuum conditions. Field emission scanning electron microscopy
(FE-SEM, S-480011) was used to determine the crystallite size and morphology of the samples.

2.3 Preparation of modified electrode

Prior to each experiment, the glassy carbon electrodes were polished to a mirror-like surface with
alumina and water slurry on a polishing cloth and rinsed with distilled water. Then, the GCEs were
cleaned ultrasonically in acetone, absolute ethanol, HNO3-H20 (1:1, v/v) solution and double distilled
water in the sequence in order to eliminate any trace of polishing paste from the surface, and then dried
in the air before use.
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The modified electrodes were prepared through the procedure as described in the literature [35].
Typically, 30mg of NiMnsalpnY and 30mg of high purity graphite were dispersed in 1mL of
tetrahydrofuran (THF) ultrasonically to form a suspension. Then, 3.5uL of this suspension was pipetted
directly on the polished surface of the glassy carbon electrode and dried in the air at room temperature
for approximately 1h. The modified electrode was further coated by 10uL of polystyrene solution in the
THF solution and then dried overnight at room temperature. Thus, the NiMnsalpnY/GC modified
electrode was obtained. The preparation process of other studied electrodes in this work such as
NisalpnY/GCE, NiMnY/GCE, and graphite/GCE had the same procedure as that of NiMnsalpnY/GCE.

3. RESULTS AND DISCUSSION

3.1. Characterization of NiMnsalpnY

XRD patterns of NaY, NiMnY and NiMnsalpnY are shown in Figure 1A. As can be seen, the
peaks of the NiMnY and NiMnsalpnY samples both kept high correspondencewith the characteristics of
the mesoporous zeolite NaY crystal structure. What’s more, by comparison with mesoporous zeolite
NaY, zeolitic host of NiMnsalpnY exhibited no obvious broadening of peak width and no distinct
decreasing of relative intensity of the diffraction lines, demonstrating that the encapsulation of
NiMn(salpn) in mesoporous zeolite Y by the flexible ligand method has no significant effect on the
structure of zeolite Y.

IR spectra of NiMnY, NisalpnY, MnsalpnY and NiMnsalpnY are shown in Figure 1B. As can
be seen, framework vibration bands attributed to mesoporous zeolite Y decided the spectra below 1200
cm for all samples. Otherwise, the bands from 1200 to 1600 cm™ attributed to aromatic ring and C=N
vibrations of the salpn ligand could be clearly observed in the IR spectra of the NisalpnY, the MnsalpnY
and the NiMnsalpnY samples.
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Figure 1. (A) X-ray diffractograms of (a) NaA, (b) NiMnY and (c) NiMnsalpnY samples. (B) FT-IR
spectra of (a) NiMnY, (b) MnsalpnA, (c) NisalpnY and (d) NiMnsalpnY samples.

In contrast, these bands are absent in the spectra of the NiMnY. The ligand vibration bands in
the other regions are substituted by the presence of zeolitic vibration bands. This indicates an effective
evidence for the presence of transition metal complexes inside the cavity of zeolite Y in the NisalpnY,
the MnsalpnY and the NiMnsalpnYsamples.

Scanning electron microscopy (SEM) was conducted to analyze the surface structure of the
samples. Figure 2 shows the micrographs recorded for the NiMnsalpnY (Figure 2A) and the
NiMnsalpnY-graphite catalyst (Figure 2B). In Figure 2A, the sample of the NiMnsalpnY was round in
shape with rugged surfaces. The sizes of the crystals were in the range of 700 to 1000 nm. On the other
hand, Figure 2B shows the NiMnsalpnY at the electrode surface within the conducting graphite with
NiMnsalpnY:graphite ratio of 1:1.

Figure 2. (A) Scanning electron micrograph of NiMnsalpnY. (B) Scanning electron micrograph of the
NiMnsalpnY-graphite catalyst prepared with NiMnsalpnY :graphite ratios of 1:1.
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Elemental analysis of NiMnsalpnY is given in Table 1. The elemental analyses of the sample
revealed the presence of ligand with a C/N ratio roughly similar to that for neat complexes, and Ni:Mn
molar ratios in NiMnsalpnY was almost close to 4. The NiMnsalpnY had M/N molar ratio of 1.03, which
indicated that the total metal cations content and salpn ligands content were nearly equal to the
stoichiometric requirement.

Table 1.Elemental analysis of the NiCosalenA catalyst.

Sample C(wt%) N(wt%) Ni(wt%) Mn(wt%)
NiMnsalpnY  6.74 0.93 1.18 0.32

3.2. Electrochemical behavior of NiMnsalpnY/GCE

Figure 3A presents the typical cyclic voltammograms of the electrochemical behavior of the
NiMnsalpnY/GC electrode in 0.1MNaOH solution at different scan rates of 10-1500mV-s™. As can be
seen, the curves of CV reveal a nearly symmetric anodic and cathodic peaks which correspond to the
Ni(II)/Ni(I) redox couple. As the scan rates increases, the difference value of the peak potential
AEp(Epa-Epc) increase gradually whereas the formal potential E°(1/2(EpatEpc)) is almost equal to
constant, suggesting that the electron transfer process of the chemical system should be quasi-reversible.
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Figure 3. (A) Cyclic voltammograms of NiMnsalpnY/GCE in 0.1MNaOH solution at various scan rate
(from inner to outer): 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 120, 150, 200, 300, 400, 500, 700,
1000, 1250, 1500mV-s*. The inset B shows plots of anodic and cathodic peak currents versus

the scan rate at lower values (10-100mV s?). The inset C shows plots of anodic and cathodic
peak currents versus the square root of scan rate at higher values (120-1500mV-s™).

The peak currents are proportional to the scan rates in the range of 10-100mV-s? (Inset B),
indicating electrochemical activity of the surface confined redox process [36, 37]. Based on the slope of
these two lines and using the equation, it follows that:
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n*F*vAT,

P 4RT

where |, is the peak current, /¢ is the surface coverage of the redox species, A is geometric
area(approximate substitution of real area) of the electrode and the other symbols have their usual
meanings. Taking the average of both the anodic and cathodic results, the value of I is calculated to be
around 1.198x10®mol cm, corresponding to the amount of the electroactive ingredients of the
NiMnsalpnY glassy carbon electrode. In the higher potential scan rates of 120-1500mV s (Inset C), the
peak currents are linear dependency on the square root of scan rates, signifying the dominance of the
surface species during the diffusion controlled process [38].

3.3. Electrocatalytic oxidation of methanol at NiMnsalpnY/GCE

Figure 4A displays the cyclic voltammograms of the electrocatalytic oxidation of methanol at
NiMnsalpnY/GCE (curve d), NiMnY/GCE (curve c), pure graphite/GCE (curve b) and bare/GCE (curve
a) in the presence of 0.35M methanol in 0.1IMNaOH solution at the scan rate of 10mV s. The inset B
shows the CVs of NiMnY/GCE and NiMnsalpnY/GCE in blank NaOH solution at the scan rate of
50mV-st. The experimental results are derived based on the same amount of NiMn on the surface of
various electrodes. As can be seen, the methanol oxidation at bare/GCE and pure graphite/GCE is very
poor and it is impossible to get the oxidation peak.
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Figure 4. (A) Cyclic voltammograms of (a) bare/GCE, (b) graphite/GCE, (c) NiMnY/GCE, (d)
NiMnsalpnY/ GCE in 0.1MNaOH solution in presence of 0.35M methanol at the scan rate of
10mV-st. The inset (B) shows CVs of (c) NiMnY/GCE and (d) NiMnsalpnY/GCE in
0.1MNaOH solution in absence of methanol at the scan rate of 50mV-s™.

Nevertheless, at NiMnY/GCE and NiMnsalpnY/GCE the systems both exhibit an electrocatalytic
activity towards the oxidation of methanol, but the electrocatalytic oxidation peak of NiMnsalpnY/GCE
is more obvious and the peak current is much higher than that of NiMnY/GCE. These results clearly
suggest that the NiMnsalpnY composite material modified electrode could significantly improve the
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characteristic of methanol oxidation and it is the most active electrocatalyst among the four electrodes
under study. The better electrocatalytic activity of NiMnsalpnY/GC electrode for methanol oxidation is
attributed to the Hosalpn ligand is N-donor ligand. The formation of complexes coordinated by N-donor
ligand and the main catalyst (here pointing to Ni>* and Mn?*) can not only improve the catalytic activity
and selectivity of the main catalyst, but also play an important role in corrosion inhibition [39].
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Figure 5. (A) Cyclic voltammograms of (a) NiMnsalpnY/GCE and (b) NisalpnY/GCE in 0.1MNaOH
solution in presence of 0.35M methanol at the scan rate of 10mV-s*. The inset (B) displays CVs
of (a) NiMnsalpnY/GCE and (b) NisalpnY/GCE in 0.1MNaOH solution in absence of methanol

at the scan rate of 50mV-s™.

Figure 5A presents the cyclic voltammograms of NiMnsalpnY/GCE and NisalpnY/GCE in the
presence of 0.35M methanol at the scan rate of 10mV s*. The experimental results are obtained based
on the same amount of NiMn on the surface of different electrodes. It is observed that the peak current
density generated by NiMnsalpnY/GCE is higher than that generated by NisalpnY/GCE. Compared with
that at NisalpnY/GCE, the larger response at NiMnsalpnY/GCE is estimated to be the result of the
advanced adsorption of the methanol molecules at the Mn sites owing to a selected attraction through
the non-bonded electron pairs of the O-atom of methanol inserting into the partially vacant d-orbital of
the Mn species within the oxide film. The cyclic voltammograms of NiMnsalpnY/GCE and
NisalpnY/GCE in the absence of methanol at the scan rate of 50mV-s* are shown in the inset B. The
addition of the small amount of manganese in the alloy brings about the shift to the more negative
potential values for the Ni(IIT)/Ni(Il) couple. This shift is probably due to the overlapping of the waves
of Ni(III)/Ni(Il) and Mn(III)/Mn(II) couples and the increase of the charge-acceptance of Ni electrode
[40]. The entire behavior is in accordance with the data reported previously in the literatures [41, 42].
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Figure 6. (A) Cyclic voltammograms of NiMnsalpnY/GCE in 0.1MNaOH solution containing 0.05M
methanol at various scan rate (from inner to outer): 20-300mV s}(The interval is 10mV-s™). (B)
Cyclic voltammograms at the scan rate of 100mV s extracted from Figure 4 (A). The inset C
shows plots of lpa1 Versus the scan rate. The inset D shows plots of Ipa2 versus the square root of
scan rate at lower than 90mV-s™. The inset E shows plots of Epa2 versus Inv obtained from CVs.

Table 2. Comparisons of the peak potential (Ep) and the peak current density (J) reported for methanol
electrooxidation on various Ni based electrodes.

Electrode Ep (V) J (mA/cm2) v (MmV/s) Ref.
NiCo-CNFs 0.39 214 50 [43]
NiAl-LDH/GC 0.62 15.6 50 [44]
NiCu/GC 0.51 9.7 50 [45]
Ni-Co/GC 0.63 3.9 20 [46]
NP-NiCuP 0.35 3.6 10 [47]
NiCo/C-N/-CNT 0.52 10.2 50 [48]
NiCu-G 0.53 10.6 50 [49]
NiMg-salen-zeolite A 0.47 5.3 50 [29]
NiMnsalpn/Y 0.62 4.2 20 This work
NiMnsalpn/Y 0.67 10.8 50 This work

3CNFs, carbon nanofibers, "LDH, layered double hydroxide, °NP, nano particle, ‘CNT, carbon nanotubes,
G, graphene, fsalen, N, N’-bis(salicylidene)ethylenediamine, 9alpn, N,N’-bis(salicylidene)-1,3-
diaminopropane.
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The electrocatalytic performance of NiMnsalpn/Y is listed in Table 2, including the peak
potential and the peak current density. Moreover, different electrodes containing Ni used for methanol
electrooxidation are also presented to make a comparison between the reported results and the outputs
in this work. Clearly, this electrode composed of NiMn complex with salpn ligands coated in Y zeolite
could exhibit favorable electrocatalytic activity on methanol oxidation, further serving as an efficient
electrode material for methanol electrooxidation.

3.4. The effect of scan rate on electrocatalytic methanol oxidation at NiMnsalpnY/GCE

Cyclic voltammograms of NiMnsalpnY/GCE in the presence of 0.05M methanol in a 0.1M
NaOH solution at various potential scan rates are illustrated in Figure 6A. In order to clarify the
electrocatalytic mechanism of methanol oxidation at NiMnsalpnY/GCE, the 0.1M NaOH solution
extracted cyclic voltammograms at the scan rate of 100mV s from main panel is shown in Figure 6B.
It can be seen clearly from Figure 6B that electrocatalytic process takes place at four potential regions
corresponding to the 0.1M NaOH solution four obvious peaks (a1, a2, 1 and c2). In the first region, an
anodic peak appearing at 0.553V (a1) signifies the oxidation from the Ni(I[)Mn(II) to the Ni(II[)Mn(III)
species. Methanol molecules adsorbed on the Ni(II)Mn(III) active site surfaces are oxidized by direct
electro-oxidation at higher potential corresponding to the peak az [46]. In the later process, the number
of active sites for methanol adsorption decreases and the intermediates and the products of the reaction
produce a poisoning effect, tending to decrease the overall rate of methanol oxidation [50]. Thus, the
anodic current passes through a maximum as the potential is anodically scanned. In the reverse half
cycle, the Ni(II)Mn(III) active sites for the adsorption of methanol are regenerated by power source as
a result of removing the intermediates and the products adsorbed on the Ni(III)Mn(IIl) active sites
surface [51]. In consequence, the current goes through the maximum as the potential is cathodically
scanned corresponding to the peak ci. In the end, a small cathodic peak c2 turns up signifying that the
active high valent metal species Ni(III) Mn(III) are reduced by methanol in the electrolyte solution.

Following, the mechanism of reaction process of the electrocatalystNiMnsalpnY which is
prepared by the complexation manner of congruent melting is represented. The actual ratio of Ni/Mn in
NiMnsalpnY/GCE is got to be 4:1 by the method of elemental analysis. The redox transition of nickel
species that presents in the electrocatalytic oxidation film is:

Ni(Il) — Ni(Ill) + & (1)

The adsorbed methanol is oxidized by direct electro-oxidation on the modified surface via the
following reactions. The intermediate of the reaction process turns into carbocation. With further
oxidation, the intermediate converts into methanol:

Ni(Ill)—methanol — Ni(Ill)—intermediates + ¢ (2)

Ni(IlI)—intermediates — Ni(Ill)—products + ¢~ (3)

Ni(IID) sites are regenerated by power source in the subsequent processes:

Ni(Ill)—intermediates — Ni(IIl) + intermediates (4)
Ni(Ill)—products — Ni(Ill) + products (5)



Int. J. Electrochem. Sci., Vol. 14, 2019 8151

Ni(III) is reduced by methanol in the electrolyte solution in the end:
Ni(IIT) + methanol — Ni(Il) + intermediates (6)
Ni(III) + intermediates — Ni(Il) + products (7)

The products of reaction (6) and (7) (here pointing to Ni(Il)) serve as the reactants of reaction
(1). In this way, the reaction process of electrocatalytic oxidation goes on circularly.

Furthermore, it can be distinctly observed from the main panel of Figure 6A that the peak currents
corresponding to the oxidation of metal species (peak ai) enhance obviously with the increasing scan
rates and have a linear dependency on the scan rates as shown in Figure 6 (C), suggesting the surface
confined redox process. The peak currents corresponding to the oxidation of methanol (peak az) are
linear proportional to the square root of the scan rates at lower scan rates than 90mV-s as displayed in
Figure 6D, indicating that the oxidation of methanol at the modified electrode is controlled by the
diffusion of methanol from the solution to the surface redox sites [50]. At higher scan rates, the increment
of the peak currents of methanol oxidation presents a decreasing tendency gradually and the peak a.
disappears completely at higher scan rates than 300mV-s%. This phenomenon indicates that the catalytic
oxidation of methanol is much slower than the electrooxidation of metal species to higher valence state
[45]. The oxidation of methanol on NiMn alloy may be a slow process. Thus, slow scan rates are suitable
to obtain the high sensitivity or the low detection limits for the analytical purposes. Moreover, with the
increasing potential scan rate the anodic peak potentials for both the peak a; and the peak a. shift to the
positive potentials, while the cathodic peak potential for the peak c: shifts to the negative potential. This
result suggests that there is a kinetic limitation in the reaction between the redox sites Ni(III)Mn(III) and
methanol. Figure 6E shows that the anodic peak potential for the peak a, presents a linear dependency
on the natural logarithm of the potential scan rate. For the irreversible-diffusion controlled reaction, the
value of electron transfer coefficient can be obtained from the following equation [52]:

Ep = (ﬂJln v +constant
nakF

where Ep, a, and v represent anodic peak potential, electron transfer coefficient and scan rate
respectively. Using the slope of this line in Figure 6E, the value of a is calculated to be 0.34. The data
reveals a higher electron transfer rate compared with that of the pure Ni electrode (ani=0.16) in the film
of methanol electrooxidation.
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Figure 7. (A) Cyclic voltammograms of NiMnsalpnY/GCE in 0.1MNaOH solution in presence of (a)
0.05M, (b) 0.1M, (c) 0.2M, (d) 0.35M, (e) 0.5M, (f) 0.7M, (g) 0.9M of methanol at the scan rate
of 10mV s, The inset B shows the plots of catalytic peak potential versus the concentration of
methanol. The inset C shows the plots of catalytic peak currents normalized to the electrode

surface coverage versus the concentration of methanol for (a) NiMnsalpnY/GCE and (b)
NisalpnY/GCE.

3.5. Effect of methanol concentration

The cyclic voltammograms of NiMnsalpnY/GC electrode in the presence of various
concentration of methanol (0.05M-0.9M) in a 0.1M NaOH solution at a potential scan rate of 10mV s*
are displayed in Figure 7 A. As can be seen, the electrocatalytic peak presents a positive shift in the peak
potential, and the peak potential is linear dependency on the concentration of methanol as shown in the
inset B. The electrocatalytic peak currents increase obviously, which are followed by the decreasing
cathodic peak currents with the increasing concentration of methanol. The decreasing cathodic currents
ensue the oxidation process in the reverse cycle indicate the incapability of reducing the entire high
valent metal species formed in the oxidation cycle and that the rate determining step certainly involves
the effect of methanol. The inset (C) demonstrates a correlation between the electrocatalytic peak
currents normalized to the electrode surface coverage and the concentration of methanol. The curve a
and curve b represent NiMnsalpnY/GCE and NisalpnY/GCE respectively. As can be observed, the
electrocatalytic peak currents generated by the NiMnsalpnY/GC electrode are linear proportional to the
concentration of methanol. The detection limit is 281.54mM (3o/s, where o is the standard deviation of
the intercept and s is the slope of curve a [53]). It implies that any increase in the concentration of
methanol brings about an almost proportional linear enhancement of the electrocatalytic currents. That
is to say, electrocatalytic oxidation of methanol at the NiMnsalpnY/GC electrode seems to be certain.
However, at the NisalpnY/GC electrode, the electrocatalytic currents are proportional to the methanol
concentration below 0.35M. At a higher concentration, probably all the Ni(IIl) catalytic active sites are
saturated and then the value of peak currents tends to be constant. This phenomenon indicates that the
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addition of small amounts of alloying element Mn to Ni can significantly enhance the ability of methanol
electrooxidation in comparison to the pure Ni-based electrode, which is due to the synergistic
electrocatalytic effect from the combined properties of the Ni and Mn of alloys.

3.6. Chronoamperometric studies
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Figure 8. (A) Chronoamperogram of NiMnsalpnY/GC electrode in absence (a) and presence various
concentration of methanol in the range of 0.05M-0.9M (b-h). Potential steps were 660 and
300mV, respectively. (B) Dependency of net current on t*2 for (a) OM, (d) 0.2M, (f) 0.5M
methanol. (C) Dependency of Ica/ILon t¥2 for 0.5M methanol.

Chronoamperometry is employed for the investigation of the kinetics of electro-catalytic
oxidation of methanol at the NiMnsalpnY/GC electrode. The catalytic rate constant as well as the
diffusion coefficient of methanol can be evaluated from the chronoamperometric regime. Figure 8A
presents the double step choronoamperograms for NiMnsalpnY/GCE in the absence (a) and presence (b-
h) of various concentration of methanol with applied potential steps of 660mV and 300mV, respectively.
The forward currents increase gradually with the increasing concentration of methanol, while the
backward currents are negligible when the potential is stepped down to 300mV. The result indicates that
methanol oxidation is an irreversible process [38]. Figure 8B shows the net current is linear dependent
on the inverse of the square root of time. The net current is determined by the point-to-point subtraction
of the forward current found for the bare glassy carbon electrode from that for the NiMnsalpnY/GCE in
the presence and absence of methanol. The process of methanol oxidation accords with the near
Cottrellian behavior which can be explained by the diffusion-controlled process in the film [54]. The
value of diffusion coefficient is determined by the Cottrell equation:

I, = NFADY?cz Y%t ¥?

where D is the diffusion coefficient (cm? s), A is the geometric area (approximate substitution
of real area) of the electrode (cm?), c is the concentration of methanol (mol cm) and n is the total number
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of electrons transfer in the oxidation of methanol. Using the slope of I versus t*2 relationship, the
value of D is calculated to be 1.28x10® cm?s™. Figure 6C displays lcat/IL is linear proportional to the
square root of time. When the oxidation current is dominated by the rate of electrocatalytic reaction of
methanol, the relationship of Ica/lL with respect to t*2 can be written as follows [55]:
Yo _ gy ety

IL

where lcat and I are the catalytic currents in the presence of methanol and the limit current in the

absence of methanol respectively. ke, Co and t are respectively the catalytic rate constant (cm®mol?-s°
1), concentration of methanol (mol-cm™) and time elapsed (s). From the slope of lca/lL With respect to
t2, the catalytic rate constant ks is obtained to be 1.55x10* cm®mol™-s* for the concentration of 0.5M
methanol.
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Figure 9. (A)Chronocoulomograms of NiMnsalpnY/GC electrode in absence (a) and presence of various
concentration of methanol in the range of 0.05M-0.9M (b-h). Potential steps were 660 and
300mV, respectively. (B) Dependency of net current on t*2 for (b) 0.05M, (d) 0.2M, (f) 0.5M
methanol. Pulse width: 20s.

3.7. Chronocoulometric studies

Chronocoulometry is also used to further verify the Kinetics of electrocatalytic oxidation of
methanol at the NiMnsalpnY/GC electrode. Figure 9A shows the double steps chronocoulomograms for
NiMnsalpnY/GCE in the absence (a) and presence (b-h) of various concentration of methanol with
applied potential steps of 660mV and 300mV, respectively.
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Figure 10. Nyquist diagrams of NiMnsalpnY/GC electrode recorded (A) at the oxidation peak potential
660mV and (B) at the low overpotential 460mV in 0.1MNaOH solution in presence of different

concentration of methanol: (a) 0.05M, (b) 0.1M, (c) 0.2M, (d) 0.35M, (e) 0.5M, (f) 0.7M and (g)
0.9M.

The forward and backward potential step chronocoulometry in absence of methanol presents an
almost symmetrical shape, indicating that almost equal charges are consumed for the oxidation and
reduction of the surface confined Ni(III)/Ni(I) and Mn(IIl)/Mn(Il) sites. Moreover, the large
enhancement of charge and the appearance of a nearly flat line on reversal of the potential scan in the
presence of methanol suggest that the electrooxidation process of methanol is irreversible [56].

Furthermore, chronocoulometry is also used to estimate the diffusion coefficient of methanol.
Figure9 (B) displays that the net charge with respect to the square root of time after removing the
background charge presents a linear dependency. The charge response under diffusion control is

described by Cottrell equation [56]:
Q... = 2nFAcD"?z ¥*Y?
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where D is the diffusion coefficient (cm?-s™) and Qne is the net charge (mC) after removing the
background charge. From the slope of Qnet-t*2, the value of D is calculated to be 1.56x108 cm?-s%, which
is very close to the value obtained from the double step chronoamperometry.

3.8. Electrochemical impedance spectroscopy

In order to illuminate the resistance of the electrocatalytic oxidation system, the electrochemical
impedance spectroscopy (EIS) is carried out. Figure 10A and B present the Nyquist diagrams of
NiMnsalpnY/GC electrode recorded at the oxidation peak potential and the low overpotential
respectively as dc-offset for various concentration of methanol (0.05M-0.9M). The Nyquist diagrams
consist of two slightly depressed overlapping capacitive semicircles in the high and low frequency sides
of the spectrum. The depressed semicircle corresponding to the high frequency region can be ascribed
to the combined action of solution resistance, charge transfer resistance and double layer capacitance.
The depressed semicircle in the low frequency region is attributed to the adsorption of the reaction
intermediates and the products on the electrode surface [57].

Qdl Qads

Rct Rads

Figure 11. Equivalent circuit compatible with the Nyquist diagrams in Figure 8 for methanol
electrooxidation at NiMnsalpnY/GC electrode.

Table 3.Equivalent circuit parameters fitted in the Nyquist diagrams of Figure 8A and the corresponding
relative errors.

Cretranol (M) Rs(Q) Ret(Q) QdI(F) Qads(F) Rads(Q) Ny N2
0.05 117.6 (1.5%) 4499 (0.96%) 0.58464(1.32%) 0.51735(1.26%) 822.7(5.13%)  0.85 (0.21%) 0.8 (0.23%)
0.1 114 (2.11%) 3346 (0.78%) 0.65119(1.53%) 0.73455(2.12%) 798.7(5.47%) 0.8 (0.31%) 0.75 (0.33%)
0.2 1115 (1.47%) 3263 (0.43%) 0.76748(1.47%) 0.99144(2.56%) 692.7(6.62%) 0.8 (0.24%) 0.78 (0.28%)
0.35 109.4 (3.13%) 2506 (0.24%) 0.81221(1.52%) 1.04(2.84%) 4729(5.77%) 082 (0.19%)  0.82 (0.21%)
05 96.23 (2.35%) 1145 (0.51%) 0.87516(1.61%) 1.051(2.91%) 447 5(4.93%) 0.8 (0.31%) 0.8 (0.33%)
07 105.3 (1.27%) 929.7 (0.76%) 0.9497(2.12%) 1.117(3.24%) 369.7(7.13%)  0.83 (0.52%) 0.81(0.43%)
0.9 105.7 (1.52%) 561.4 (0.66%) 1.008(1.45%) 1.218(3.67%) 239.8(6.28%) 0.79(0.27%) 0.75(0.32%)
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Table 4. Equivalent circuit parameters fitted in the Nyquist diagrams of Figure 8B and the corresponding
relative errors.

Conethanol (M) Rs(Q) Ret(Q) QdI(F) Qads(F) Rads(Q) ny N2
0.05 106.1 (1.2%) 1840 (0.91%) 0.75219((1.35%) 0.55856(2.11%) 1408(4.75%) 0.85 (0.13%)  0.93 (0.21%)
0.1 101 (2.26%) 1016 (0.55%) 0.78(1.46%) 0.71862(2.46%) 1324(4.86%) 0.86 (0.22%) 0.91(0.28%)
02 108.3 (1.56%)  867.3 (0.38%) 0.86929(1.75%) 0.99235(2.16%) 970.89(5,53%) 0.83 (0.17%) 0.93(0.33%)
0.35 113.3 (347%)  746.8 (0.45%) 0.87914(1.36%) 1.332(2.36%) 888.45(5.27%) 0.84 (0.16%) 0.92(0.35%)
05 1105 (223%)  612.1 (0.62%) 0.88882(1.46%) 1.494(2.77%) 576.45(7.32%) 0.86(0.23%) 0.91(0.31%)
07 111.3 (1.35%)  550.2 (0.76%) 0.9713(2.41%) 1.507(2.84%) 428.9(6.27%) 0.86(0.31%) 0.94(0.38%)
0.9 116.6 (1.45%)  427.9 (0.63%) 1.007(1.84%) 1.991(2.96%) 176.6(4.96%) 0.87(0.27%) 0.96(0.29%)

The equivalent circuit compatible with the Nyquist diagram in presence of methanol is presented
in Figure 11. On account of the inhomogeneous distribution caused by the microscopic roughness in the
solution resistance as well as in the double-layer capacitance [57], it is necessary to replace the capacitor
C with a constant phase element Q (CPE) in this equivalent circuit. Every electrical element shown in
this equivalent circuit has its specific meaning. Rs, Ret and Qqi signify solution resistance, charge transfer
resistance and a constant phase element corresponding to the double layer capacitance. Rags and Qads
represent the resistance and constant phase element related to the adsorption of reaction intermediates
and products. Table 3 and Table 4 show the values of equivalent circuit elements obtained by fitting the
experimental results. The trueness of the fit can be judged by the estimated relative errors as presented
in the parentheses. As can be seen from Table 3 and Table 4, the value of Rs corresponding to the solution
resistance has not changed much, demonstrating that the increasing concentration of methanol has not
had a big effect on the solution resistance.
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Figure 12. Dependency of Rct on methanol concentration derived from the data of Nyquist diagrams in

Figure 8B.
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Moreover, with the enhancement of methanol concentration the value of R¢ presents a descend
trend. Figure 12 shows the charge transfer resistance Rcidependency on methanol concentration, where
an initial sharp drop is terminated to a very slow decline as the concentration of methanol is increased
above 0.2M. The charge transfer resistance of the electrode reaction has a simple physical meaning
suggesting how fast charge transfer occurs on the surface of the electrode during the electrocatalytic
oxidation of methanol. Based on the results, it can be concluded that a greater concentration of methanol
is helpful to obtain faster charge transfer rate.

4. CONCLUSIONS

In this work, the type Y zeolite composite catalyst NiMnsalpnY is synthesized by the flexible
ligand method and then coated onto the glassy carbon electrodes to form a stable film. The prepared
modified electrodes are tested for their electrocatalytic oxidation of methanol by the methods of cyclic
votammetry (CV), chronoamperometry (CA), chronocoulometry (CC) and electrochemical impedance
spectroscopy (EIS). The experimental results of CV regime show that the NiMnsalpnY composite film
has a good electrocatalytic activity towards the oxidation of methanol in alkaline solution. More
specifically, the response for methanol electrooxidation at the NiMnsalpnY modified electrode is
significantly larger than the response obtained for the pure Ni modified electrode. The anodic peak
currents corresponding to methanol oxidation reveal a linear dependency on the square root of the scan
rate, suggesting the dominance of the methanol diffusion. The mechanism of electrocatalytic oxidation
of methanol based on the electrochemical cyclic regeneration of Ni(II[)Mn(III) active sites and their
redox reaction with methanol in subsequent process has been discussed by studying the effect of the
potential scan rate and methanol concentration on the electrocatalytic current. Both the CA and CC
regimes exhibit that the oxidation of methanol is an irreversible process and a diffusion controlled
process. These results are in agreement with those obtained from CV regime. The Kinetic parameters
such as the electron transfer coefficient («), the diffusion coefficient of methanol (D) and the catalytic
rate constant (kcat) are determined. The experimental results of the EIS regime obtained by fitting the
electrical circuit compatible with the Nyquist diagrams indicate that the electrical elements in the system
of methanol oxidation consist in two vital and influencing factors, namely charge transfer and adsorption.
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