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Nickel doped metal-organic frameworks MIL-110 catalysts were prepared by impregnation method.
The as-prepared Ni/MIL-110 catalysts with different Ni content (10 wt.%, 20 wt.% and 30 wt.%) were
characterized by XRD, SEM, elemental distribution analysis, N2 adsorption-desorption and TEM.
Ni/MIL-110 modified glassy carbon electrodes were employed to investigate the methanol
electrooxidation reaction (MOR) in 0.1 M NaOH by cyclic voltammetry (CV) and chronoamperometry
(CA). Ni/MIL-110 shows good electrocatalytic acidity toward MOR and MOR reaction is under
diffusion controlled. And the catalytic rate constant is calculated to be 0.96 x 10°cm?® mol* s by CA
analysis.
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1. INTRODUCTION

Energy crisis is a common problem faced by all countries in the world nowadays. Researchers
are trying to develop renewable energy sources or high efficient means of energy utilization to ease the
energy crisis. Fuel cells are the promising candidates for efficient energy storage and conversion.
Among various types of fuel cells, direct methanol fuel cells (DMFCs) have attracted enormous
attention due to their high power density, low-cost, low operating temperature and low pollution [1, 2].
Several technical obstacles need to be overcome before the commercialization of DMFCs. One
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example is the sluggish kinetics of the methanol oxidation reaction (MOR) on anode in comparison
with the oxygen reduction reaction (ORR) on the cathode in acid medium [3].The kinetics of MOR
with respect to Pt-based alloys have been extensively studied. It was found that the rate limiting
elementary step is the dehydrogenation of CH3zOH absorbed on the Pt sites in acidic environment [4-6].
In contrast, the electrocatalytic oxidation of methanol is kinetically faster in alkaline medium
[7].Therefore, the compatibility of ORR on cathode and MOR on anode could be improved. Moreover,
operating DMFCs in alkaline electrolytes offers other advantages such as low corrosiveness and less
sensitive to poisons [8, 9].However, the most commonly used costly Pt-based catalysts are suffering
from CO poisoning and the kinetics of methanol electrooxidation on Pt-based catalysts are still slow.
Therefore, it is imperative to develop low cost MOR catalyst with improved kinetics and low oxidation
overpotential.

In alkaline medium, many low cost non-noble transition metals such as Ni can be a promising
candidate as MOR catalysts on anode to replace the traditional used high cost Pt-based catalysts [10].
For preparation of electrocatalysts, porous materials such as zeolites [11], metal-organic frameworks
(MOFs)[12, 13] or zeoliticimidazolate frameworks (ZIFs)[14, 15] have been used as the supports due
to their large surface area and pore structure which benefit the dispersion of metal species and facilitate
the diffusion of electroactive species. Various kinds of nickel supported porous material have been
investigated as MOR catalysts and exhibit good electrocatalytic performance in alkaline electrolytes
[15-17].Recently, MOFs-derived materials have been widely investigated for electrochemical energy
conversion and storage due to their unique textural and physicochemical properties.

In this paper, porous Al-benzenetricarboxylates MIL-110 (MIL-110(Al)) were synthesized and
then nickel species were impregnated in the structure of MIL-110(Al) to fabricate Ni doped MIL-110
catalysts (Ni/MIL-110) for methanol electrooxidation reaction. The electrocatalytic activity of Ni/MIL-
110 was investigated by cyclic voltammetry (CV) and chronoamperometry in alkaline electrolytes.

2. EXPERIMENTAL

2.1 Preparation of Ni/MIL-110

Porous Al-benzenetricarboxylates (Al-BTCs) MIL-110 were synthesized from trimethyl 1,3,5-
benzenetricarboxylate (Mes-BTC, 98%), aluminum nitrate nonahydrate (Al(NO3)s: 9H20), sodium
hydroxide (NaOH, 4 M), nitric acid (HNOg3, 4 M) and deionized water described in the literature [18].
The reactant compositions were as follows: 1.0 AI(NO3)s- 9H20: 0.5 Me3-BTC: 2.3 NaOH: 310 H20.
All reactants all mixed thoroughly and then the pH was adjusted to 3.9 by using nitric acid. The
mixtures were transferred into Teflon autoclave, which was sealed and heated at 210°C for 3 h. After
crystallization, the autoclave was cooled down to room temperature and the solid products were
washed by deionized water to pH=7. Then the solid products were washed with N, N-
dimethylformamide (DMF) for 5 h to remove the unreacted Me3-BTC. Finally, the solid products
MIL-110 were recovered by filtration. Ni/MIL-110 catalysts were prepared by impregnation method.
Typically, certain amounts of MIL-110 samples and Ni(NO3)3-6H.0 was added in DMF solution and
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stirred for 3 h. Then Ni/MIL-110 catalysts were obtained after filtration and dried at 100 °C for 12 h.
Ni/MIL-110 with different Ni content were denoted as xNi/MIL-110, where x indicates the weight
ratio of Ni/MIL-110.10%Ni/MIL-110, 20%Ni/MIL-110 and 30%Ni/MIL-110 were prepared for
further investigation.

2.2 Instrumental measurements

X-ray powder diffraction (XRD) patterns were measured on a SHIMADZU XRD-6000
diffractometer using Cu Ka radiation.The morphology and elemental analysis of Ni/MIL-110 were
measured by a HITACHI S—4800 scanning electron microscope (SEM) equipped with an energy
dispersive X-ray (EDX) analyzer. N adsorption-desorption isotherms were measured on
Quantachrome NOVA 1200 instrument at 77 K, and Brumauer-Emmett-Teller (BET) surface areas,
pore volume and pore size distribution of the samples were determined by analyzing N2 adsorption-
desorption isotherms.

2.3 Electrochemical measurements

Cyclic voltammetry (CV) and chronoamperometry (CA) were carried out by using a CHI-600B
electrochemical workstation. All electrochemical tests were conducted by using a three-electrode setup
with Ag/AgCl (3M KCI) as the reference electrode, Pt wires as the counter electrode and Ni/MIL-110
modified glassy carbon electrode (GCE, geometric area is 0.0707 cm?) as working electrode. Catalysts
inks were prepared by dispersing 1mg Ni/MIL-110 and 2 mg carbon black ultrasonically in 0.2 mL
isopropanol and 0.8 mL 0.05 wt.% Nafion solution. Then, 5uL catalysts ink was pipette directly on the
polished surface of GCE and dried in air to obtain Ni/MIL-110 modified GCE.

3. RESULTS AND DISCUSSION

3.1 Characterization of Ni/MIL-110
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Figure 1. XRD patterns of MIL-110(Al) and Ni/MIL-110 with different Ni contents.
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XRD patterns of MIL-110 and Ni doped MIL-110 are shown in Figure 1. Strong characteristic
diffraction peaks of the as-synthesized MIL-110(Al) could be observed which indicates MIL-110(Al)
has been synthesized successfully [18]. After impregnation procedure, the intensity of diffraction
peaks decreases dramatically along with Ni content increasing. The diffraction peak at 4.7° decrease
especially obvious and this peak even disappear when Ni content is more than 20%. Moreover, no
diffraction peaks of nickel species are observed in all samples, which indicates Ni are highly dispersed

in Ni/MIL-110 catalysts.
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Figure 2. N2 adsorption-desorption isotherms (A) and the corresponding pore size distribution curves
(B) of MIL-110 and Ni/MIL-110 with different Ni contents.
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Table 1. The structural parameters of samples obtained from N2 adsorption isotherm analysis.

3 .
Samples Seet(m?/g)  Smic(mM?/g) Pore volume (cn/g) Pore diameter
Vmic Vmeso (nm)
MIL-110 927 817 0.31 0.18 1.6
10%Ni/MIL-110 608 535 0.21 0.14 14
20%Ni/MIL-110 518 447 0.17 0.12 1.6
30%Ni/MIL-110 243 188 0.07 0.08 1.3

N2 adsorption-desorption isotherms of MIL-100 and Ni/MIL-110 are presented in Figure 2A.
All samples show typical type | isotherm at low relative pressure (P/Po< 0.1), suggesting all these
samples obtain microporous structures. From pore size distribution calculated by DFT model, it can be
seen that the microspore diameters of all samples are centered at ~1.5 nm. Furthermore, the structural
parameters of all samples are summarized in Table 1. The support MIL-110 shows high BET surface
area (927 m?/g). With the Ni doping content increasing, the BET surface area (Sget) and pore volume
decrease significantly to 243 m?/g and 0.15 cm®/g, respectively.
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Figure 3. SEM images of MIL-110 and Ni/MIL-110 with different Ni contents.
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Figure 4. EDS mapping analysis of 20%Ni/MIL-110.

The morphology of all samples are investigated by SEM and shown in Figure 3 MIL-110
exhibits sphere assembled by hexagonal prisms morphology. The hexagonal prisms morphology is
largely preserved on 10%Ni/MIL-110. However, with the Ni content increasing, the structure of MIL-
110 is partially collapsed and the hexagonal prisms morphology can hardly be observed. This result is
in consistent with XRD and N2 adsorption-desorption results. High Ni doping content could jeopardize
the structure and crystallinity of MIL-110 supports. Elemental mapping analysis of 20%Ni/MIL-110 is
exhibited in Figure4. The result further confirms Ni species are highly dispersed in MIL-110 support.

CVs of Ni doped MIL-110 and MIL-110 in 0.1 M NaOH with 0.1 M methanol at scan rate 10
mV/s are shown in Figure 5. CV of 20%Ni/MIL-110 in absence of methanol in 0.1 M NaOH
electrolytes is also shown in Figure 6. In alkaline electrolyte, a layer of Ni(OH). can be formed
spontaneously on the surface of Ni based catalysts [19]. According to literature report, two peaks at
low potential (~0.53 V) and at high potential (~0.74 V) on CVs of Ni based catalysts can be observed
which can be allocated to a-Ni(OH)2/NiOOH conversion B-Ni(OH)2/NiOOH conversion, respectively
[20]. However, only one peak in the anodic direction at 0.55 V can be observed on CV of 20%Ni/MIL-
110 in absence of methanol, and no significant oxidation peak of B-Ni(OH). can be observed on
20%Ni/MIL-110 in 0.1 M NaOH electrolyte. The peak at 0.55 V can be attributed to the oxidation of
a-Ni(OH)2 to nickel oxy-hydroxide (NaOOH) according the following reaction [21]:

a—Ni(OH),+OH™ < y—NIiOOH + H,O +e"

a — Ni(OH), + OH™ < y — NiOOH + H,0 + e~ 1)
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Figure 5. CVs of 10%Ni/MIL-110, 20%Ni/MIL-110, 30%Ni/MIL-110 andMIL-110 in 0.1 M NaOH
with 0.1 M methanol at scan rate 10 mV/s.

In alkaline electrolyte, a-Ni(OH). and B-Ni(OH). are oxidized to y-NiOOH and B-NiOOH,
respectively [21]. Compared with B-Ni(OH)2, a-Ni(OH)z is unstable and easily convert into B-Ni(OH)2
in alkaline media. However, a-Ni(OH). can be stabilized by introducing Al in the Ni(OH)2lattice [21].
Thus, the MIL-110 supports stabilizea-Ni(OH)2, causing the formation of y-NiOOH in Ni/MIL-110
catalysts. Meanwhile, a peak in the cathodic direction at 0.44 V can be attributed to the reduction of
NaOOH to Ni(OH)2[22]. At potentials higher than 0.8 V, oxygen evolution reaction (OER) occurs in
all catalysts which originates from OH-oxidation. In comparison CV of MIL-110 in 0.1 M methanol in
0.1 M NaOH, considerable anodic currents are observed on all Ni/MIL-110 catalysts which attribute to
the methanol electrooxidation. There is no obvious peak of methanol electrooxidation on CV of MIL-
110 could be observed. This result suggests NiOOH species work as the active sites for methanol
electrooxidation. At the reverse scan, there are oxidation peaks at ~0.68 V on CVs of Ni/MIL-110
which indicate the regeneration of active sites for methanol adsorption at higher potential value. The
reduction peaks at 0.44 V on CVs of Ni/MIL-110. However, the current values are much lower than
that on 20%Ni/MIL-110 in 0.1 M NaOH. The decrease of reduction current value is attributed to
partial consumption of y-NiOOH for methanol electrooxidation. From the above experimental result, a
plausible mechanism of methanol electrooxidation could be proposed as follows:

y —NIiOOH +CH,OH = Ni(OH) +intermediates/products

y — NiOOH + CH30H — Ni(OH) + intermediates/products 2

In this equation, the products of methanol electrooxidation include the intermediates/products
such as formaldehyde, carbonate and formateions[10].
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Table 2 presents the peak current density and the peak potential for methanol electrooxidation
on various Ni doped catalysts in previously reported literatures. In comparison with other Ni doped
porous materials (zeolites or Al,Oz), Ni doped MOFs (Ni/MIL-110) shows the highest current density
and the lowest peak potential which suggests Ni/MIL-110 could be a competitive candidate for
methanol electrooxidation in alkaline electrolytes. Among Ni/MIL-110 with different Ni contents,
20%Ni/MIL-110 exhibits the highest current density for methanol electrooxidation. 10%Ni/MIL-110
shows the lowest activity due to its relatively low Ni content. However, 30%Ni/MIL-110 exhibits
much lower activity toward methanol electrooxidation compared with 20%Ni/MIL-110 due to the fact
that its structure and Ni dispersion have been largely sacrificed during nickel doping procedure.

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

Electrodes (m A}]cmz) ES /S;/g\g’l) (m¥/ Is) References
Ni-P/CPE? 13.75 0.80 25 [23]
Ni-ZSM-5/CPE 9.2 0.72 20 [24]
Ni-Y/CPE 55 0.78 20 [25]
Ni-SBA-15/CPE 14.2 081 25 [16]
Ni-SBA-16/CPE  16.63 0.76 25 [26]
Ni-Al,0s/GCE 11.1 0.72 20 [17]
10%Ni/MIL-110 5.7 0.67 10 this work
20%Ni/MIL-110 14.4 0.70 10 this work
30%Ni/MIL-110 6.9 0.69 10 this work

4 CPE, Carbon Paste Electrode.

CVs of 20%Ni/MIL-110 in 0.1 M NaOH with 0.1 M methanol at different scan rates are shown
in Figure 6A. With the scan rates increasing, the anodic peak potentials shift to positive potentials and
the cathodic peak potentials shift to negative potential, which indicate a kinetic limitation k methanol
electrooxidation. Meanwhile, the plot of the anodic peak current (l,a) versus the square root of scan
rates (V) shows a linear dependence in scan rates of 1-150 mV/s (Figure 6B), suggesting the
methanol electrooxidation process is under a diffusion control rather than a surface control. A linear
dependence is also observed between in the plot of log Ipa versus log v (Figure 6C), and the slope is
calculated to be 0.352. In theory, a slope of log Ipa versus log v is 1.0 or 0.5, which is regarded as
methanol electrooxidation is under adsorption or diffusion controlled, respectively [16]. The slope of
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0.352 is obtained that is near the theoretically value of 0.5 for a diffusion controlled process. This
relatively low value indicates the charge transfer on Ni/MIL-110 is slow and methanol electrooxidation
is controlled by combined kinetic and diffusion limitation.
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Figure 6. (A) CVs 0f20%Ni/MIL-110 in 0.1 M NaOH with 0.1 M methanol at different scan rates
(from inner to outer): 1, 5, 10, 30, 50, 70, 100, 150 mV/s. (B) A plot of the anodic peak current
density (Ipa) Versus the square root of scan rates (v¥/?). (C) A plot of log Ipa versus log v.

The diffusion coefficient of methanol and the catalytic rate constant on Ni/MIL-110 modified
GCE have been measured by chronoamperometry method. Figure 7A shows the double-step
chronoamperograms by setting the potential of Ni/MIL-110 modified GCE at 700 mV (in first step)
and 300 mV (in second step) determined by the peak potential of redox process at various
concentrations of methanol. The plots of Inet(the net current density, obtained by subtracting the
background current) vs. t*2(Figure 7B) shows a linear dependence, which suggests a methanol
diffusion controlled behavior. The value of diffusion coefficient (D) is calculated to be 2.08x 10-3.cm?/s
by using the slope of Inetvs. t2modeled by Contrell equation[27]:

... =NFADY’cz"t ™V

Lyt = NFADY2c=1/2¢=1/2 (3)

where F is the Faraday’s constant, A is electrode area (cm?), ¢ is the concentration of methanol
(mol/L), n is the total number of electron transfer, D is the diffusion coefficient. In alkaline medium,
methanol oxidation is regarded through a four electron process on Ni based catalysts[28].Moreover,
the catalytic rate constant (kcat) of methanol oxidation is calculated from the following equation[27]:
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Inet/IL :”l/z(k Ct)]/z

cat
Ieat/1L = /2 (kcatCt)l/z (4)

wherelcaiand I are the current density in presence and absence of methanol, respectively. And
keat, C and t represent the catalytic rate constant (cm® mol™? s), methanol concentration (mol/L) and
time (s), respectively. The value of ke is 0.96 x 10°cm?® mol™ s'calculatedfrom the slope of Icat/lL vs.
t¥2 (Figure 7C). This result confirms that Ni/MIL-110 shows a good methanol electrooxidation
activity.
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Figure 7. (A) Chronoamperograms of 20%Ni/MIL-110 in 0.1 M NaOH solution containing (a) 0 M,
(b) 0.05 M, (c) 0.1 M, (d) 0.2 M methanol. Inset (B): Plots of net current lnetvs. t™2/2, derived
from the data of chronoamperograms. Inset (C): Plots of lca/lL vs. t¥2, derived from the data of
chronoamperograms.

4. CONCLUSIONS

Nickel doped MIL-110 catalysts have been prepared by impregnation method and have been
employed as the catalysts for methanol electrooxidation reaction (MOR). Ni/MIL-110 catalyst obtains
high surface area and high nickel dispersion. With nickel content increasing, the structure of MIL-110
has been partly destroyed due to high nickel doping content. Methanol electrooxidation behaviors have
been investigated by CVs and chronoamperometry methods. The results indicate a good activity
toward methanol electrooxidation in alkaline electrolytes and methanol oxidation is mainly under
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methanol diffusion control. Moreover, the catalytic rate constant of methanol electrooxidation is
obtained to be 0.96 x 10°cm?® mol* s by chronoamperometric analysis.
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