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Abstract Searching for non-noble metal catalysts with

high activities and low price is critical to the commer-

cialization of methanol oxidation in the process of fuel

cells. Herein, two new pseudo-isomeric Ni metal–organic

frameworks (Ni-MOFs) (CTGU-17/CTGU-18) have been

prepared with 1,4-naphthalenedi-carboxylate (H2NDC),

4,40-dipyridyl amine (DPA) and Ni(ClO4)2 under

hydrothermal condition. Each phase contains one water

molecule, but differs dramatically in its bonding to the

framework, resulting in different topological networks with

fourfold interpenetrating 4-connected dia net (CTGU-17)

and (3,7)-connected net (CTGU-18) and diverse electro-

catalytic performance for methanol oxidation reaction

(MOR). Remarkably, by combining each MOF with the

conductive additive, acetylene black (AB), a composite

material, AB&CTGU-18(2:4) was confirmed to have an

excellent performance for MOR with a high mass specific

peak current of 442.3 mA�mg-1. The enhanced electro-

catalytic activities and robustness might be attributed to the

synergetic effect of acetylene black and the active metal

centers of MOFs particles for methanol oxidation. The

present work would provide a new insight for the rational

design of MOFs-based composites with enhanced methanol

oxidation reaction performance.

Keywords Nickel(II); MOFs; Composite materials;

Electrocatalysis; Methanol oxidation

1 Introduction

Direct methanol fuel cells (DMFCs) have drawn much

attention toward mobile power source applications due to

their high energy conversion efficiency, low toxicity, low

operating temperature and easy storage and transportation

[1–7]. In addition, methanol is safer and cheaper than

hydrogen [8]; previous works have demonstrated that Pt

group noble metals are recognized to be an efficient elec-

trocatalyst with very high methanol oxidation reaction

(MOR) performance [9–15]. However, the use of noble

metals has been seriously restricted in DMFCs due to their

high cost, low abundance and weak ability of splitting C–C

bond [16–18]. Therefore, two key issues should be rea-

sonably addressed: One is the significant reduction in the

cost of the catalysts, and the other is substantial enhance-

ment of the anode operation durability and catalytic

activity [19, 20].

Up to now, various strategies aimed at designing and

tailoring of noble catalysts to achieve further improving

better electrocatalytic efficiency, activity and long opera-

tional stability. For example, Kang et al. [4] have reported

the well-defined Rh nanodendrites with very thin triangular

branches as subunits, which exhibited superior mass

specific peak current (255.6 A�g-1) and long durability

(6000 s) in an alkaline medium. Huang et al. [21] have

designed and measured MOR performance of Pt-Ni(OH)2-
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graphene ternary hybrids in alkaline, and these three

components have strong mutual interactions to enable

remarkable activity (1236 mA�mg-1 Pt) and unprecedented

durability. Although previous works have shown efficient

electrocatalytic performance, the use of noble metals can-

not be avoided. So, it is of great significance to search high

activity and low-cost non-noble electrocatalysts for pro-

moting the practical application of methanol fuel cell.

Recently, metal–organic frameworks (MOFs) have

drawn widespread attention on various electrocatalytic

processes, due to their controllable morphology, high

specific surface area as well as diverse topological net-

works constructed from different metal centers and specific

organic linkers [22–30]. Although nickel plays an impor-

tant role in the composition of various types of catalysts,

Ni-MOFs have hardly been studied in electrocatalyst

MOR. We have been committed to exploring nickel(II)

MOFs with different structures and research the correlation

between their structures and electrocatalytic properties.

In this work, two new pseudo-isomeric Ni-MOFs,

[Ni(NDC)(DPA)]�H2O(CTGU-17), and [Ni2(NDC)2(DPA)

H2O](CTGU-18)[H2NDC = 1,4-naphthale-nedicarboxy-

late, DPA = 4,40-dipyridyl amine], have successfully

designed and synthesized. And they were used for elec-

trocatalytic methanol oxidation reaction. Specially, the

integration of Ni-MOFs and acetylene black (AB),

AB&CTGU-18 (2:4) hybrid attains efficient electrochem-

ical MOR performance with an impressive mass specific

peak current of 442.3 mA�mg-1 in an alkali medium. The

enhanced electro- chemical MOR activity of this composite

could be attributed to the possible enhancement of surface

area active for the reaction and the improved Ni-MOF

conductivity provided by acetylene black incorporated.

2 Experimental

2.1 Materials and methods analysis

All the chemical and reagents were purchased commercially

and used directly without further purification. Fourier

transform infrared spectroscopy (FTIR) was carried out on a

Thermo Electron NEXUS 670 FTIR spectrometer. Powder

X-ray diffraction (PXRD) was recorded on a Rigaku Ultima

IV diffractometer (Cu Ka radiation, k = 0.15406 nm).

Thermogravimetric analysis was performed on a Netzsch

Model STA 449C microanalyzer in air atmosphere. The N2

adsorption–desorption isotherms were measured on an

automatic surface analyzer (SSA-7300). The morphologies

and microstructure were investigated using a field-emission

scanning electron microscope (FESEM, JEOLJSM-6700F,

Japan) operating at 15 kV and a transmission electron

microscopy (TEM, JEOLJEM-2010F) with an accelerating

voltage of 200 kV. X-ray photoelectron spectroscopy (XPS)

was performed using an ESCALAB 250 with a monochro-

matic Al Ka X-ray source. Methanol electrooxidation anal-

ysis was carried out on a CHI660E at room temperature.

2.2 Experimental details

2.2.1 Synthesis of [Ni(NDC)(DPA)]�H2O (CTGU-17)

A mixture of H2NDC (0.1 mmol, 21.6 mg), DPA (8.5 mg),

0.1 mol�L-1 Ni(ClO4)2 (2 ml), 0.1 mol�L-1 NaOH (3 ml)

and H2O (8 ml) was introduced in a 23 ml Teflon-lined

stainless steel vessel and then placed in an oven at 140 �C
for 3 days. Green block crystals were obtained. Yield: 39%

(based on H2NDC). Elemental analysis (%): cal. for

(C22H17N3NiO5): C 57.18, H 3.71, N 9.10; found: C 57.73,

H 3.87, N 9.53. FTIR (cm-1): 3482(w), 3417(w), 3237(w),

3158 (w), 3060 (w), 1600 (s), 1535 (s), 1461 (s), 1423 (s),

1365 (s), 1263 (w), 1209 (m), 1062 (w), 1022 (m), 842 (s),

786 (s), 673 (w), 595 (m), 534 (m) (s represents strong, w

represents weak and m represents moderate).

2.2.2 Synthesis of [Ni2(NDC)2(DPA)(H2O)](CTGU-18)

The synthesis procedure of CTGU-18 is similar with that of

CTGU-17, except that the amounts of DPA, Ni(ClO4)2 and

H2O were changed to 18 mg, 1 ml, 4 ml, respectively.

Yield: 52% (based on H2NDC). Elemental analysis (%):

cal. for (C34H23 N3Ni2O9):C 55.56, H 3.15, N 5.72; found:

C 55.87, H 3.49, N 5.97. FTIR (cm-1): 3470 (w), 3372 (w),

3074 (m), 1596 (s), 1515 (s), 1405 (s), 1353 (s), 1263 (m),

1213 (s), 1022 (m), 905 (w), 902 (w), 817 (s), 782 (s), 665

(w), 592 (m), 536 (w).

2.2.3 Preparation of AB&Ni-MOF hybrid composite

Firstly, the commercial AB powder samples (300 mg) were

boiled and washed in deionized H2O three times and then

dried in an 80 �C vacuum oven for 24 h. Secondly, the as-

synthesized crystals CTGU-18 (40 mg) were ground to

powder and then mixed with AB powder samples (AB) (10,

20, 30 and 40 mg) uniformly to obtain AB&CTGU-18

composites, denoted as AB&CTGU-18 (1:4), AB&CTGU-

18(2:4), AB& CTGU-18(3:4) and AB&CTGU-18 (4:4).

And the hybrid composites made from CTGU-17 and

acetylene black have been obtained via similar strategies as

mentioned above. Finally, the composites were confirmed

by PXRD, IR, XPS, SEM and TEM measurements.

2.3 X-ray crystallography

The crystal diffraction data for CTGU-17 and CTGU-18

were collected on a XtaLAB diffractometer at 293(2) K
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using CuKa radiation (k = 0.154184 nm). The program

CrystalClear was used for integration of diffraction data,

and the program SADABS was applied for an empirical

absorption correction. The final structure was solved using

Olex2 1.2 by direct methods and refined by the full-matrix

least-squares technique using SHELXL. All non-H atoms

were refined anisotropic thermal parameters. Hydrogen

atoms were generated geometrically and further refined

isotropically with specific thermal factors. The crystallo-

graphic data of CTGU-17 and CTGU-18 were deposited at

the Cambridge Crystallographic Data Center (CCDC Nos.

1870144 and 1870145). The crystallographic data and

corresponding partial bond lengths and angles for CTGU-

17 and CTGU-18 are summarized in Tables 1 [1–12, 22],

S1 and S2.

2.4 Procedure of methanol oxidation reaction

Electrochemical measurements were carried out in a three-

electrode cell with a solution containing 0.1 mol�L-1 KOH

and 1.0 mol�L-1 CH3OH. The working electrode is a

glassy carbon electrode (/ = 3 mm), the reference is Hg/

HgO electrode, and the counter electrode is platinum wire.

Before testing, the catalyst ink was prepared by mixing

4 mg catalyst with 2 ml H2O/EtOH (1:1 in volume ratio)

and sonicating 30 min. Then, 2 ll suspension was dropped

on the electrode and sealed by 1 ll Nafion solution (5 wt%,

from Aldrich). The electrode was kept at room temperature

and air-dried. The cyclic voltammetry (CV), chronoam-

perometric (I - T) and electrochemical impedance spec-

troscopy (EIS) were carried out on a CHI660E

electrochemical analyzer to assess the properties of catalyst

materials. Before electrochemical measurements, the GCE

coated with the as-prepared samples was electrochemically

activated with a potential cycling window ranging from

- 0.2 V to ? 1.2 V (vs. SCE) in 0.1 mol�L-1 KOH until

the as-obtained CV curves tend to coincide.

3 Results and discussion

3.1 Crystal structure of CTGU-17

Single-crystal X-ray structural analysis shows that CTGU-

17 crystallizes the orthorhombic system with Pbca space

group. The asymmetric unit contains one Ni2?, one

NDC2-, one neutral DPA ligand and one lattice water

molecule. Each Ni2? center is linked to four O atoms (O1,

O2, O3#1, O4#1; symmetry codes: #1: 3/2 - x, 1/2 ? y, z)

from two different H2NDC ligands and two N (N1, N3#2;

symmetry codes: #2: 1/2 - x, 1 - y, 1/2 ? z) atoms from

two DPA ligands (Fig. S1). The adjacent Ni2? centers are

bridged by the carboxylate groups of NDC2- anion with

l2 - g1:g1 mode to generate one 1D zigzag chain structure

view along b axis. These 1D chains are connected by two

DPA molecules to form ultimately single 3D frameworks

in the bc plane (Fig. 1a). When Ni2? centers could be

considered one 4-connected node, the NDC2- and DPA

molecules could be simplified as a 2-connected linker; the

whole structure of CTGU-17 can be represented as fourfold

interpenetrating 4-connected dia networks with point

symbol of (66) (Fig. 1b).

3.2 Crystal structure of CTGU-18

Although the similar synthetic procedure of CTGU-18 was

adopted, one new phase with different structures has been

obtained. CTGU-18 crystallizes in monoclinic crystal

system with P121/c1 group. Different with CTGU-17, in

each asymmetric unit, there are two crystallographic Ni2?,

two NDC2-, one DPA ligand and one coordinated water

molecule. Ni1 center adopts six-coordination distorted

octahedral geometry, which is ligated by five O atoms (O1,

Table 1 Crystal data and structure refinements for CTGU-17 and

CTGU-18

Compounds CTGU-17 CTGU-18

Formula C22H17N3NiO5 C34H23N3Ni2O9

Formula weight 462.08 734.95

Temperature/K 293(2) 293(2)

Crystal system Orthorhombic Monoclinic

Space group Pbca P121/c1

a/nm 1.3698(4) 0.79731(2)

b/nm 1.5851(2) 1.51426(3)

c/nm 1.7981(3) 2.35320(5)

a/(�) 90 90

b/(�) 90 97.511(2)

c/(�) 90 90

V/nm3 3.9042(13) 2.81672(11)

Z 8 4

Dcal./(g�cm-3) 1.572 1.733

R(int) 0.0360 0.0290

l/mm-1 1.801 2.250

F (000) 1904.0 1504.0

R1 I[ 2rðIÞ½ �a 0.0375 0.0362

wR2
I[ 2r Ið Þ½ �b 0.1036 0.0944

R1 (all data) 0.0404 0.0386

wR2
(all date) 0.1087 0.0960

GOF on F2 1.061 1.089

CCDC no. 1,870,144 1,870,145

aR1 ¼
P

ðjFoj � jFcjÞ=
P

jFoj

bwR2
¼

P
w Foj j2� Fcj j2
� �2

� ��
P

w Foj j2
� �2

� �� �1=2
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O2, O4#2, O5, O7#3; symmetry codes: #2: 1 - x, 1 - y,

1 - z; #3:1 - x, 0.5 ? y, 1.5 - z) from four different

NDC2- ligands and one N atom (N1) from a DPA mole-

cule. And Ni2 center shows similar octahedral geometry,

which is bonded with four O atoms (O2, O3#1, O6, O7#3;

symmetry codes: #1: - x, 1 - y, 1 - z; #3:1 - x,

0.5 ? y, 1.5 - z) from four NDC2-, one N atom (N3#4;

symmetry code: #4: - 1 ? x, 0.5 - y, - 0.5 ? z) from a

DPA molecule and one O atoms (O9#1) of coordinated

water molecule (Fig. S2). The Ni1 and Ni2 centers could be

bridged by carboxylate oxygen to generate

{Ni2(COO)4N2} secondary building unit. Finally, the

{Ni2(COO)4N2} units are extended by NDC2- and DPA

linkers to produce the 3D complicated frameworks along

b axis (Fig. 2a). Topologically, the NDC2- could be sim-

plified as a 3-connected node, the {Ni2(COO)4N2} units are

regarded as a 7-connected node, so the overall structure of

CTGU-18 has a rare (3,7)-connected (42�6)(410�611)topo-

logical net (Fig. 2b). On closer inspection, the amounts of

DPA, Ni(ClO4)2 and H2O have changed the self-assembly

mode of carboxylic acid and metal ions under similar

synthetic conditions. And water molecule differs

dramatically in its bonding to the framework, which

determines the formation of two new phases.

3.3 TGA, FTIR spectra and PXRD results

Thermogravimetric analysis (TGA) curve of CTGU-17

shows a weight loss of 4.1% (cal.: 4.3%) observed from

100 �C to 200 �C, due to the departure of free guest water,

and remains stable until 450 �C (Fig. S3a). TGA curve of

CTGU-18 shows that the decomposition of the framework

begins when the temperature rises above 450 �C (Fig. S3b).

Besides, CTGU-17, CTGU-18, AB&CTGU-17 and

AB&CTGU-18 were further investigated using FTIR

spectroscopy. As shown in Fig. S4, the wide stretching

vibration bands in the range of about 3400 cm-1 belong to

hydroxyl group of water molecules. The peak at about

1530 cm-1 could be attributed to the vibrations of C=O.

The spectra of AB&Ni-MOF and pure MOF sample are

similar, which confirms that the skeletons of two Ni-MOFs

are stable before and after composite formation. The main

PXRD peaks of the as-prepared CTGU-17 and CTGU-18

crystalline samples are identical with those of single-

Fig. 1 a View of 3D framework viewed along a axis; b fourfold 4-connected dia networks of CTGU-17

Fig. 2 a View of 3D framework viewed along b axis of CTGU-18; b topological networks with a (3,7-)connected net of CTGU-18
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crystal XRD, testifying the phase purity of the samples

(Fig. 3). Furthermore, the AB&CTGU-18 and CTGU-18

patterns reveal dispersing diffraction peaks at 25�, which is

attributed to the introduction of AB. Meantime, PXRD

measurement (Fig. 3) results show that CTGU-17 and

CTGU-18 keep high stability immersed in 0.1 mol�L-1

KOH for 24 h, also only the surface color of the crystal

shows slight changes after immersed in 0.1 mol�L-1 KOH

(Figs. S5, S6), and the single-crystal data have changed

little (Table S3). All these can prove that they should be

utilized as stable catalyst in alkaline media.

3.4 Morphological and structural results

Since CTGU-17 and CTGU-18 are pseudo-isomeric,

herein, only the morphologic and structural feature of

CTGU-18 and its composite was investigated by SEM and

TEM. TEM images show that CTGU-18 retains the crys-

talline block morphology (Fig. S7a). The selected-area

electron diffraction (SAED) pattern indicates that as-pre-

pared CTGU-18 sample possesses single-crystal charac-

teristic (Fig. S7b). Also, energy-dispersive spectroscopy

(EDS) elemental mapping confirms that the main elements

such as Ni, C and O have a uniform distribution in crys-

talline CTGU-18 (Fig. S7c, d). Figure 4a shows the rep-

resentative SEM image of AB&CTGU-18 (2:4).

AB&CTGU-18 composites have been constructed suc-

cessfully, and granular acetylene black is uniformly com-

pounded with CTGU-18 crystalline sample. To further

demonstrate the composite state of two phases, TEM

examination was also performed (Fig. 4b, c). TEM image

also reveals that AB&CTGU-18 consists of bulk CTGU-18

which is coated by well-distributed AB. To verify the

spatial distribution of the atoms, elemental mapping by

EDS was tested, which indicates the homogeneous distri-

butions of nickel, oxygen, carbon and nitrogen in com-

posite material (Fig. 4d). The atom dispersions of Ni, O

and N are shown to be concentrated in the MOF samples

region, while C atoms are uniformly distributed over the

entire material. The results further verify that CTGU-18 is

evenly integrated with AB. It is a good strategy to increase

conductivity and mechanical properties of MOFs by com-

bining with conductive materials.

Besides, XPS was carried out to understand composi-

tions and oxidation states of pure CTGU-18 and

AB&CTGU-18(2:4). Both pure CTGU-18 and composites

reveal similar binding energies in XPS spectrum. As shown

in Fig. 5a, the XPS survey spectra show the existence of

Ni, O, N and C in catalysts, matching with the chemical

composition of CTGU-18. However, the intensity of C 1s

for CTGU-18 is weaker than that for AB&CTGU-18 (2:4)

hybrid. This phenomenon can further indicate that the AB

is successfully integrated with CTGU-18. And the Ni 2p3/2

and Ni 2p1/2 peaks are centered at binding energies of

855.9 and 873.55 eV, respectively, which are characteristic

features of Ni(II) (Fig. 5b). Compared to pure CTGU-18,

the AB&CTGU-18(2:4) composite shows a negligible shift

of binding energies, indicating that the coordination envi-

ronment of Ni centers is barely modified after integration

of acetylene black. The Brunauer–Emmett–Teller (BET)

surface area and BJH pore size distribution were investi-

gated by N2 adsorption–desorption isotherms measure-

ments at 77 K (Fig. S8). The results demonstrate that

AB&CTGU-18(2:4) hybrid sample has a higher BET sur-

face area (13.976 m2�g-1) than the pure CTGU-18

(8.0478 m2�g-1). The enhanced surface area may be

attributed to the effective conjunction at the interface

between CTGU-18 and acetylene black. The high surface

Fig. 3 PXRD patterns of a CTGU-17, AB&CTGU-17, CTGU-17 and b CTGU-18, AB&CTGU-18, CTGU-18 after immersed in 0.1 mol�L-1

KOH for 24 h
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area can usually decrease the transportation/diffusion

resistance, which can facilitate to accelerate electron

transfer and the exposure of active sites during the MOR

process.

3.5 Electrocatalytic oxidation of methanol

The as-prepared pure crystalline catalyst loaded glassy

carbon electrode was evaluated to study their MOR

properties. All of the electrochemical testing was con-

ducted with a typical three-electrode system in a

0.1 mol�L-1 KOH aqueous solution containing

1.0 mol�L-1 methanol; the potential values were calibrated

by RHE. For eliminating the double-layer capacitor effect,

all test data were converted into mass activity. The CV

curves were expressed to assess the MOR activities of pure

MOF and AB&Ni-MOF hybrids. As shown in Fig. 6,

obviously, there is no oxidation peak for pure AB-modified

Fig. 4 a SEM image, b, c TEM images and d corresponding EDS mapping images of a part of AB&CTGU-18(2:4) composite, indicating

homogeneous distribution of Ni, O, C and N

Fig. 5 XPS spectra of CTGU-18 and AB&CTGU-18(2:4) : a survey and b Ni 2p

123 Rare Met. (2021) 40(2):489–498
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electrode in MOR process and also no redox peak in

0.1 mol�L-1 KOH electrolyte without methanol, which

indicates that AB only plays a role in enhancing conduc-

tivity and does not have MOR catalytic activity. By con-

trast, CTGU-18 exhibits higher MOR activity

(318 mA�mg-1) than CTGU-17 (281.25 mA�mg-1) at a

scan rate of 50 mV�s-1 (Fig. 6b). When the scan rates

increase from 20 mV�s-1 to 100 mV�s-1, the current den-

sity and mass activity of CTGU-18 obviously increase

(Fig. 6c, d). Moreover, the peak current densities of

CTGU-17 and CTGU-18 increase linearly with the square

root of the scan rate for sweep rates from 20 mV�s-1 to

100 mV�s-1 (Figs. S9, S10). This linear change is attrib-

uted to the electrochemical activity of the redox couple

over surface of the electrode that expedites speed of

reaction.

In order to further clarify the factors contributing to the

MOR activity of CTGU-18 crystalline sample, the CV

curves for series of hybrid samples made from CTGU-18 and

acetylene black were examined in 0.1 mol�L-1 KOH in the

presence of 1.0 mol�L-1 CH3OH. As shown in Fig. 7a, four

electrocatalysts exhibit typical methanol oxidation peak in

0.1 mol�L-1 KOH solution at a scan rate of 50 mV�s-1. As

expected, the AB&CTGU-18(2:4) hybrid sample obtains the

highest MOR activity (442.3 mA�mg-1), which is larger

than those of AB&CTGU-18(1:4) (333 mA�mg-1),

AB&CTGU-18 (3:4) (398 mA�mg-1) and AB&CTGU-

18(4:4) (382.5 mA�mg-1), and 1.39 times higher than that of

pure CTGU-18 (318 mA�mg-1) catalyst (Fig. 7b, Table 2).

For comparison, the CV for AB&CTGU-17(2:4) was also

assessed; it possesses smaller mass activity (409 mA�mg-1)

than AB&CTGU-18(2:4) (Fig. S11). The enhanced MOR

performance of the as-prepared AB&CTGU-18(2:4) sample

indicates relatively lower activation energy for MOR with

the integration of available acetylene black. Furthermore, the

current densities and the square root of the scan rate in the

range from 20 mV�s-1 to 100 mV�s-1 conform to a linear

relationship (Figs. 7c, S12), confirming that the oxidation of

methanol is regulated by the diffusion speed.

The durability and long-term activity of pure CTGU-

18 and composite electrocatalysts for MOR were studied

via chronoamperometry. And the chronoamperometric

curves were performed in 0.1 mol�L-1 KOH in the

presence of 1.0 mol�L-1 CH3OH at a potential step of

0.6 V keeping for 3600 s. As shown in Fig. 7d, the mass

activities gradually drop at the very beginning and then

Fig. 6 a Cyclic voltammetric response of AB, CTGU-17 and CTGU-18-based electrodes in 0.1 mol�L-1 KOH at a scan rate of 50 mV�s-1;

b MOR curves of two different catalysts operated in 0.1 mol�L-1 KOH ? 1.0 mol�L-1 CH3OH at a scan rate of 50 mV�s-1; c cyclic

voltammograms for CTGU-18 at different scan rates; d mass-normalized oxidation peak current densities for CTGU-18
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slightly reduce for two electrocatalysts. And the slightly

decreased current density could be attributed to the poi-

soning of the catalysts. These curves show that

AB&CTGU-18(2:4) (44%) sustains slightly inferior sta-

bility than CTGU-18 (65%). Some imperative character-

izations such as SEM, TEM, XPS and PXRD were

performed to assess the stability of CTGU-17 and

CTGU-18 after methanol oxidation reaction. SEM images

of CTGU-17 and CTGU-18 indicate that the two cata-

lysts keep their morphology before and after MOR pro-

cess (Figs. S13, S14). TEM images of CTGU-18 after

catalysis maintain the nature of the crystalline material

(Fig. S15). PXRD pattern of CTGU-18 (Fig. S15a)

recorded after MOR is stable. Also, XPS measurements

of CTGU-17 and CTGU-18 before and after MOR were

also investigated (Figs. S15b, S16). The Ni 2p spectra

have two characteristic peaks with binding energies of

around 873 and 856 eV. There are negligible changes in

the Ni 2p peaks before and after catalysis, which con-

firms that the chemical and structural environment is still

kept. These results suggest that CTGU-17 and CTGU-18

maintain the original crystalline state after MOR process.

To explore the electrode kinetics of all catalysts, the

charge transfer resistances (Rct) was performed. The

Nyquist plots of catalysts are shown in Fig. 8. It is found

that the Rct of AB&CTGU-18(2:4) (243 X) catalyst is

smaller than those of other composites such as such as

AB&CTGU-18(1:4) (486 X), AB&CTGU-18(3:4)

(293 X), AB&CTGU-18(4:4) (566 X) and pure CTGU-18

(743 X). The lower Rct value of AB&CTGU-18(2:4)

indicates that it delivers highly efficient electron transport

and favorable MOR kinetics in the specific electrolyte.

4 Conclusion

In summary, two new pseudo-isomeric nickel(II) MOFs

have been prepared and structurally characterized. The

electrocatalytic applications for MOR with pure Ni-MOFs

and their composites were investigated. The AB&CTGU-

18(2:4) hybrid composite attains efficient electrocatalytic

MOR performance compared to the pure CTGU-18 elec-

trocatalyst. The enhanced MOR activities could be attrib-

uted to the specific active {Ni2(COO)4N2} units of Ni-

Fig. 7 a MOR curves of these four different catalysts operated in 0.1 mol�L-1 KOH ? 1.0 mol�L-1 CH3OH at a scan rate of 50 mV�s-1;

b mass-normalized oxidation peak current densities for catalysts; c CVs for AB&CTGU-18(2:4) at different scan rates; d chronoamperometric

curves of CTGU-18 and AB&CTGU-18(2:4) in 0.1 mol�L-1 KOH ? 1.0 mol�L-1 CH3OH at 0.6 V
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MOF and synergetic effects of acetylene black. These

results would confirm that the composite between a Ni-

MOF and a conductive additive could be served as an

efficient and stable electrocatalyst for methanol oxidation

reaction in alkaline media. This work provides a good

strategy for replacing noble metal materials with non-noble

metal materials as electrocatalysts in future commercial

application.
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