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Surface-halogen-introduced 2D NiCo bimetallic
MOFs via a modulation method for elevated
electrochemical glucose sensing†
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Two-dimensional (2D) metal–organic frameworks (MOFs) have been regarded as promising materials for

electrochemical sensing, although plenty of efforts need to be devoted to enhancing their electro-

chemical performance. Herein, we have synthesized 2D NiCo bimetallic MOF nanoplates through a pyri-

dine-modulated solvothermal synthesis and used 4-halogenpyridine for surface functionalization to over-

come the shortcomings of the original MOFs. The 2D MOF nanoplates exhibit larger surface areas and

higher densities of active sites than the cuboid structure. Besides, surface halogenation can improve the

structural stability, generate more active sites, and enhance the interaction strength between MOFs and

glucose (GLU). Specifically, the as-synthesized NiCoBP-Br exhibits excellent electrocatalytic performance

for GLU with a quick response time of less than 2 s, and a high sensitivity of up to 1755.51 μA mM−1 cm−2

is achieved in the range of 0.5–6065.5 μM. This work will contribute to the evolution of MOF-based elec-

trocatalysts and the improvement of their performance in electrochemical sensing.

Introduction

Metal–organic frameworks (MOFs) are an eminent class of
highly porous, ordered crystalline materials built from organic
ligands and metal clusters. Their large surface areas, diverse
structures, and multiple functionalities have attracted con-
siderable interest for chemical sensing, gas storage/separation,
catalysis, batteries, and so on.1–3 Compared with the conven-
tional three-dimensional (3D) nanostructures, 2D MOFs have
attracted extensive attention due to their advantages such as
faster mass transport and more accessible active sites, which
can promise more adequate contact with reactants and acceler-
ate the reaction. These appealing features made them favor-
able candidates for improving performance in catalysis, elec-
trocatalysis and sensing.4–6

The synthetic strategies of 2D MOF nanosheets can be
divided into two categories: the top-down and the bottom-up
methods.7–11 The former means the exfoliation of layered

nanostructured MOFs by breaking the weak interlayer
interactions.5,12–14 The latter involves direct synthesis with
metal ions and organic ligands by selectively restricting the
growth of MOFs along one direction and not affecting the
other two directions, such as surfactant assisted synthesis,
sonication synthesis, and modulated synthesis.15,16 Modulated
synthesis means the introduction of some small molecules
such as acetic acid and pyridine which have similar functional
groups to the original ligand and can compete to coordinate
with metal clusters. They can selectively coordinate on crystal
planes and inhabit the growth process of MOFs, resulting in
anisotropic growth with different morphologies such as nano-
rods and nanosheets.17–19 The atoms at the opposite side of
the coordinating site of the modulator molecule could be
exposed at the surface of MOFs. Accordingly, modulated syn-
thesis is an effective and facile method to control the mor-
phologies of MOFs and introduce surficial functional groups.

Accurate detection of GLU has attracted greater attention in
clinical diagnostics, food industry, and biotechnology.20 In the
past few decades, various detection devices have been applied
to detect GLU, such as electrical,21 thermal,22 and optical
transducers.23 Among these devices, the electrochemical
method has drawn great attention, attributed to its easy oper-
ation process, excellent sensitivity, and low cost.24

Electrochemical GLU sensors should have good selectivity,
high sensitivity, and remarkable stability in electrochemical
performance. MOFs have been considered one of the most
promising materials in this field due to their large surface
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areas, rich metal ion centers and diverse structures.25

However, MOFs still have several shortcomings such as weak
chemical stability when they come into contact with water, less
active sites on the surface, and minor interaction strength with
GLU, which seriously affect their practical applications.26,27 To
address these shortcomings, rational modification strategies
for MOFs should be proposed.28,29

Halogenated molecules show special properties such as low
surface tension and surface free energy due to the high electro-
negativity and polarizability of halogens.29–31 Pang et al.
reported that MOFs constructed using halogenated organic
ligands showed improved chemical stability.30 Moreover, halo-
genation is also an effective strategy to tune or improve the
functionalities of MOF materials.32 Adding polar functional
groups on the surface of MOFs has been proved to be an
effective method to strengthen the interaction between MOFs
and the guest species.28,33–36 Besides, polar functional groups,
such as hydroxyl-, amino-, carboxyl-, and nitro-groups, and
halogens, can influence the charge distribution of adjacent
atoms through their higher electronegativity,36,37 thereby gen-
erating more active sites and enhancing the GLU oxidation
reaction (GOR).38

Halogenated MOFs obtained by directly introducing pre-
functionalized ligands have rarely been reported. Meek et al.
reported a series of halogenated MOF-5 which use halogenated
terephthalic acid as the ligand and Zn(NO3)2·6H2O as the
metal source.39 Cohen et al. reported a series of halogenated
derivatives of UiO-66 using halogenated terephthalic acid as
the starting ligand.40 However, those methods were decorating
halogen on the inner surface of MOFs. There is a lack of an
effective method to introduce halogen on the surface of MOFs
through covalent bonds which would improve the electro-
chemical function.

Herein, we report a facile synthesis of NiCo bimetallic MOF
nanoplates via a one-pot method by introducing pyridine as a
modulator. Simultaneously, 4-bromopyridine or 4-iodopyridine
was also introduced to improve the chemical stability, generate
more active sites, and increase the interaction between the
MOFs and GLU. Among the 2D NiCo-MOF nanoplates,
NiCoBP-Br displayed the best GOR sensing activity, showing a
quick response time of less than 2 s and achieving a sensitivity
of 1755.51 μA mM−1 cm−2 with a wide linear response of
0.5–6065.5 μM. Moreover, the response current remained
99.5% after cycling for 6000 s. Tests on NiCoBP-Br after cycling
for 12 hours showed that the sources of high electrocatalytic
activity were hydroxides and the oxyhydroxide species formed
during the reaction within the inherited 2D morphology.

Results and discussion

The 2D MOFs were synthesized as shown in Scheme 1. First,
4,4′-bipyridine, NiSO4·6H2O and CoSO4·7H2O were dissolved in
water. Next, 4-bromopyridine or 4-iodopyridine was dissolved
in EtOH containing pyridine. Then the mixture was added to
the previous solution and heated at 100 °C for 24 h to acquire

the 2D MOFs. The specific molar concentrations and synthesis
procedures are provided in the Experimental section.

The morphology of the 2D MOFs was analyzed by scanning
electron microscopy (SEM) (Fig. 1a1–c1). They all have uniform

Scheme 1 Schematic illustration of the synthetic strategy of the cuboid
NiCo-B MOFs and the NiCo-BP, NiCoBP-Br, and NiCoBP-I nanoplates.

Fig. 1 Morphological characterization of 2D NiCo-MOFs. SEM images
of (a1) NiCoBP, (b1) NiCoBP-Br, and (c1) NiCoBP-I; TEM images of (a2)
NiCoBP, (b2) NiCoBP-Br, and (c2) NiCoBP-I; (d–k) HAADF-STEM and
elemental mappings of (e) Ni–K, (f ) Co–K, (g) C–K, (h) N–K, (i) O–K, ( j)
S–K, and (k) Br–K in NiCoBP-Br.
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scales, well-defined morphologies, and smooth surfaces.
NiCoBP-Br obtained after the introduction of 4-bromopyridine
exhibited a longer longitudinal dimension than NiCoBP. On
the other hand, NiCoBP-I obtained after the introduction of
4-iodopyridine exhibited a more uniform and regular mor-
phology. The transmission electron microscopy (TEM) images
agreed well with the SEM results (Fig. 1a2–c2). 4,4′-Bipyridine
is a bidentate ligand that can link metal ions and contribute
to the formation of MOFs in all dimensions. Pyridine is a
monodentate ligand and just half of 4,4′-bipyridine which can
link metal ions and inhibit the growth of MOFs in a vertical
direction to form the 2D structure. To demonstrate the modu-
lating function of pyridine, NiCoB was synthesized in the
absence of pyridine (Fig. S1a and b†), and the distinct differ-
ence between the 2D structure and the cuboid MOF demon-
strates the restricted ability of pyridine. Besides, due to the
selective coordination of pyridine in the vertical direction,
halogens mainly exist on the surface of the 2D structures
(Scheme 1). The surface functionalization can enhance the
hydrophobicity and stability of the structure, improve the
affinity with the reactant molecules, and produce more active
sites. According to the nitrogen adsorption/desorption iso-
therms, NiCoBP (40.357 m2 g−1) shows a higher specific
surface area (SBET) than NiCoB (3.896 m2 g−1), benefitting
from its unique 2D structure (Fig. S2a–d†).

X-ray diffraction (XRD) was used to study the crystallo-
graphic structure and phase purity. As shown in Fig. 2a, NiCo-
B possessed a good crystal structure, which was in great agree-
ment with that of Co MOFs (MOFs ([Co3(4,4′-
bpy)2(SO4)3(H2O)11]n, Cambridge Crystallographic Data Centre
(CCDC 826371)), as reported in the previous literature.41 With
the addition of pyridine, 4-bromopyridine, and 4-iodopyridine,
the diffraction peaks at 16.8° (020), 17.8° (112), 18.2° (102),

23.5° (102), and 25.5° (200) match well with those of the
reported Co MOFs, meaning that they retained their original
structure. At the same time, new diffraction peaks of
NiCoBP-Br and NiCoBP-I began to appear (at 6.6°, 9.7°and
11.6°), revealing the successful coordination of the new
ligands. We further studied the FT-IR spectra of these NiCo-
MOF materials, and as shown in Fig. 2b, the results showed
that the functional groups were retained after the addition of
pyridine, 4-bromopyridine and 4-iodopyridine. The absorbed
peaks at 1614, 1534, 1488 and 1408 cm−1 were the vibration
absorption peaks of the pyridine skeleton (Fig. 2b gray area).
Furthermore, the absorption peaks at 1089 and 619 cm−1

demonstrated the presence of the SO4
2− ions (Fig. 2b yellow

area).
X-ray photoelectron spectroscopy (XPS) was used to acquire

the chemical structure and surficial electronic state infor-
mation of the NiCo-MOF samples. According to the survey
spectra, all the samples with pyridine contained Ni, Co, C, N,
O, and S (Fig. S5a–c†). Moreover, the presence of elements Br
and I in NiCoBP-Br and NiCOBP-I respectively demonstrated
the successful coordination of 4-halogenpyridine (Fig. 1k,
Fig. S3h, S5b and c†), which is consistent with the elemental
mapping results. Taking NiCo-BP-Br as an example, in the
high-resolution spectra of Co 2p, the peaks at 797.4 and 781.5
eV corresponded to Co2+ 2p1/2 and 2p3/2, respectively (Fig. 3a).
Furthermore, the peaks at 856.1 and 873.7 eV could be referred
to Ni2+ 2p3/2 and Ni2+ 2p1/2, respectively (Fig. 3b).

42–44 The C 1s
XPS profile had two distinct peaks at 285.2 and 286.1 eV,
which corresponded to the C–N and C–C bonds from the
4-halogenpyridine, pyridine or 4,4′-bipyridine ligands
(Fig. 3c).44 In the XPS spectrum of N 1s, the peak was deconvo-
luted into two main peaks located at 399.8 and 401.4 eV,
which corresponded to pyrrolic N and pyridinic N, respectively
(Fig. 3d).45 The presence of 4-bromopyridine in NiCoBP-Br was
confirmed through the 3d peaks of Br at 68.8 (3d3/2) and 70.1
(3d5/2) eV (Fig. 3e). The presence of 4-iodopyridine in NiCoBP-I
was confirmed through the I 3d peaks at 631.2 (3d3/2) and
619.7 (3d5/2) eV (Fig. 3f).28,38 All these results indicated the
existence of the C–X bond and the successful coordination of
the 4-halogenpyridine.

To evaluate the electrochemical performance of the syn-
thesized MOFs for the GOR, a series of electrochemical
measurements were implemented using a three-electrode con-
figuration in a 0.1 mol L−1 NaOH solution. The electrocatalytic
performances of NiCoBP, NiCoBP-Br, and NiCoBP-I GCE are
shown in Fig. 4. Cyclic voltammetry (CV) is a reliable method
to investigate the electrochemical oxidation and reduction
process of GLU. The increasing current with the addition of
GLU demonstrates that NiCoBP-Br GCE can catalyze the oxi-
dation and reduction process of GLU over a large concen-
tration range (Fig. 4a). The NiCoBP and NiCoBP-I electrodes
showed similar curves, demonstrating that they can also cata-
lyze GLU (Fig. S7 and S8†). The oxidation currents of NiCoBP,
NiCoBP-Br and NiCoBP-I GCE were tested in the NaOH solu-
tion (0.1 M) with 10 μM GLU at a scan rate of 5 mV s−1. The
magnitude of the oxidation current is NiCoBP-Br > NiCoBP-I >

Fig. 2 The XRD patterns, FTIR spectra and crystal structures of the
NiCo-MOFs. (a) Powder XRD patterns of the NiCo-MOFs. (b) FTIR
spectra of the NiCo-MOFs. (c and d) Structural schematic graphs of Co-
bpy [Co3(4,4’-bpy)2(SO4)3(H2O)11]n. (c) Crystal stacking along the a axis.
(d) Crystal stacking along the c axis.
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NiCoBP GCE, indicating that the NiCoBP-Br GCE has the most
excellent electrocatalytic ability among the three materials
(Fig. 4d). At the same time, the appearance of redox peaks in
the range of 0.25–0.6 V could be attributed to the redox reac-
tions of the nickel and cobalt-based composites. The proposed
electrocatalytic mechanisms are as follows (Scheme 1):

CoðiiÞNiðiiÞ-MOFs ! CoðiiiÞNiðiiiÞ-MOFsþ 2e�

CoðiiiÞNiðiiiÞ-MOFsþ 2OH� þ 2GLU !
CoðiiÞNiðiiÞ-MOFsþ 2Glucolactoneþ 2H2Oþ 2e�

The amperometric technique is a reliable method to evalu-
ate the electrochemical activity and study the basic electro-
chemical parameters of the modified electrodes. In order to
acquire the optimum amperometric signal, the applied poten-
tials from 0.4 to 0.55 V were tested for the modified electrodes
with a stepwise addition of GLU (1.0 × 10−3 M) (Fig. 4b, S9 and
S10†). In the NiCoBP-Br GCE, the current increment was
enhanced with the working potential being increased until it
reached 0.55 V. Therefore, 0.55 V was chosen as the testing
potential in the following experiments.

Fig. 4e and Fig. S6a† show the current–time plot of the
NiCoBP-Br GCE with the addition of GLU in 0.1 M NaOH at
0.55 V. The oxidation currents increased with the successive
addition of GLU and reached the maximum steady-state in less
than 2 s (Fig. S6b†). This demonstrates that the NiCoBP-Br
GCE performed well in the mass adsorption/diffusion and
electron-exchange process, which are necessary for construct-

ing sensors. Fig. S6a† shows the magnification of the current
of NiCoBP-Br induced by a low concentration of GLU after the
initial current is stable. Even a low concentration of 0.5 µM
can cause a current response which proves the excellent
electrocatalytic sensitivity of the material. Moreover, the
NiCoBP-Br GCE exhibited a linear relationship between
current responses and the GLU concentrations from 0.5 to
6065.5 μM, whose linear regression equation was I(μA) =
21.19298 + 0.12409C (μM), R2 = 0.99667, and the sensitivity
was about 1755.51 μA mM−1 cm−2. The detection limit was as
low as 0.0665 μM with an S/N ratio of 3 (Fig. S6c†). The
NiCoBP GCE and the NiCoBP-I GCE show similar sensing be-
havior (Fig. S11c and S12c†). Upon comparison, the NiCoBP
GCE showed the widest linear range and the NiCoBP-Br GCE
showed the highest sensitivity and the lowest detection limit
(Fig. 4e and f).

Moreover, selectivity is a major parameter in sensing
testing. As shown in Fig. S6d,† the NiCoBP-Br GCE has an
obvious current response of GLU, whereas a minimal current
response was observed when interferents such as ascorbic acid
(AA, 5 μM), dopamine (DA, 5 μM), uric acid (UA, 5 μM), and
NaCl (5 μM) were added, which demonstrates that the
NiCoBP-Br GCE possessed excellent selectivity against interfer-
ing species in blood. The same test on the NiCoBP and
NiCoBP-I GCEs showed similar anti-interference performance
(Fig. S13 and S16†). Upon comparison, the NiCoBP-Br GCE
showed a higher sensitivity for GLU (Fig. 4g). Accordingly, it
possesses the best selectivity performance and highest sensi-
tivity among the three electrodes (Fig. 4g).

Fig. 3 XPS of NiCoBP-Br and NiCoBP-I. (a–e) High-resolution (a) Co 2p, (b) Ni 2p, (c) C 1s, (d) N 1s, and (e) Br 3d XPS spectra of NiCoBP-Br. (f )
High-resolution I 3d XPS spectra of NiCoBP-I.
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To avoid experimental errors caused by coincidences,
repeatability and stability of the MOFs were tested. As shown
in Fig. 4h, the repeatability of the MOF GCE was measured to
detect 100 μM GLU ten times. The detected relative standard
deviation (RSD) of the NiCoBP-Br GCE was 2.63%, exhibiting a
high repeatability. At the same time, the NiCoBP and NiCoBP-I
GCEs also have good repeatability and the NiCoBP-Br GCE
exhibited the largest current response. As shown in Fig. 4c, the
curve demonstrates the stability of the NiCoBP-Br GCE in the
presence of 100 μM GLU in 0.1 M NaOH solution over 6000 s.
The result shows that there is only 0.118% current loss after
6000 s. At the same time, the NiCoBP and NiCoBP-I GCEs
show almost no loss after 4000 s (Fig. 4i, S14 and S17†).

To further investigate the GOR mechanism of the MOF
materials, the morphology, structure, and chemical variation
after the GOR were obtained. The SEM and TEM images show
that the morphology of NiCoBP-Br was maintained after

cycling for 12 h, with smaller sizes and thickness which con-
tribute to more active sites. The HRTEM image shows obvious
lattice fringes and the interplanar distances were about 0.24,
0.28, and 0.27 nm, corresponding to the (021) plane of CoO
(OH) (JCPDS No. 26-0480), the (100) plane of Co(OH)2 (JCPDS
No 74-1057) and the (100) plane of Ni(OH)2 (JCPDS No 14-
0117) (Fig. 5c). In Fig. 5d, several bright rings with discrete
spots could be seen according to the selective area electron
diffraction (SAED) pattern, which could be indexed to the
(130)/(221) planes of CoO(OH), the (101)/(210) planes of NiO
(OH) (JCPDS No. 27-0956), and the (113) plane of Co(OH)2. In
addition, the elemental mapping images of NiCoBP-Br after
cycling show that Ni, Co, C, N, O, S and Br were dispersed uni-
formly throughout the nanoplate (Fig. 5e–l). It indicates that
these elements have been preserved although there was a
structural variation after the GOR test. The XRD patterns indi-
cated that NiCoBP-Br after cycling showed good crystallinity

Fig. 4 Electrochemical performances of the 2D NiCo-MOF GCE: (a–c) NiCoBP-Br GCE. (a) CV curves in NaOH (0.1 M) when adding different con-
centrations of GLU. (b) Amperometric responses of the NiCoBP-Br GCE at different potentials (from 0.40 to 0.55 V) with continuous addition of
100 μM GLU in 0.1 M NaOH. (c) The stability of the response current for the NiCoBP-Br GCE after the addition of GLU solution (100 μM) over 6000 s.
(d–i) NiCoBP, NiCoBP-Br, and NiCoBP-I GCE. (d) CV curves of the NiCoBP, NiCoBP-Br, NiCoBP-I GCE in NaOH (0.1 M) with 10 μM GLU. (e) Current–
time response of the NiCoBP, NiCoBP-Br, and NiCoBP-I GCE at 0.55 V on successive additions of different amounts of GLU in 0.1 M NaOH. (f ) A plot
of electrocatalytic current of GLU vs. its concentrations in the range of 0.5 μM to 6.065 mM. (g) Current–time responses of the NiCoBP, NiCoBP-Br,
and NiCoBP-I GCE with the addition of 100 μM GLU, 5 μM AA, 5 μM DA, 5 μM UA, 5 μM NaCl, and 100 μM GLU into 0.1 M NaOH at 0.55 V. (h)
Current–time response of the NiCoBP, NiCoBP-Br, and NiCoBP-I GCE with the continuous addition of 100 μM GLU at 0.55 V. (i) The stability of the
response current for the NiCoBP, NiCoBP-Br, and NiCoBP-I GCE after the addition of GLU solution (100 μM) over 4000 s.
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and all peaks can be pointed to Co(OH)2/Ni(OH)2, which is
agreed with the HRTEM image. Moreover, the XPS spectra
were analyzed to detect the changes in the chemical states.
The Ni 2p spectra showed that the Ni2+ 2p1/2 and Ni2+ 2p3/2
peaks moved to a lower binding energy after cycling (Ni2+ 2p3/2
from 856.1 to 855.2 eV and Ni2+ 2p1/2 from 873.7 to 872.8 eV).
It may be due to the destruction of the Ni–N bonds and the
formation of the Ni–O bonds directly which can increase the
electron density and develop a lower binding energy of Ni 2p
in Ni(OH)2.

46 At the same time, two new peaks at 874.2 and

856.5 eV appeared which demonstrates the presence of Ni3+ in
the formed NiO(OH). The high-resolution spectra of Co exhibit
a similar phenomenon, the lower-shifted Co2+ 2p peaks (Co2+

2p1/2 from 797.4 to 796.5 eV and Co2+ 2p3/2 from 781.5 to 780.4
eV) and the appearance of two new Co3+ peaks (781.03 and
797.2 eV) showed the possible structural variation from
NiCoBP-Br to Co(OH)2 and CoO(OH). Therefore, the enhanced
GOR activity of NiCoBP-Br could be ascribed to the generated
active hydroxide and oxyhydroxide species. The function of
surface halogenation can be summarized as follows: first, it

Fig. 5 Structural characterization of NiCoBP-Br after cycling. (a) SEM, (b)TEM, and (c) HRTEM images and (d) SAED pattern of NiCoBP-Br after
cycling for 12 h. (e–l) HAADF-STEM and elemental mappings of (f ) Ni–K, (g) Co–K, (h) C–K, (i) N–K, ( j) O–K, (k) S–K, and (l) Br–K in NiCoBP-Br after
cycling for 12 h. (m) XRD patterns of NiCoBP-Br after cycling for 12 h. (n and o) High-resolution XPS spectra of (n) Ni 2p and (o) Co 2p of NiCoBP-Br
before (bottom) and after (top) cycling for 12 h.
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improves the structural stability of 2D NiCo-MOFs in water.
Second, it can influence the charge distribution of adjacent
atoms through their higher electronegativity, thereby generat-
ing more active sites and enhancing the GOR. Third, it could
also enhance the interaction strength between the MOFs and
GLU to increase the reaction rate.

Conclusion

In summary, NiCo bimetallic MOF nanoplates were obtained
using a facile method through the introduction of pyridine as
a modulator. Introducing polar halogen molecules on the
surface of MOFs has been proved to be an effective method to
improve GOR performances of the as-prepared MOF materials.
Among the halogenated NiCo-MOF nanoplates, NiCoBP-Br
showed the best GOR sensing activity. A sensitivity of up to
1755.51 μA mM−1 cm−2 is achieved with a wide linear response
of 0.5–6065.5 μM and a quick response time of less than 2 s.
Moreover, nearly no loss of the response current was observed
after cycling for 6000 s. Investigation of NiCoBP-Br after
cycling for 12 h showed that the sources of high electro-
catalytic activity were hydroxides and the oxyhydroxide species
formed during the reaction with the inherited 2D morphology.
We expect that this work will facilitate the evolution of MOF-
based electrocatalysts and improve their performance in
electrochemical sensing applications.
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