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This work introduces a simple and facile approach for the morphology and size controlled synthesis of
Co-doped MIL-96. By using different bases as modulators, Co-doped MIL-96 was obtained with sizes that
varied from 5 wm to 300 nm, and four different morphologies, including hexagonal prism, icosahedron,
hexagonal spindle and ellipsoid. Among these, nano-sized Co-doped MIL-96 with an ellipsoid
morphology exhibited the highest electroactive surface area and good conductivity as well as the
best electrochemical sensing performance towards a-fetoprotein.

© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Metal-organic frameworks (MOFs) have attracted significant
interest as an emerging class of multifunctional porous materials.
Due to their diverse structures, tunable pore sizes, large specific
surface areas and large numbers of active sites, MOFs are widely
used in gas storage and separation [1,2], catalysis [3-6], sensing
[7,8], drug delivery [9] and energy storage [10,11]. Recently, studies
have shown that control of the size and morphology of MOFs is
essential for determining their chemical, physical and biological
characteristics [6,12-15]. Our group was the first to demonstrate
the effect of nanocrystal planes on the electrocatalytic activity of
[Cu(btc),] nanocrystals with different morphologies (nanocubes,
truncated cubes, cuboctahedrons and octahedrons) in glucose
oxidation [14]. Morsali’s group has demonstrated that nano TMU-
34 MOF obtained using the ultrasonic method displayed much
better sensing performance towards cation than its bulk MOFs
counterparts [15]. Thus, controlling the synthesis of MOFs with
specific shapes and sizes, which requires precise control of their
nucleation and growth, is of great importance for the optimization
of their performance [16]. The use of surfactants, monocarboxylic
acids, ligands and other additives are common strategies for
regulating the morphology and size of MOFs [17-20]. However,
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systemically and regularly controlling the morphology and size of
MOFs is still a significant challenge due to their diverse structures
and complex nucleation and growth processes [21]. Effective
methods for controlling the growth of MOFs are still needed for the
optimization of their performance.

Coordination modulation by adding a modulator directly is an
enticing approach for tuning the crystal morphology and size of
MOFs [22,23]. Among these modulators, an acid or base with the
same or different functional groups as the organicligands canactasa
coordination regulator that tunes the coordination directly between
the metal ion and the organic ligand, impacting the size and the
morphology of the MOFs [24-26]. MIL-96, which has diverse and
controllable particle sizes and shapes, has been widely studied by
researchers since its initial report [27,28]. However, few studies have
examined the relationship between the characteristics of MIL-96
and its specific crystal planes and size [29]. Additionally, MIL-96 has
potential applications in developing sensor devices due to its high
porosity, specific surface area, low toxicity and good water stability
[30,31]. In recent years, many advantages of sensors based on
electrochemical technologies have attracted more and more
attentions [32]. Unfortunately, most MOFs have poor conductivity,
which limits their application in electrochemistry [33]. Doping
transition metals into MOFs and adjusting their morphology and size
may be effective methods to address this limitation.

In the current work, a simple coordination modulation strategy
was developed to control the synthesis of Co-doped MIL-96. Co-
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doped MIL-96 with different morphologies (hexagonal prism,
icosahedron, hexagonal spindle and ellipsoid) was successfully
prepared through four different alkaline reagents, including
tetramethylammonium hydroxide (TMAH), N,N'-dimethylaceta-
mide (DMA), N,N'-dimethylformamide (DMF) and triethylamine
(TEA), as cosolvents to modulate the coordination. The as-obtained
materials are labelled M1, M2, M3 and M4, respectively. Scheme 1
summarizes the synthetic process and the morphologies and size
of the materials obtained in this study. The effects of the
morphology and size on the properties of the material were
studied. The results showed that nano-sized Co-doped MIL-96
with an ellipsoid morphology exhibited the highest electroactive
surface area and conductivity, as well as the best electrochemical
sensing performance towards alpha-fetoprotein (AFP).

Firstly, we synthesized MIL-96 in the condition without adding
Co(NO3),-6H,0 and any cosolvent. The SEM image (Fig. S2a in
Supporting information) shows the MIL-96 had a non-uniform
morphology and size. In addition, a series of different doping
amounts of Co-doped MIL-96 were synthesized by adding
Co(NO3),-6H,0 with a different molar ratio to AI(NOs);-9H,0
(1:4,1:1 and 1:0.25) in the system without any cosolvent (The as-
obtained materials are labelled My.4, M1.; and My.q.2s, respective-
ly). As can be seen from Figs. S2b-d (Supporting information),
compared with MIL-96, their morphology has changed. In order to
study the influence of the Co doping on the materials, a
preliminary study on the application potential of the electrochem-
ical aptasensor bioplatform for the prepared materials (Fig. S3 in
Supporting information). The test results obtained for MIL-96,
Mji.4, My.; and My.gp5 are shown in Table S1 (Supporting
information) and can further compare their performance accord-
ing to Fig. S4 (Supporting information). Fig. S4 show that the effect
of Co doping on the conductivity of the material is obvious.
However, there was no significant change in the load of the
aptamer in the aptasensors and the amount of AFP bound to the
aptamer. Based on the above results, although My.q 5 has slightly
better conductivity than Mj.;, the morphology and size of M., are
more uniform. After that, under the condition of AI**:Co?* molar
ratio was 1:1, we further adjusted the morphology and size of the
material by introducing the cosolvent. M1, M2, M3 and M4 were
obtained by adding different alkaline solvents, respectively, and
further study was performed on them.

The bonding properties of the as-prepared samples were
verified by Fourier transform infrared (FTIR). Fig. S5 (Supporting
information) shows the FTIR spectra of H3BTC and the as-obtained
materials. Similar spectra were observed for M1, M2, M3 and M4,
demonstrating that they have the same bonding properties.
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Scheme 1. Preparation process of morphology and size-controllable synthesis of
Co-doped MIL-96.

Compared to H3BTC, the disappearance of the C—OH absorption
at 1278 cm™! for Co-doped MIL-96 indicates that the H;BTC ligand
is deprotonated and coordinates to the metal center. The structural
characterization was further confirmed by powder X-ray diffrac-
tion (PXRD). The PXRD patterns of M1, M2, M3 and M4 are shown
in Fig. 1a. It can be seen that M1, M2, M3 and M4 show similar
patterns to simulated MIL-96 [34], indicating that the Co doping
does not cause framework changes of MIL-96. Fig. 1b shows the
crystal structure of MIL-96. The effects of the four different
cosolvents as modulators on the morphology and size of the
materials were monitored by scanning electron microscopy (SEM).
The SEM image shows that M1, obtained with TMAH as a cosolvent,
has a hexagonal prism shape and an average diameter of about
4 pm (Fig. 1¢). M2, synthesized using DMA as a cosolvent, displays
an icosahedron morphology with an average diameter of about
5 wm. However, some octadecahedron particles with an average
size of about 3 wm were also observed under these conditions
(Fig. 1d). M3, obtained using DMF as a cosolvent, has a hexagonal
spindle shape with a diameter of about 3 pm (Fig. 1e). When TEA
was used as a cosolvent, an elliposoid shape was obtained for M4
and its edges became smooth. In addition, its average diameter
decreased to 300-400 nm (Fig. 1f). Consequently, it can be seen
that the alkaline reagent influence significant the morphology and
size of the materials. As a cosolvent for dissolving H3BTC, alkaline
reagent can accelerate the deprotonation process of H3BTC [35]
thus promoting the formation of MOFs; the different influence of
the alkaline reagent on the deprotonation process of H3BTC lead to
different nucleation rates and crystal plane growth.

The morphology of M4 was further characterized by transmis-
sion electron microscopy (TEM) (Figs. 2a and b). The TEM energy
dispersive spectroscopy (EDS) mapping shows that the distribu-
tion of C, O, Al and Co is uniform (Figs. 2c-h), indicating that the
successful doping of Co into the product. X-ray photoelectron
spectroscopy (XPS) was employed to analyze the elemental
composition and valence state of the Co-doped MIL-96. The main
peaks in the survey scan spectrum (Fig. 3a) occur at 284.45 eV,
531.03 eV, 76 eV and 781.93 eV, which can be attributed to the C 1s,
0O 1s, Al 2p and Co 2p, respectively. M1, M2, M3 and M4 have similar
survey scan spectra, demonstrating that they have the same
elemental composition. Table S2 (Supporting information) shows
the atomic percentage of each element. To further characterize the
presence and states of Co in the material, we analyzed the high-
resolution Co 2p spectra of the four materials. As shown in Fig. 3b,
the Co 2p region of these materials shows two typical peaks at
about 781 eV and 796 eV that characteristic of Co 2p3» and Co
2p1 2, respectively, and two shake-up satellites (identified as “Sat.”)
at about 786 and 802 eV, which may be associated with the Co®*
[36]. These results indicate that a Co?* species is present in the
materials. In addition, we studied the thermal stability of the
materials. The thermogravimetric analysis (TGA) curve (Fig. S6 in
Supporting information) shows that there is no significant
difference between the thermal stability of Co-doped MIL-96
and that of the previously reported MIL-96 [37], indicating that the
framework is not affected by the Co doping. However, the final
remaining weights of M1 (36.16%), M2 (37.95%), M3 (36.87%) and
M4 (37.61%) are higher than the reported value (30.5%) [28]. This
resultis due to the change in the composition of the material due to
the Co doping.

The electrochemical performance of M1, M2, M3 and M4 were
characterized by cyclic voltammetry (CV) in 0.1 mol/L PBS
containing 5mmol/L [Fe(CN)s]®>/4~ as probes. The response
changes of the CV curve of the AE and the AE modified with the
four materials are shown in Fig. S7 (Supporting information). It can
be seen that the modified AE has a decreased peak current
compared to AE. This result shows that the modification of the
material hinders the transfer of electrons at the AE surface. The
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Fig. 1. (a) PXRD patterns of the M1, M2, M3 and M4. (b) The crystal structure of MIL-96. (c-f) SEM images of the M1, M2, M3 and M4.
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Fig. 2. (a) Low-magnitude and (b) high-magnitude TEM image of M4. (c-h) EDS
elemental mapping images of M4: C, O, Co of K, Co of L and Al of K.

electroactive surface area (A) of the modified electrodes were
estimated from the CV results using the Randles-Sevcik equation
[38]:

I,=2.69 x 105 (n*?) A D2 v112 C (1)

where I, equals I, for Fe(CN)s*~, n=1,D=6.7 x 10 cm?[s, v is the
scan rate of the CV measurment and C is the concentration of the
probe molecule in the solution (mol/cm?). The calculated A values
for M1/AE, M2/AE, M3/AE, M4/AE were 0.0742, 0.0793, 0.0810,
0.0895 cm?, respectively. Among the four materials with different

morphologies and sizes, the nano-sized M4 has the highest
electroactive surface area.

Subsequently, the potential for the application of the as-obtained
materials in the bioplatforms of electrochemical aptasensors was
studied. The performance of aptasensors constructed using M1, M2,
M3 and M4, which have different morphologies and sizes, was
confirmed using EIS. The measured EIS spectra are shown in Fig. S8
(Supporting information). As the measurement proceeds, the R
value increases continuously. This trend is due to the modification of
the surface of the electrode as the aptamer is adsorbed and the G-
quadruplex is formed by the combination of the aptamer strands
and AFP to further prevent electron transfer [39]. The R values
obtained for the four materials are shown in Table S3 (Supporting
information). To analyze the performance of the four aptasensors,
we compared their AR values in Fig. S9 (Supporting information).
As shown in Fig. S9 (Supporting information), the order of
Ret materiais-Ree A, 151 M1 > M3 > M4 > M2. This means the order of
the electron transfer ability of the four materials is
M2 > M4 > M3 > M1. Combined with the Co atomic% of the four
materials in Table S2, the result can once again prove that the higher
the doping amount of Co, the better the electrochemical perfor-
mance of the material. The highest amount of the aptamer is
immobilized on M4 because its smaller size is more favorable for
loading the aptamer [40]. Moreover, among the four aptasensors,
the AR value calculated from Recarp - Reeape Of the M4-based
aptasensor is the highest, indicating that it has the best detection
capabilities for AFP. Based on the results above, the M4-based
aptasensor was selected for the further detection of AFP.

To further analyze the sensitivity of the selected aptasensor, EIS
was carried out with different concentrations of AFP (0.001-0.5
ng/mL) using the aptasensor. As shown in Fig. 4a, the impedance
increased gradually with increasing AFP concentration. This trend
is due to a continuous increase in the AFP specifically recognized by
aptamers, which form a thicker layer to block electron transport.
Fig. 4b shows the change in AR, with AFP concentration. When
the concentration reaches 0.1 ng/mL, the change in AR stabalizes.
A linear relationship is obtained between the AR, and the
logarithm value of the AFP concentration (AR.=2.142+0.587
logCarp) with a correlation coefficient of 0.993. The limit of
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Fig. 3. (a) XPS survey scan spectra of M1, M2, M3 and M4. (b) High resolution XPS scan of M1, M2, M3 and M4 samples in Co 2p region.
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Fig. 4. (a) EIS responses of Apt/M4/AE with different concentrations of AFP. (b) Dependence of AR, on the concentration of AFP (Inset: the linear parts of the calibration

curves).

detection (LOD) calculated based on the linear regression equation
is 0.226 pg/mL (S/N=3).

Furthermore, the reproducibility, selectivity and stability of the
fabricated aptasensor for the detection of AFP were also examined
(Fig. S10 in Supporting information). Fig. S10a exhibited a similar
measurement results of the five modified electrodes were
employed to detect 0.001 ng/mL AFP. The AR, values measured
by five different electrodes with a relative standard deviation (RSD)
of 0.88%. Fig. S10b shows that the aptasensor’s recognition of AFP is
much higher than other cancer markers (carcinoembryonic
antigen (CEA), human serum albumin (HSA), and human
immunoglobulin G (IgG) and lysozyme), revealing the prepared
aptasensor has good selectivity for AFP. Fig. S10c shows the AR
values of the prepared aptasensor consistently test for 15 days. The
RSD of measurements is calculated to be 0.82%. It is proved that the
prepared aptasensor has good stability within a certain error range.
And a real sample analysis was performed using healthy human
serum (Table S4 in Supporting information), the recovery and the
RSD range from 96% to 103%, 0.63%-3.38%, respectively. These
results show the value of the fabricated aptasensor in this potential
application.

In conclusion, a simple and facile approach for the controlled
synthesis of Co-doped MIL-96 with varied morphology and size
was developed by using different cosolvents TMAH, DMF, DMA and
TEA as modulators. The as-obtained materials presented morphol-
ogy/size-dependent electrochemical performance and the appli-
cation potential of the as-obtained materials in constructing
electrochemical aptasensors were studied, and the sensitivity
detection of alpha-fetoprotein was realized.
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