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Metal—-organic segments (MOSs) have been controllably synthesized to composite with Si nanorod (NR)
arrays as electrodes in lithium ion batteries (LIBs). These kinds of MOSs are suggested to be derived from
solution species such as [Zn(C4HgNL)ACI™, [Zn(C4HgNL)AClt and [Zn(CsH4NL)(C4H6NL)ACTH as detected
by electrospray ionization time-of-flight mass spectrometry (ESI-TOF-MS). It is found that solution
concentration and growth time have significant effects on the MOS coating around Si NRs. The uniform
coating of MOSs around Si NRs has been successfully produced at relatively low solution concentrations
or for shorter growth time, which was proved to be helpful to enhance the capacity of the composite
electrode up to ~1.1 mA h cm™2 at a current density of 10 pA cm ™2 and ~0.5 mA h cm™2 on increasing
the current density to 50 pA cm™2. Furthermore, at an even higher current density of 200 uA cm™2 (
2) the composite electrodes still can maintain more than 50% of the initial capacities.

VS.
initial 10 pA cm™
While, given a higher solution concentration or longer reaction time, large ZIF-61 crystals, a kind of
metal—organic framework (MOF), would form on the top of Si NRs. Unlike MOSs, large ZIF-61 crystals fail
to cover the Si NR homogeneously, and consequently the capacities of ZIF-61/Si NR composite
electrodes are much lower than those of MOS/Si NR electrodes. This work not only demonstrates
a simple method for Si surface modification to enhance its corresponding electrochemical performance,
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Introduction

Given their long working life and high energy/power density,
LIBs have been widely investigated, with focus on electrode
materials and configurations et al.’* Meanwhile, micro-LIBs are
attracting increasing attention due to the fast growth of micro/
nano-electro-mechanical system (M/NEMS) techniques.*® Si,
with the feasible integration with electronic devices, not to
mention its high theoretical capacity of ~4200 mA h g " and
low potential plateau at 0.5 V as an anode material, has been
initially applied in LIBs and micro-LIBs.*® In order to address
the volume expansion (>300%) issue of the Si anode during
cycling processes,'® nanostructures like nanowires (NWs)***#
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and surface coating layers’** such as graphene, pyrolytic
carbon, carbon nanotubes and Ge are often utilized. However,
during generating the carbon coatings, thermal decomposition
may cause the release of CO, CO,, and volatile organic
compounds and changes in active material structures some-
times.***” While for coatings like Ge, it may be inevitable to use
high-cost precursors like GeH, (ref. 18 and 38) and complicated
instruments such as ultra-high vacuum chemical vapor depo-
sition (UHVCVD).**** So, feasible, efficient and low-cost strate-
gies are still in demand for the modification of Si surfaces as
well-performed anodes in LIBs or micro-LIBs.

Metal-organic frameworks (MOFs) have been researched as
electrodes for LIBs in recent years.*»**” However, some MOFs'
inherent crystalline properties restraint their uniform fabrica-
tions on the Si NWs.*

Herein, a feasible method was developed to fabricate the
metal-organic segments (MOSs) homogeneously covering
around the Si nanorods (NRs) as anodes in LIBs or micro-LIBs.
The MOS/Si NRs electrode was fabricated by inductive coupled
plasma (ICP) dry etching followed by a solution growth process.
It is found that the morphologies of MOSs vary by the synthesis
conditions like solution concentrations and growth time. At
relatively low solution concentrations or for shorter growth
time, the uniform coating of MOSs around Si NRs was
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produced; for comparison, given a higher solution concentra-
tion or longer reaction time, large ZIF-61 crystals would form on
the top of Si NRs. Furthermore, by the characterizations of
transmission electron microscope (TEM) and ESI-TOF-MS, the
growth mechanisms of MOSs were demonstrated, which would
provide guidelines for the growth of other MOSs-like materials.
With the uniform coating of MOSs around Si NRs, the corre-
sponding promising electrochemical characteristics were
accomplished. This work proposed a convenient strategy to
fabricate nanostructured Si-based composite electrode by the
cross-linking of metal nodes and organic ligands, which would
facilitate the applications of MOS or other MOF-like materials
in lithium ion batteries without the pyrolysis process or the
introduction of conducting layers.

Experimental section
Fabrication of MOS/Si NRs

As shown in Scheme 1, polystyrene (PS) template method fol-
lowed by the inductive coupled plasma (ICP) etching was con-
ducted to prepare Si NR arrays by referring to our previous
work.* After the prepared Si NR arrays were immersed in
a 50 mL mixed solution containing 2-methylimidazole and
imidazole with proper concentrations, the 25 mL Zn(Ac),-2H,0
solution was added and the mixed solution was kept at 20 °C for
4-24 h to fabricate MOS/Si NRs. The prepared MOS/Si
composite NRs were rinsed by methanol and dried.

Characterization

The morphologies of MOS/Si NRs were investigated by the SU70
scanning electron microscope (SEM). The high-resolution (HR)
transmission electron microscope (TEM) images were visual-
ized by JEM-2100 HRTEM and the elemental analyses were
realized by Tecnai F30 TEM.

The 10 x 10 mm? pieces of Si NR substrates with the Cr/Au
current collector were prepared for the -electrochemical
measurements. The 20/200 nm Cr/Au were deposited on the back
side of the substrates by magnetron sputtering (JC-500-3/D) for
1.5/7 min at powers of 360/420 W. The Si, MOS/Si and ZIF-61/Si
NRs were then assembled in coin cells (2025) for testing the
corresponding cycling and rate abilities.® Specifically, the coin
cells consisted of lithium foils (counter electrodes), Celgard
2400 microporous film (separator), LiPF, (electrolyte) and Si-
based NR pieces (working electrodes). The tests for electro-
chemical properties of the coin cells were conducted on the
electrochemical workstation (CHI660D) and Land CT2001A
battery test system. As well known, the properties of micro-LIBs

SiNRs MOS/Si NRs

(1) ICP etching (i) Template removal (iil) MOS growth

Scheme 1 Fabrication processes for the MOS/Si NR arrays: (i) ICP
Etching to fabricate Si NR Arrays, (i) template removal by washing, and
(iii) growth of MOS around Si NR arrays by the solution growth.
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are usually evaluated by energy or power densities in a unit
area or volume. So, the areal capacity (LA h cm™?) was applied to
discuss the lithium storage ability of the composite electrodes in
this work.

Results and discussions

Different solution concentrations and reaction time were con-
ducted to modify the surface of Si NRs, as visualized in Fig. 1
and 2. When the lower solution concentrations of 2-methyl-
imidazole, imidazole and Zn(Ac),-2H,O at 1.2 mmol L,
1.2 mmol L™ and 0.6 mmol L™" respectively were employed,
with the reaction time of 4 h, no apparent change can be found
around Si NR arrays compared with the only Si NRs as seen in
Fig. S1,7 except for the unconspicuous particle-like coating
formed on Si NRs' side walls as displayed in Fig. 1a. This
particle-like coating was lacking in crystallinity characterized
within the detection limit of X-ray diffraction (XRD) pattern,
which was then named as metal-organic segments (MOSs). It
should be noted that the “segments” often represents the
metal-organic complexes presenting during the growth of
MOFs or parts of synthesized MOFs.**** While, MOFs usually
refer to crystals consisting of metal nodes coordinated to
organic ligands.® So, here, the definition of “metal-organic
segments (MOSs)” may include both an amorphous coating
layer and tiny ZIF-61 particles around Si NRs, which share the

; e 9
400 nm 400 nm
d f
400 nm 400 nm
6h 12h 24h

Fig. 1 Vertical-view and lateral-view SEM images of various MOS/Si
NRs fabricated by 1.2 mmol L™ 2-methylimidazole, 1.2 mmol L™t
imidazole and 0.6 mmol L™ Zn(Ac),-2H,O with growth time of
(@and b) 4 h, (cand d) 6 h, (e and f) 12 h, and (g and h) 24 h.

12h

4h 6h

Fig. 2 Vertical-view and lateral-view SEM images of various MOS/Si
NRs fabricated by 3.0 mmol L= 2-methylimidazole, 3.0 mmol L™!
imidazole and 1.5 mmol L™ Zn(Ac),-2H,O with growth time of
(@aand b) 4 h, (cand d) 6 h, and (e and f) 12 h.
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similar basic units of metal-organic complexes. Further verifi-
cation will be demonstrated in the following. Further, after a 6
hour reaction, these tiny particles grew visibly. And expectably,
the quantity of the particles increased apparently after the
reaction time of 12 h. The corresponding energy dispersive X-
ray (EDX) spectrum exhibited in Fig. S21 identifies the C, N,
Zn, Si elements, indicating the successful fabrication of MOSs
around Si NRs. Dramatically, the tiny particles disappeared
after a 24 hour growth process; however, a large number of ZIF-
61 crystals with dimensions of several micrometers formed on
the top of Si NRs as shown in Fig. S3,T further identified by the
X-ray diffraction (XRD) pattern® as seen in Fig. S4.f Addition-
ally, the similar phenomenon also happened when the
solution concentrations of 2-methylimidazole, imidazole and
Zn(Ac),-2H,0 were increased to 3.0 mmol L', 3.0 mmol L
and 1.5 mmol L™, respectively, as exhibited in Fig. 2. In these
higher concentration cases, when the growth time is 4 h, more
tiny particles appeared than those in the above samples
synthesized at the lower solution concentrations, indicating the
positive correlation of solution concentration to the MOS

Fig. 3 (a) TEM image of an individual MOS/Si NR fabricated at the
lower concentration for 12 h; (b) HRTEM images of the interface
between Si and MOS with dotted lines showing the (055) plane of tiny
crystalline ZIF-61 particles; (c) dark-field TEM image of the MOS/Si NR
with relevant elemental EDX mappings of Si K line (i), N K line (ii) and
Zn L line (iii).
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coating. At the higher solution concentration, the quantities of
the raw materials such as 2-methylimidazole, imidazole and
Zn(Ac),-2H,0 are sufficient. So, it is easier to collect enough
molecules and ions on the surface of Si NRs, and faster to form
the MOS coating. After the 6 hour growth, the quantity of tiny
particles decreases; however, large crystals can be found on the
top of the Si NRs as seen in Fig. S5a.f Consequently, tiny
particles almost disappear after the 12 hour reaction and
similarly large numbers of ZIF-61 crystals were produced as
shown in Fig. S5b.f The barely characterized elements of Zn
and N on the sidewalls of those Si NRs after a 12 hour growth
process, as seen in the EDX pattern of Fig. S6,T evidenced the
dissolution of MOSs around the Si NRs. According to the above
phenomena, at the initial stage of the growth, the coating of
MOS on Si NRs would be denser as the reactions proceeded;
however, the MOS would dissolve after a certain reaction time
and larger ZIF-61 crystals would gradually form similarly as the
Ostwald ripening.>>

More configuration details of the MOS/Si composite NR
fabricated at the lower concentration for 12 h are visualized by
TEM characterizations as seen in Fig. 3. An individual MOS/Si
NR is presented in Fig. 3a, in which crystalline Si inner core is
evidently coated by the amorphous layer with some tiny crys-
talline ZIF-61 particles as shown in Fig. 3b. Its corresponding
elemental mappings were also characterized as seen in Fig. 3c,
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Fig. 4 (a) MS Spectrum of positive ions obtained with full range of
species; (b) relative intensities of Zny, Zn, and Znz series. The samples
were fabricated at the lower concentration for 12 h.
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Scheme 2 Growth processes of MOS/Si and ZIF-61/Si NRs: (i)
adsorption of molecules such as [Zn(C4HgNo)AC]™, [ZN(C4HgNL)2ACT™
and [Zn(CzH4NL)(C4HgNL)ACTH; (i) MOS growth around Si NRs by the
cross-linking of molecules; (iii) MOSs start exfoliating when the energy
of interface reaches its limit; (iv) formation of large ZIF-61 crystals on
the top of Si NRs.

identifying the Si, N, and Zn elements and further evidencing
the successful fabrication of the MOS/Si NRs. Therefore, it can
be proposed that amorphous layer was first synthesized to
adhere around the Si NRs and afterwards some tiny crystalline
ZIF-61 were produced in the MOS layer.

To clarify the growth processes and structures of MOS,
a representative spectrum of full range of positively charged
molecular species detected using ESI-TOF-MS is exhibited in
Fig. 4a, with their quantities shown in Fig. 4b. The samples were
fabricated at the lower concentration for 12 h. Among them, Zn,
series (ligands coordination to one Zn ion) such as [Zn(C,HeN,)Ac]",
[Zn(C4HeN,),Ac]” and [Zn(C3H,N,)(C4HeN,)Ac] " are the majority,
which could consequently form the higher oligomers in different
coordinations.* These complexes are the basic structural unit in
MOSs adhered around the Si NRs. Along with the undergoing of
reactions, some oligomers tend to arrange in a certain order to
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form the tiny crystalline ZIF-61 particles as shown in Fig. 3b.>*
However, larger crystals are more energetically favored than
smaller particles stemming from the fact that molecules on
the surface of a particle are less stable than the ones in the
interior.”” Therefore, the MOS layer with larger interfacial
energy is inclined to dissolve and form larger ZIF-61 crystals
on the top of the Si NRs to decrease total energy of the system.
The growth processes mentioned above are also illustrated in
Scheme 2.

In order to study the electrochemical properties of the MOS/
Si NRs electrodes fabricated at the lower concentration for 12 h,
cyclic voltammetry (CV) measurements were conducted at the
sweep rate of 0.5 mV s~ . The MOS/Si NR composite electrodes
exhibit obvious lithiation processes below 0.2 V, as shown in
Fig. 5a; and the cathodic peaks at ~0.6 V represent the Li
extraction from the Si active material.”> Meanwhile, during the
first seven cycles, an activation process can be seen with the
magnitudes of the current peaks slightly increasing one by one.
The comparison of discharge capacities between only Si NR and
MOS/Si composite NR electrodes are exhibited in Fig. 5b, tested
by galvanostatic charge and discharge measurements. After
a capacity climbing process during the first 25 cycles (current
density: 10 pA em ™ ?), a capacity of ~1.1 mA h cm ™2 was pre-
sented in the MOS/Si composite NR anode, which is 50 times
higher than that in Si NRs electrodes. The improved electro-
chemical performance is reasonably suggested to be induced by
the MOS coating, which protects the Si NR surface from con-
tacting with the electrolyte directly and increases the specific
area to create more Li" adsorption sites.*® Further investigation
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(a) Cyclic voltammograms curves of MOS/Si NRs electrodes in first ten circles within the voltage window between 2.0 Vto 0.01V versus Li/

Li* ata 0.5 mV s~ sweep rate; (b) discharge capacities of Si NRs and MOS/Si NRs anodes at the current density of 10 and 50 pA cm ™2 within the
electric potential window from 2.0 V to 0.13 V vs. Li/Li* till 70" cycles; (c) rate capabilities of the MOS/Si NRs anode at various current densities
with its corresponding coulombic efficiency; (d) areal capacities of the ZIF-61/Si NR anodes under the current density of 10 pA cm™2 within the
electric potential window from 2.0 V to 0.13 V vs. Li/Li* till 50* cycles (the MOS/Si NRs samples for the tests were all fabricated at the lower

concentration for 12 h).
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of the cycling properties of the composite was also conducted.
As shown in Fig. 5b, the capacity of the composite electrode
dropped after the current density was increased to 50 pA cm ™2,
which may be caused by some irretrievable structure changes
and irreversible reactions during the tests. However, the
composite electrode still can exhibit ~0.5 mA h em ™2 capacities
even after 70 cycles, indicating the acceptable cycling ability.
The electrochemical performances of the Si-based composite
electrode can be improved further by optimizing the coating of
MOS or other carbon materials. In addition, the variation of the
areal capacity of the MOS/Si NRs anode along with the changing
of current densities can be found in Fig. 5c. The capacities rise
from around 0.3 to 0.6 mA h cm™ > when the current density
is kept at 10 pA cm > After the current density rises to
200 pA em 2 gradually, 50% of the initial capacities still can be
maintained. With the current density resumed to 20 pA cm ™2,
the capacities of ~0.6 mA h cm™? are obtained, evidencing the
excellent cycling properties in the high rate. The post-
morphology of the MOS/Si composite NR electrodes, after
50 cycles of the charging/discharging processes and subsequent
washing procedures by DMF and methanol respectively, are
shown in Fig. S7.1 The array configuration is well kept in the
electrode without obvious volume expansion and fractures,
indicating the satisfied mechanical stability in this three
dimensional (3D) composite MOS/Si configuration. The MOSs
would not exfoliate and form ZIF-61 as the resources such as
Zn(Ac),, imidazole and 2-methylimidazole do not exist during
the tests. As a comparison, the ZIF-61/Si NRs anodes were also
tested as seen in Fig. 5d. The larger ZIF-61 crystals on the top of
the Si NRs fail to protect the Si NR during the electrochemical
cycling as shown in Fig. S8;} as a result, the capacities are only
~140 pA h em 2 after 50 cycles, which are observably lower than
those of MOS/Si NR composite electrodes.

Conclusion

In conclusion, Si NR surfaces were modified with metal organic
segments by the cross-linking of Zn(Ac),-2H,0, imidazole and
2-methylimidazole with appropriate concentrations and growth
time. These kinds of MOS are probably derived from the solu-
tion species such as [Zn(C4HeN,)Ac]’, [Zn(C4HgN,),Ac]” and
[Zn(C5H,N,)(C4HgN,)Ac]". Due to the cooperation of MOS
around Si NRs, resulting in the effective hindering in the
formation of SEI film around the Si NR surfaces and restriction
of the volume expansion of Si, an up to 1.1 mA h em™> capacity
was achieved in the composited anode. In addition, the capacity
of ~0.5 mA h cm™? can be still remained within the high rate
cycling. Based on the initial intention in this work, besides the
cross-linking of Zn(Ac),, imidazole and 2-methylimidazole,
other kinds of metal sources and imidazolates may also be used
to simply modify the surface of nanostructured-Si to achieve
improved capacities and longer lifetime in electrodes.
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