
nanomaterials

Article

0D-1D Hybrid Silicon Nanocomposite as Lithium-Ion
Batteries Anodes

Sergio Pinilla 1,2,† , Sang-Hoon Park 2, Kenneth Fontanez 3, Francisco Márquez 3,
Valeria Nicolosi 2,* and Carmen Morant 1,*

1 Department of Applied Physics, Laboratory of Coatings and Nanostructures and Instituto Nicolás Cabrera,
Universidad Autónoma de Madrid (UAM), Cantoblanco, 28049 Madrid, Spain; PINILLAS@tcd.ie

2 School of Chemistry, CRANN & AMBER, Trinity College Dublin, 02 Dublin, Ireland;
marka0819@hanmail.net

3 Nanomaterials Research Group, Department of Chemistry, Universidad Ana G. Méndez-Gurabo Campus,
189 St Rd km 3.3, Gurabo, PR 00778, USA; kfontanez12@email.uagm.edu (K.F.); fmarquez@suagm.edu (F.M.)

* Correspondence: NICOLOV@tcd.ie (V.N.); c.morant@uam.es (C.M.); Tel.: +353-1-896-4408 (V.N.);
+34-91-497-4924 (C.M.)

† Current address: School of Chemistry, CRANN & AMBER, Trinity College Dublin, 02 Dublin, Ireland.

Received: 24 February 2020; Accepted: 9 March 2020; Published: 12 March 2020
����������
�������

Abstract: Lithium ion batteries (LIBs) are the enabling technology for many of the societal changes
that are expected to happen in the following years. Among all the challenges for which LIBs are
the key, vehicle electrification is one of the most crucial. Current battery materials cannot provide
the required power densities for such applications and therefore, it makes necessary to develop
new materials. Silicon is one of the proposed as next generation battery materials, but still there are
challenges to overcome. Poor capacity retention is one of those drawbacks, and because it is tightly
related with its high capacity, it is a problem rather difficult to address with common and scalable
fabrication processes. Here we show that combining 0D and 1D silicon nanostructures, high capacity
and stability can be achieved even using standard electrode fabrication processes. Capacities as high
as 1200 mAh/g for more than 500 cycles at high current densities (2 A/g) were achieved with the
produced hybrid 0D/1D electrodes. In this research, it was shown that while 0D nanostructures
provide good strain relaxation capabilities, 1D nanomaterials contribute with enhanced cohesion and
conductive matrix integrity.
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1. Introduction

Li-ion batteries (LIBs) have become inseparable companions of the advances that society has
experienced in the last 15 years. They are a crucial part of the vast majority of portable electronics,
and as new applications emerge, greater energy storage capabilities are required. Specially, the need
to develop electrical vehicles (EVs) with performance and autonomy similar to those of internal
combustion engines (ICEs), is a challenge that goes through new developments in LIBs.

Current technology based on graphite anodes, with a capacity of 372 mAh/g, fail to deliver
the needed gravimetric capacity of 1000 mAh/g that has been proposed as optimal to meet future
demands [1,2]. This, combined with the incompatibility of graphite with some of the common
electrolyte solvents [3,4], makes necessary the use of other high capacity and low voltage anode
materials. In this scenario, silicon stands as one of the most outstanding options, with a theoretical
capacity close to 3590 mAh/g and a great availability, it has been predicted to be incorporated in
commercial batteries between 2025–2030 [5].
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However, the high specific capacity of Si as anode material in LIBs is counterbalanced by huge
volume variations during the Li-Si alloying/dealloying processes [6,7]. This expansion and contraction
has as side effects a large irreversible loss of capacity due to the continuous SEI formation [8]
and a poor capacity retention caused by the pulverization of the silicon [9]. To avoid these
drawbacks, the nanostructuring of silicon has been proposed as a promising strategy for anodes
fabrication [10]. Taking advantage of the facile strain relaxation that the nanometric size provides
to the structures [11,12] and the improved diffusion achieved through a higher surface to volume
ratio [13], nanomaterials are capable of effectively mitigate the pulverization and continuous SEI
formation while allowing higher charge/discharge rates.

However, Si nanomaterials still face significant challenges. Their very high surface area produces
large amounts of SEI that is renewed upon cycling [4], and their shrinkage after delithiation tends
to isolate material in each cycle [14]. To address these issues, different strategies have been explored:
(i) A carbon coating on the Si surface. Carbon allows the diffusion of Li+ to the underlying Si,
electrically connects the particles, and an homogeneous coverage can minimize the SEI formation [15].
This approach is easy to implement but, usually, the coating cannot withstand the expansion of Si
volume and ends up breaking. Some authors have been able to solve this problem [16] but employing
a significantly more complex approach which is not easy to export to high mass production. (ii) Mixing
the Si with C-based nanomaterials. Carbon nanomaterials have similar advantages to those of the
amorphous carbon discussed above, and can more easily adapt to the volume changes of silicon [17,18].
However, they do not solve the SEI formation problem, and, despite reduced, the isolation of Si
particles can still occur. (iii) New polymer binders and chemical bonding to them. The performance of
binders in Si anodes depends largely on particle size and morphology [19], therefore, it is necessary
to adapt them to the specificities of the Si material used. Furthermore, it has been proven that the
functionalization of Si to link it to the binder, also helps improve cycling stability [20]. Despite being
promising and easy to implement, this last approach still needs a significant break through to catch up
with the other strategies.

In this work, a different approach is proposed. We studied the use of different lengthen Si
nanomaterials (0D and 1D) to create an interconnected network that minimizes particle isolation.
The research was started studying the characteristics of several Si nanostructures in order to select
the most promising materials. We used a range of commercially available Si nanomaterials as well as
an in-house synthesized Si material produced by an easy and scalable technique [21]. It was found
that, from the materials analysed, the smallest commercial nanoparticles had the highest overall
performance while the 1D synthesized material showed improved network integrity. The combination
of these small 0D and long but thin 1D Si nanomaterials, resulted in a performance of 1200 mAh/g that
was stable even after 500 cycles. The developed hybrid electrode, based on commercial nanoparticles
and in-house synthesized nanowires, meets the optimum anode requirements, with a processing
technique compatible with current battery technology. Also, its performance, in terms of long cycling
stability, is among the highest reported up to date for silicon based-anodes.

2. Materials and Methods

2.1. Synthesis of Silicon Nanowires

Silicon nanowires (SiNWs) were produced by a wet etching method known as MACE (Metal
Assisted Chemical Etching) [22,23]. Monocrystalline 3-inch Si wafers, p-type with <100> orientation
(1–10 Ωcm, boron-doped, single side polished, 375± 25µm thick, PI-KEM) were used as substrates.
The standard two-step MACE procedure, described in detail in our previous works [24,25],
was followed. The whole Si wafer was cleaned by consecutive sonication in acetone, isopropyl alcohol
and DI-H2O, for 10 min each. Subsequently, it was immersed in a piranha solution (18 M H2SO4: 10 M
H2O2, 3:1 v/v) for 30 min and rinsed thoroughly with DI-H2O. Then, the silicon dioxide formed on the
surface was removed by HF (5%) treatment for 5 min. After this cleaning, the MACE was performed
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on small pieces of the Si wafer. Si fragments were immersed in a AgNO3/HF bath (0.01 M AgNO3

and 4.8 M HF) for a period of 2 min, obtaining a uniform coverage of Ag nanoparticles on the silicon
surface. Afterwards, it was immersed in a second HF/H2O2 bath (molar ratio HF/H2O2 = 24) for
440 min. During this period, a longitudinal etch was produced along the entire thickness of the sample.
Following this procedure for a sufficient etching time, the total thickness of the silicon sample was
transformed into SiNWs.

Once the process was completed, the sample was rinsed in DI-H2O for cleaning. The SiNW
arrays were separated from the mother Si wafer by ultrasonication for 2 min in Isopropyl alcohol (IPA,
Aldrich). After this sonication, there was no solid macroscopic remains of the original sample and all
the nanowires were dispersed in IPA. Finally, the solutions were centrifuged at low speed (300 rpms)
to separate the nanowires from the micrometric pieces of un-etched material.

2.2. Electrodes Preparation, Battery Assembly and Electrochemical Characterization

The fabrication of electrodes was conducted by the mixture of the active material with binders and
conductive additives. The active material was constituted by Si nanostructures, i.e., Si nanowires or Si
nanoparticles, or composites with both nanostructures. All the electrodes in this work were prepared
following the same recipe, which is described in the subsequent lines. The working electrodes were
prepared with 70% of Si material, 20% of Carbon Black (Timical Super C65, MTI Corp) and 10% of
Li polyacrylate (Li-PAA) (3 g PAA (35%) + 0.6 g LiOH + 78.9 g DI-H2O, prepared as described by
Eberman et al. [26]). The mixing was accomplished by manual milling and, subsequently, the slurry
was spread on a copper foil (MTI Corporation 99.99%, 9 µm thick) by using a doctor blade at a height
of 150 µm. Then, it was dried in a vacuum oven at 40 ◦C for 5 h to avoid the formation of cracks [27].
The mass loadings achieved ranged between 1.3–2.0 mg/cm2. Once dried, the resulting electrodes
were cut to the desired round disc (12 mm diameter) with a electrode puncher (EL-Cut, provided by
EL-CELL). Afterwards, CR2032-coin cells were assembled in half-cell configuration with a borosilicate
glass fiber separator (Whatman GF/B) and an electrolyte composed by 1 M LiPF6 in ethylene
carbonate and dimethyl carbonate (EC:DMC, 1:1 v/v, supplied by Sigma-Aldrich). Once assembled,
the batteries were allowed to homogenize for at least 4 h before being measured. A schematic of
the whole fabrication process is displayed in Figure 1. The electrochemical characterization was
performed with a 12-channel Arbin Instruments BT2143 workstation, at room temperature (25 ◦C).
Galvanostatic charge/discharge tests were conducted in a voltage range of 0.01–1.2 V vs. Li+/Li,
at different current densities. The cyclability of the electrodes was evaluated at 2 A/g (∼1/2 C) after
initial formation cycle at 0.5 A/g (∼1/8 C). The discharge rate-capabilities of the electrodes were
investigated using symmetrical charge/discharge conditions with rates ranging from 1/20 C to 1.5 C.

2.3. Material Characterization

Scanning Electron Microscopy (SEM) images of the Si nanostructures, as well as the prepared
electrodes, were obtained with a Zeiss Ultra Plus (Carl Zeiss, Germany) at an acceleration voltage of
5 keV. X-Ray Diffraction was performed with a Bruker D5000 powder diffractometer equipped with a
monochromatic Cu Kα radiation source. XRD patterns were collected between 5◦ < θ < 90◦, with a
step size of 2θ = 0.02 and a time per step of 163 s.
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Figure 1. Scheme of the different steps (1–4) for the preparation of batteries with MACE SiNWs electrodes.

3. Results and Discussion

3.1. Morphology of the Nanomaterials

In the first instance, SiNWs were fabricated by MACE and used as anode material in LIBs.
Subsequently, for comparison, two commercially available Si-based nanomaterials were also studied as
battery anodes: commercial silicon nanoparticles (SiNPs, Alpha Aesar) and commercial SiNWs/SiNPs
mixture (US Research Nanomaterials).

As described in the experimental section, SiNWs were obtained by etching a full wafer, Figure 2a.
The total thickness of the wafer was completely engraved, generating SiNW arrays vertically aligned
along the normal axis of the wafer. The average height of the etched wafer was 240 µm. It is worth
mentioning that this value is lower than the initial thickness of the wafer. This has been previously
reported and is due to the dilution of the nanowires tips after a prolonged exposure to the enchants.
Despite that the tips of the nanowires are free from the presence of catalyst (silver nanoparticles in
this case), a slow etching can still happen at the bare silicon [24,25]. After sonication for 2 min in IPA
and low speed centrifugation, SiNWs dispersion was achieved. During sonication and centrifugation
processes, SiNWs are almost completely separated and shortened to lengths in a wide range, 1–50 µm,
as is observed in Figure 2b.

For comparison, the commercial silicon nanomaterials were selected so their diameters were
similar to the MACE silicon nanowires. This consideration is very important because the stability
of silicon materials upon lithiation is highly dependent on the particles size [12,28], therefore only
equally lateral sized materials makes a fair comparison. Figure 3 shows representative SEM images of
the Si nanostructures used for the first stage of the current study, namely MACE-SiNWs (Figure 3a),
SiNPs-AlphaAesar (Figure 3b) and SiNWs/SiNPs-US (Figure 3c). The corresponding histograms
indicate that the diameters of the fabricated SiNWs-MACE are very homogenous, 140 ± 40 nm,
while the commercial SiNPs slightly increase their average diameter, 180± 70 nm. On the other
hand, the mixture of SiNWs/SiNPs provided by US research nanomaterials, presents a wide range
of dimensions. The small wires appear aggregated to nano- and micro-sized particles (Figure 3c);
the resulting statistical analysis of the particulate sizes (histogram in Figure 3f) shows a dispersion
value larger than the mean value, 300± 400 nm. Supporting Information (Figure S1) includes general
views of this heterogeneous material, where the presence of big structures is evident. The sizes
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dispersion of the commercial mixture may have an impact on the LIB performance, limiting the life of
the cell and its rate.

a b

20 µm

Figure 2. (a) Silicon wafer after the completion of the MACE, (b) Silicon nanowires deposited from IPA dispersion.
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Figure 3. SEM images of MACE SiNWs (a), SiNPs from Alpha Aesar (c) and SiNWS/SiNPs from US
nano (e). (b,d,f) are the histograms of above-mentioned samples.

3.2. Electrochemical Characterization of SiNWs and Comparison with Commercial Materials

In the next step, all the above Si nanostructures were evaluated as anodes for LIBs. Galvanostatic
Charge-Discharge (GCD) curves, between 0.01–1.2 V are shown in Figure 4a (first cycle) and Figure 4c
(second cycle). The resulting differential capacity (dQ/dV) curves, extracted from the GCD profiles,
are presented in Figure 4b (first cycle) and Figure 4d (second cycle).
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Figure 4. Electrochemical performance of selected material, as labelled (MACE-SiNWs, SiNPs-
AlphaAesar, SiNWs/SiNPs-US). (a,c) are galvanostatic charge-discharge (GCD) curves of the three
selected materials during the 1st (≈1/8 C) and 2nd cycles (≈1/2 C) of the galvanostatic cycling,
respectively. (b,d) are the dQ/dV profiles obtained from the GCD curves corresponding to each
electrodes. Figure (e) shows the coulombic efficiency and specific capacity of the selected materials.

All these Si-based electrodes show the characteristic cathodic peak lower than 0.15 V in the dQ/dV
curves for the first lithiation (Figure 4b). The mentioned peak is associated by a constant plateau in
the GCD profiles (Figure 4a), and corresponds to the Li-alloying of crystalline Si to form amorphous
LixSi [29,30] by the reaction:

c-Si + xLi→ a-LixSi (1)

In this first lithiation, the change of slope at voltages < 50 mV indicates another two-phase
transition from amorphous lithiated silicon to crystalline Li15Si4 [31]. Likewise, during the first
delithiation, all the electrodes show an anodic peak at ca. 0.45 V in the dQ/dV curves (Figure 4b),
which is associated with the corresponding plateau in GCD profiles (Figure 4a). This peak is assumed to
correspond to the two-phase reaction from the delithiation of the crystalline Li15Si4 to form a-Si [29–31].

Li15Si4 → 4Si + 15Li (2)

During the second cycle (Figure 4c,d), all the materials exhibit the characteristics of amorphous
Si [26,32,33], composed by two broad peaks in each lithiation/delithiation process. The lack of
two-phase transition peaks indicates that the Si-Li richest specie is the amorphous Li15Si4 [30], giving
a theoretical nominal capacity of 3578 mAh/g. The exact compounds formed in each reaction are
unknown, but it is well established that the lithiation is produced by two consecutive incorporations
of Li into amorphous phases of Si-Li [33].

From Figure 4a,e, it can be observed that MACE-SiNWs presents the highest charge capacity
among the analysed electrodes. Even though the first lithiation capacities both for the MACE-SiNWs
and commercial SiNWs/SiNPs-US electrodes are similar (Figure 4a), the subsequent charge indicates
that the MACE-SiNWs electrode retained double delithiation capacity. As a result, the initial coulombic
efficiency of the MACE electrode (75%) is higher than the one for commercial SiNWs/NPs-US (38%)
(Figure 4e). In consecutive cycles (Figure 4e), the capacity of all electrodes gradually decays, showing
a capacity retention of 34% (MACE-SiNWs), 37% (SiNPs-AA) and 17% (commercial SiNWs/NPs-US)
after 20 cycles. This effect is common in Si-based electrodes and is generally caused by pulverization
and loss of electrical contact [34,35]. Nevertheless, the MACE-SiNWs electrode displays better
performance compared to the other commercial Si-based electrodes, which retain less than 500 mAh/g
after 20 cycles compared to the 710 mAh/g of the MACE-SiNWs (Figure 4e). The substantial capacity
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difference between the MACE-SiNWs electrodes and the other Si nanostructures, might be ascribed to
the longitudinal dimension of the nanowires. Their length (up to 50 µm) makes them less susceptible
to be isolated from the network and therefore more of the Si mass is electrochemically active. Moreover,
the lower surface area in comparison with the other 1D nanomaterias analysed (the commercial
SiNWs/NPs-US), can also contribute to better performance by reducing capacity loss due to SEI
formation (as shown in Figure 4e by a higher C.E.).

dQ/dV curves during the first lithiation/delithiation cycle (Figure 4b) provide further evidence of
the advantage for the MACE-SiNWs electrode. As mentioned, all of these Si-based electrodes show the
characteristic sharp cathodic and anodic peaks; however, the voltage positions in which they appear
are not the same. The anodic peak (de-alloying of Li-Si phase) for the MACE-SiNWs electrode initially
occurs at a lower potential, indicating that a relatively low anodic overpotential was induced for the
MACE-SiNWs electrode during delithiation. In the second cycle, Figure 4d, this effect is repeated,
and the MACE-SiNPs show again a substantially lower anodic potential than the other two silicon
materials. An overpotential usually indicates a higher internal resistance in the electrode that shifts
the reaction potentials due to polarization, and degrades the performance of the cell. This resistance
may come from a poor electrical contact between the active material and the conductive matrix [16],
or from the diffusion kinetics in the material [36]. Since all our materials have the same composition
and roughly same diameters, it can be deducted that the differences between overpotentials mainly
come from the contact with the conductive matrix, being the MACE-SiNWs those that stand out
over the commercial materials. Please note that what we measure in our configuration is not the
overpotential but the overvoltage. However, since lithium is considered to have a zero polarization
voltage, effectively these two magnitudes are the same.

3.3. Hybrid Electrode Fabrication and Performance

The results described above prove that, despite having lower surface to volume ratio than
commercial particles, MACE-SiNWs display better electrochemical performance. In order to deepen
into this matter, we added to our study substantially smaller particles, 100 nm sized nanoparticles
(from US Research Nanomaterials).

SEM images (Figure 5a,b) of the particles, namely SiNPs-US, confirm an homogeneous size of
(100± 30 nm). The electrode fabrication process and electrochemical characterization were followed
as for previous materials, giving the results shown in the GCD curves displayed in Figure 5c. From the
GCD, it can be appreciated an outstanding electrochemical performance of the electrode after 10 cycles,
maintaining a specific capacity around 2100 mAh/g. In comparison, MACE-SiNWs electrodes
(Figure 4a) only retained ca. 820 mAh/g after the same number of cycles. Interestingly, the GCD profiles
do not show the sharp slope change associated to the two-phase transition peak above discussed,
corresponding to the delithiation of the crystalline Li15Si4. This phase transition cannot be observed
even for the first cycle, which contrasts with all the tested Si nanomaterials with bigger size. This might
be explained by the lack of crystallinity in the SiNPs-US structure. However, XRD spectra of the four
different materials (Figure S2) do not show any substantial difference. We can therefore evict that
all four materials have similar crystallinity. The only plausible explanation is that the formation of
the crystalline Li15Si4 phase, only occurs in particles sizes above a threshold (slightly over 100 nm),
and is associated with the cracking of the particles [12,32]. As can be seen from the difference of
performance between the different sized materials, this effect can have a severe influence on the overall
device performance.
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Figure 5. Representative SEM image of the SiNPs from US Research Nanomaterials (a). Size distribution
of the SiNPs (b). GCD curves of the first 10 cycles of the SiNPs LIBs (c).

On the other hand, the GCD curves of the SiNPs-US electrodes (Figure 5c) reveal a significant
shift of the delithiation voltages as the cycles progress. This increased overpotential indicates a
degradation of the contact with conductive matrix, that, as was previously reported, hinders the
cycling performance of the battery in the long term. This effect was investigated more in depth,
paying attention to the morphology of the electrodes. SEM images of SiNPs-US electrodes (Figure 6a)
revealed that even before cycling, the electrodes presented huge cracks throughout the surface. This is
symptomatic of poor cohesion, which could explain the overpotential observed in the GCD curves.
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Figure 6. SEM images of a SiNPs-US electrode, (a), and the hybrid MACE-SiNWs/SiNPs-US
electrode, (b). Inset in (b) is displayed a closer SEM image of the SiNPs/SiNWs mixture. In (c),
is represented the voltage shifting of the delithiation peaks of the SiNPs and hybrid electrodes along
150 cycles. The peaks position were obtained from the dQ/dV curves such as those shown in (d,e).

In order to take advantage of the high electrochemical capacity of the commercial SiNPs-US,
while keeping the good integrity (and low overpotential) of the electrical network formed by the
MACE-SiNWs, it was decided to study hybrid electrodes, made of the two combined systems.
Electrodes made of the 0D-1D hybrids were fabricated by mixing SiNPs-US and MACE-SiNWs
in a 1:1 ratio. Firstly, it was observed that the presence of MACE-SiNWs in the hybrid provided
structural integrity to the electrode, avoiding the cracking previously seen in electrodes solely made of
SiNPs-US material (Figure 6b). Higher magnification images (inset of Figure 6b) of the hybrid revealed
a homogeneous distribution of both MACE-Si-NWs and SiNPs-US in the electrode. The SiNWs were
found surrounded by the NPs, preventing the formation of separated clusters of SiNWs or SiNPs.
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In order to further investigate the degradation of the electrodes during cycling, the dQ/dV curves
of the hybrid and SiNPs electrodes were obtained and analyzed (Figure 6d,e respectively). For both
electrodes, the shift of the first delithiation peak was tracked along 150 cycles and represented in
Figure 6c. In this graph, it can be clearly seen that during the first 15 cycles the SiNPs sample shows a
pronounced increase of the overpotential, being especially sharp between the two first cycles, probably
due to the rearrangement of the network caused by the volume expansion and SEI formation. On the
other hand, the hybrid electrode shows a much lower overpotential even during the first cycles.
Definitively, the absence of overpotential in the hybrid electrode highlights a better integrity of the
composite, which contributes to improved the capacity retention.

Additionally, the electrochemical characterization of the hybrid electrode (Figure 7b) revealed a
first delithiation capacity of 3050 mAh/g, which is between the capacity values for single component
Si-based electrodes (3400 mAh/g for the SiNPs electrode and 2100 for the MACE SiNWs electrode).
This is very common feature observed for the general mixture system under lever rule, but surprisingly,
this hybrid electrode maintained a much higher specific capacity in further cycling. After 10 cycles, the
delithiation capacity for the hybrid electrode (2307 mAh/g, Figure 7b) is higher than for the electrode
made of SiNPs alone (2135 mAh/g, Figure 5c) despite of its lower specific capacity values during
initial cycling stages.
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Figure 7. (a) Comparison between the cycling performance of the hybrid MACE-SiNWs/SiNPs and
the SiNPs-US electrodes. (b) GCD curves of the hybrid electrode, and (c) shows the rate performance
of the hybrid electrode.

To examine the long-term cycling stability of these Si-based electrodes, charge and discharge
measurements were carried out at a constant current density of 2 A/g for 500 cycles, as shown in
Figure 7a. While the specific capacity of SiNPs-US electrode is markedly reduced to ca. 1000 mAh/g
at the earlier cycling stage (after 50 cycles), the MACE-SiNWs/SiNPs-US hybrid electrode only
shows a gradual decay of its capacity throughout the whole cycling. After 500 cycles, the hybrid
electrode retained a specific capacity of almost 1200 mAh/g, more than twice that of SiNPs-US
(580 mAh/g). The capacity displayed by the hybrid electrode after 500 cycles, is not only impressive
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when compared to the starting material, but it is also positioned in the high end of performance
among the state-of-the-art nano-Silicon based anodes (as shown in Table 1). Additionally, the hybrid
electrode exhibits quite competitive rate performance when cycled at current densities from 0.2 to
5 A/g (Figure 7c). The hybrid electrode only suffered a 44% decrease in capacity when the current
density was increase by a factor of 10 (0.5–5.0 A/g) outperforming, in this aspect, other state-of-the-art
silicon composites [37–39].

The results presented above demonstrate the exceptional energy storage properties of the hybrid
electrode fabricated with long and thin MACE-SiNWs and extra small SiNPs. This is probably due to
the synergistic effect of the different dimensional structure (0D-1D hybrid) that combines the stable
expansion capabilities of the SiNPs and the good electrode integrity of the SiNWs. Its performance has
proven to be superior to any commercial Si-based electrodes tested, to the components separately and
it is highly positioned among the state-of-the-art nanoSi-based anodes.

Table 1. Key parameters and electrochemical performance of our 0D-1D hybrid composite and several
nanoSi-based state-of-the-art anodes reported in the literature. Only references showing long cycling
stability (>200 cycles) were included in this table.

Si Material Fabrication Method Electrolyte Electrochemical Performance Ref

SiNWs/SiNPs Slurry (7:2:1) EC/DMC 1200 mAh/g, 500 cycles, 2 A/g This work
SiNPs@C Slurry (6:2:2) EC/DEC + 5% FEC 1279 mAh/g, 500 cycles, 2 A/g [37]

SiNPs@Cellulose nanofibers Slurry (70:15:15) EC/DEC + 10% FEC 808 mAh/g, 500 cycles, 2 A/g [38]
SiNPs@C Slurry (8:1:1) EC/DEC + 1% VC ≈1300 mAh/g, 500 cycles, 1/2 C [16]

SiNPs@r-GO Slurry (70:15:15) EC/DMC ≈950 mAh/g, 250 cycles, 1 A/g [39]
DCS-SiNPs Slurry (8:1:1) EC/PC ≈1500 mAh/g, 500 cycles, 1/5 C [17]
MCS-SiNPs Slurry (6:2:2) EC/EMC + 5% FEC 1070 mAh/g, 500 cycles, 1/5 C [40]

GO-SiNPs paper Free standing (40% Si) EC/DMC ≈750 mAh/g, 500 cycles, 0.4 A/g [41]
SiNPs:H@PAA Slurry (6:2:2) EC/DEC/DMC ≈1700 mAh/g, 300 cycles, 0.34 A/g [20]

4. Conclusions

To summarize, we have explored an easy route to improve the long cycling stability of silicon
anodes by combining 0D and 1D Si nanomaterials. In the first stage of the work, the electrochemical
performance of a wide range of Si nanomaterials with similar lateral sizes were studied, showing that
the MACE synthesized SiNWs, due to their high aspect ratio, are less susceptible to loss of contact
and therefore, retain higher capacity after initial cycles. This very interesting property was further
exploited by combining the SiNWs with smaller SiNPs that display much better capacity but serious
degradation issues. The hybrid 0D/1D electrodes outperformed the single component electrodes,
maintaining a capacity of 1200 mAh/g even after 500 cycles. This extraordinary performance was
compared with other state-of-the-art Si-based electrodes, being among the highest reported stable
capacities in nano-silicon anodes. The composite stability, even after long cycling, and the simple
approach for the electrode fabrication, which is based on the industry standards, make this hybrid
nanocomposite a very attractive battery material that would meet the performance demands of the
next generation LIBs.
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XRD X-ray Diffraction
GCD Galvanostatic Charge-Discharge
dQ/dV Differential Capacity

References

1. Yoshio, M.; Tsumura, T.; Dimov, N. Electrochemical behaviors of silicon based anode material. J. Power Sources
2005, 146, 10–14. [CrossRef]

2. Kasavajjula, U.; Wang, C.; Appleby, A.J. Nano- and bulk-silicon-based insertion anodes for lithium-ion
secondary cells. J. Power Sources 2007, 163, 1003–1039. [CrossRef]

3. Zhu, Y.; Stoller, M.D.; Cai, W.; Velamakanni, A.; Piner, R.D.; Chen, D.; Ruoff, R.S. Exfoliation of Graphite
Oxide in Propylene Carbonate and Thermal Reduction of the Resulting Graphene Oxide Platelets. ACS Nano
2010, 4, 1227–1233. [CrossRef] [PubMed]

4. Casimir, A.; Zhang, H.; Ogoke, O.; Amine, J.C.; Lu, J.; Wu, G. Silicon-based anodes for lithium-ion batteries:
Effectiveness of materials synthesis and electrode preparation. Nano Energy 2016, 27, 359–376. [CrossRef]

5. OECD. Global EV Outlook 2018; OECD: Paris, France, 2018. [CrossRef]
6. Boukamp, B.A. All-Solid Lithium Electrodes with Mixed-Conductor Matrix. J. Electrochem. Soc. 1981,

128, 725. [CrossRef]
7. Ko, M.; Chae, S.; Cho, J. Challenges in Accommodating Volume Change of Si Anodes for Li-Ion Batteries.

ChemElectroChem 2015, 2, 1645–1651. [CrossRef]
8. Delpuech, N.; Dupré, N.; Mazouzi, D.; Gaubicher, J.; Moreau, P.; Bridel, J.S.; Guyomard, D.; Lestriez, B.

Correlation between irreversible capacity and electrolyte solvents degradation probed by NMR in Si-based
negative electrode of Li-ion cell. Electrochem. Commun. 2013, 33, 72–75. [CrossRef]

9. Liu, X.H.; Zheng, H.; Zhong, L.; Huang, S.; Karki, K.; Zhang, L.Q.; Liu, Y.; Kushima, A.; Liang, W.T.;
Wang, J.W.; et al. Anisotropic swelling and fracture of silicon nanowires during lithiation. Nano Lett. 2011,
11, 3312–3318. [CrossRef]

10. McDowell, M.T.; Lee, S.W.; Nix, W.D.; Cui, Y. 25th Anniversary Article: Understanding the Lithiation of
Silicon and Other Alloying Anodes for Lithium-Ion Batteries. Adv. Mater. 2013, 25, 4966–4985. [CrossRef]

11. Chan, C.K.; Peng, H.; Liu, G.; McIlwrath, K.; Zhang, X.F.; Huggins, R.A.; Cui, Y. High-performance lithium
battery anodes using silicon nanowires. Nat. Nanotechnol. 2008, 3, 31–35. [CrossRef]

12. Liu, X.H.; Zhong, L.; Huang, S.; Mao, S.X.; Zhu, T.; Huang, J.Y. Size-dependent fracture of silicon
nanoparticles during lithiation. ACS Nano 2012, 6, 1522–1531. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jpowsour.2005.03.143
http://dx.doi.org/10.1016/j.jpowsour.2006.09.084
http://dx.doi.org/10.1021/nn901689k
http://www.ncbi.nlm.nih.gov/pubmed/20112929
http://dx.doi.org/10.1016/j.nanoen.2016.07.023
http://dx.doi.org/10.1787/9789264302365-en
http://dx.doi.org/10.1149/1.2127495
http://dx.doi.org/10.1002/celc.201500254
http://dx.doi.org/10.1016/j.elecom.2013.05.001
http://dx.doi.org/10.1021/nl201684d
http://dx.doi.org/10.1002/adma.201301795
http://dx.doi.org/10.1038/nnano.2007.411
http://dx.doi.org/10.1021/nn204476h
http://www.ncbi.nlm.nih.gov/pubmed/22217200


Nanomaterials 2020, 10, 515 12 of 13

13. McDowell, M.T.; Ryu, I.; Lee, S.W.; Wang, C.; Nix, W.D.; Cui, Y. Studying the kinetics of crystalline silicon
nanoparticle lithiation with in situ transmission electron microscopy. Adv. Mater. 2012, 24, 6034–6041.
[CrossRef]

14. Liu, G.; Xun, S.; Vukmirovic, N.; Song, X.; Olalde-Velasco, P.; Zheng, H.; Battaglia, V.S.; Wang, L.; Yang, W.
Polymers with tailored electronic structure for high capacity lithium battery electrodes. Adv. Mater. 2011,
23, 4679–4683. [CrossRef] [PubMed]

15. Chen, S.; Gordin, M.L.; Yi, R.; Howlett, G.; Sohn, H.; Wang, D. Silicon core-hollow carbon shell
nanocomposites with tunable buffer voids for high capacity anodes of lithium-ion batteries. Phys. Chem.
Chem. Phys. 2012, 14, 12741–12745. [CrossRef] [PubMed]

16. Liu, N.; Lu, Z.; Zhao, J.; Mcdowell, M.T.; Lee, H.W.; Zhao, W.; Cui, Y. A pomegranate-inspired nanoscale
design for large-volume-change lithium battery anodes. Nat. Nanotechnol. 2014, 9, 187–192. [CrossRef]
[PubMed]

17. Chen, S.; Shen, L.; van Aken, P.A.; Maier, J.; Yu, Y. Dual-Functionalized Double Carbon Shells Coated Silicon
Nanoparticles for High Performance Lithium-Ion Batteries. Adv. Mater. 2017, 29. [CrossRef] [PubMed]

18. Chen, S.; Bao, P.; Huang, X.; Sun, B.; Wang, G. Hierarchical 3D mesoporous silicon@graphene
nanoarchitectures for lithium ion batteries with superior performance. Nano Res. 2014, 7, 85–94. [CrossRef]

19. Erk, C.; Brezesinski, T.; Sommer, H.; Schneider, R.; Janek, J. Toward silicon anodes for next-generation
lithium ion batteries: A comparative performance study of various polymer binders and silicon nanopowders.
ACS Appl. Mater. Interfaces 2013, 5, 7299–7307. [CrossRef]

20. Assresahegn, B.D.; Bélanger, D. Synthesis of binder-like molecules covalently linked to silicon nanoparticles
and application as anode material for lithium-ion batteries without the use of electrolyte additives.
J. Power Sources 2017, 345, 190–201. [CrossRef]

21. Bang, B.M.; Kim, H.; Song, H.K.; Cho, J.; Park, S. Scalable approach to multi-dimensional bulk Si anodes via
metal-assisted chemical etching. Energy Environ. Sci. 2011, 4, 5013. [CrossRef]

22. Smith, Z.R.; Smith, R.L.; Collins, S.D. Mechanism of nanowire formation in metal assisted chemical etching.
Electrochim. Acta 2013, 92, 139–147. [CrossRef]

23. Huang, Z.P.; Geyer, N.; Werner, P.; de Boor, J.; Gösele, U.; Gosele, U.; Han, H.; Huang, Z.P.; Lee, W.
Metal-Assisted Chemical Etching of Silicon: A Review. Adv. Mater. 2011, 23, 285–308. [CrossRef] [PubMed]

24. Pinilla, S.; Barrio, R.; González, N.; Pérez Casero, R.; Márquez, F.; Sanz, J.M.; Morant, C. Role of Hydrogen in
the Preparation of Amorphous Silicon Nanowires by Metal-Assisted Chemical Etching. J. Phys. Chem. C
2018, 122, 22667–22674. [CrossRef]

25. Pinilla, S.; Mollá, G.; Pau, J.L.; Morant, C. Impact of the oxide layer on the electrical properties of silicon
nanowires fabricated by metal-assisted chemical etching. Phys. Status Solidi (A) 2016, 213, 2884–2889.
[CrossRef]

26. Chevrier, V.L.; Liu, L.; Le, D.B.; Lund, J.; Molla, B.; Reimer, K.; Krause, L.J.; Jensen, L.D.; Figgemeier, E.;
Eberman, K.W. Evaluating Si-Based Materials for Li-Ion Batteries in Commercially Relevant Negative
Electrodes. J. Electrochem. Soc. 2014, 161, A783–A791. [CrossRef]

27. Rollag, K.; Juarez-Robles, D.; Du, Z.; Wood, D.L.; Mukherjee, P.P. Drying Temperature and Capillarity-Driven
Crack Formation in Aqueous Processing of Li-Ion Battery Electrodes. ACS Appl. Energy Mater. 2019,
2, 4464–4476. [CrossRef]

28. Ryu, I.; Choi, J.W.; Cui, Y.; Nix, W.D. Size-dependent fracture of Si nanowire battery anodes. J. Mech.
Phys. Solids 2011, 59, 1717–1730. [CrossRef]

29. Obrovac, M.N.; Krause, L.J. Reversible Cycling of Crystalline Silicon Powder. J. Electrochem. Soc. 2007,
154, A103. [CrossRef]

30. Li, J.; Dahn, J.R. An in situ X-ray diffraction study of the reaction of Li with crystalline Si. J. Electrochem. Soc.
2007, 154, A156–A161. [CrossRef]

31. Obrovac, M.N.; Christensen, L. Structural Changes in Silicon Anodes during Lithium Insertion/Extraction.
Electrochem. Solid-State Lett. 2004, 7, A93–A96. [CrossRef]

32. Hatchard, T.D.; Dahn, J.R. In situ XRD and electrochemical study of the reaction of lithium with amorphous
silicon. J. Electrochem. Soc. 2004, 151, 838–842. [CrossRef]

33. Zhang, W.j. Lithium insertion/extraction mechanism in alloy anodes for lithium-ion batteries.
J. Power Sources 2011, 196, 877–885. [CrossRef]

http://dx.doi.org/10.1002/adma.201202744
http://dx.doi.org/10.1002/adma.201102421
http://www.ncbi.nlm.nih.gov/pubmed/21953600
http://dx.doi.org/10.1039/c2cp42231j
http://www.ncbi.nlm.nih.gov/pubmed/22886283
http://dx.doi.org/10.1038/nnano.2014.6
http://www.ncbi.nlm.nih.gov/pubmed/24531496
http://dx.doi.org/10.1002/adma.201605650
http://www.ncbi.nlm.nih.gov/pubmed/28295665
http://dx.doi.org/10.1007/s12274-013-0374-y
http://dx.doi.org/10.1021/am401642c
http://dx.doi.org/10.1016/j.jpowsour.2017.01.135
http://dx.doi.org/10.1039/c1ee02310a
http://dx.doi.org/10.1016/j.electacta.2012.12.075
http://dx.doi.org/10.1002/adma.201001784
http://www.ncbi.nlm.nih.gov/pubmed/20859941
http://dx.doi.org/10.1021/acs.jpcc.8b05332
http://dx.doi.org/10.1002/pssa.201600371
http://dx.doi.org/10.1149/2.066405jes
http://dx.doi.org/10.1021/acsaem.9b00704
http://dx.doi.org/10.1016/j.jmps.2011.06.003
http://dx.doi.org/10.1149/1.2402112
http://dx.doi.org/10.1149/1.2409862
http://dx.doi.org/10.1149/1.1652421
http://dx.doi.org/10.1149/1.1739217
http://dx.doi.org/10.1016/j.jpowsour.2010.08.114


Nanomaterials 2020, 10, 515 13 of 13

34. Zhang, C.; Park, S.H.; Seral-Ascaso, A.; Barwich, S.; McEvoy, N.; Boland, C.S.; Coleman, J.N.; Gogotsi, Y.;
Nicolosi, V. High capacity silicon anodes enabled by MXene viscous aqueous ink. Nat. Commun. 2019,
10, 849. [CrossRef] [PubMed]

35. Zhao, H.; Yuan, W.; Liu, G. Hierarchical electrode design of high-capacity alloy nanomaterials for lithium-ion
batteries. Nano Today 2015, 10, 193–212. [CrossRef]

36. Kim, H.; Son, Y.; Park, C.; Lee, M.J.; Hong, M.; Kim, J.; Lee, M.; Cho, J.; Choi, H.C. Germanium Silicon
Alloy Anode Material Capable of Tunable Overpotential by Nanoscale Si Segregation. Nano Lett. 2015,
15, 4135–4142. [CrossRef] [PubMed]

37. Ma, Q.; Xie, H.; Qu, J.; Zhao, Z.; Zhang, B.; Song, Q.; Xing, P.; Yin, H. Tailoring the Polymer-Derived
Carbon Encapsulated Silicon Nanoparticles for High-Performance Lithium-Ion Battery Anodes. ACS Appl.
Energy Mater. 2019. [CrossRef]

38. Kim, J.M.; Guccini, V.; Seong, K.D.; Oh, J.; Salazar-Alvarez, G.; Piao, Y. Extensively interconnected silicon
nanoparticles via carbon network derived from ultrathin cellulose nanofibers as high performance lithium
ion battery anodes. Carbon 2017, 118, 8–17. [CrossRef]

39. Luo, J.; Zhao, X.; Wu, J.; Jang, H.D.; Kung, H.H.; Huang, J. Crumpled Graphene-Encapsulated Si
Nanoparticles for Lithium Ion Battery Anodes. J. Phys. Chem. Lett. 2012, 3, 1824–1829. [CrossRef]

40. Jeong, M.G.; Du, H.L.; Islam, M.; Lee, J.K.; Sun, Y.K.; Jung, H.G. Self-Rearrangement of Silicon Nanoparticles
Embedded in Micro-Carbon Sphere Framework for High-Energy and Long-Life Lithium-Ion Batteries.
Nano Lett. 2017, 17, 5600–5606. [CrossRef]

41. Luo, Z.; Xiao, Q.; Lei, G.; Li, Z.; Tang, C. Si nanoparticles/graphene composite membrane for high
performance silicon anode in lithium ion batteries. Carbon 2016, 98, 373–380. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/s41467-019-08383-y
http://www.ncbi.nlm.nih.gov/pubmed/30787274
http://dx.doi.org/10.1016/j.nantod.2015.02.009
http://dx.doi.org/10.1021/acs.nanolett.5b01257
http://www.ncbi.nlm.nih.gov/pubmed/25961681
http://dx.doi.org/10.1021/acsaem.9b01463
http://dx.doi.org/10.1016/j.carbon.2017.03.028
http://dx.doi.org/10.1021/jz3006892
http://dx.doi.org/10.1021/acs.nanolett.7b02433
http://dx.doi.org/10.1016/j.carbon.2015.11.031
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Materials and Methods
	Synthesis of Silicon Nanowires
	Electrodes Preparation, Battery Assembly and Electrochemical Characterization
	Material Characterization

	Results and Discussion
	Morphology of the Nanomaterials
	Electrochemical Characterization of SiNWs and Comparison with Commercial Materials
	Hybrid Electrode Fabrication and Performance

	Conclusions
	References

