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Nano-engineering of silicon anodes has contributed to demonstrating a
promising potential for high energy lithium ion batteries through addressing
degradation of battery performances derived from severe volume changes
during cycling. However, practical use of nano-engineered silicon anodes
still has been stuck because of remaining challenges, such as low tap density,
poor scalability and inferior electrical properties. Herein, we successfully
developed new Fe-Cu-Si ternary composite (FeCuSi) by scalable spray drying
and facile heat treatment. As a result, FeCuSi exhibited remarkable initial
Coulombic efficiency (91%) and specific capacity (1287 mAh/g). In order to
exactly characterize electrical properties of FeCuSi and directly compare
them with industrially developed benchmarking samples, such as silicon
monoxide (SiO) and silicon-metal alloy (SizFe), both of half-cell and full-cell
test were performed with high electrode density (1.6 g/cc) and high areal
capacity (3.4 mAh/cm?). Overall, FeCuSi showed outperformed discharge
capacity and capacity retention in high mass loading for 300 cycles over
benchmarking samples.

To meet urged energy demands for practical applications in
portable electronics and electric vehicles, developing electrode
materials with high energy density for lithium ion batteries (LIBs) has
become a significant research topic.!-* On this account, silicon (Si) has
been well known for the most promising alternative material as a next-
generation LIB anode*® owing to its high gravimetric capacity (3579
mAh/g),” # low average voltage (~370 mV vs Li/Li")* % 10 and its
rational production cost.!® ' However, its electrochemical
performances are drastically deteriorated from electrical isolation and
continuous formation of unstable solid electrolyte interphase (SEI)
caused by severe volume changes (~400%)'> '3 during repeated
lithium (de)alloying processes.'® 15 At this point, extensive efforts
have succeeded in accommodating volume change through various
nano-engineering of Si anodes.'* %17 However, several challenges of
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Broader context

In order to realize the high energy LIBs, extensive studies for the silicon (Si)
anode have been carried out for recent years owing to its high gravimetric
(3579 mAh/g) and volumetric capacities (2190 mAh/cm®). Although the
advancement in the technology of Si anode has overcome the challenge of Si,
such as huge volume change (>300%) during charging and discharging, the Si
anode is still far from practical application due to low tap density, poor
scalability and inferior electrical properties. In order to move a step closer to
using the Si anode for the high energy LIBs, here, we present micron-sized Fe-
Cu-Si ternary composite (FeCuSi). FeCuSi has a porous silicon secondary
structure where numerous nano-sized metal silicides were embedded. In this
design, the porous secondary structure effectively accommodated volume
expansion of Si and increased the tap density while accompanying the merits
of nano-sized Si for strain and stress relief. Furthermore, the metal silicides
reduced interparticle contact resistance and improved structural stability
simultaneously with their high electrical conductivities and electrochemical
inactivity. The integration of nano-sized Si, metal silicides, and enough void
spaces into secondary structure presents a great potential for high capacity
anode materials.

Si nanostructures, such as low tap density, high surface area, and poor
electrical properties, have still remained as a practical limitation of
LIB applications.'> 1819

In terms of the industrial approach for improving an energy density
of LIBs, Si-graphite blending has been emerged as a practicable
method instead of whole utilization of Si-based anodes.?* ' Graphite
plays a role of improving initial Coulombic efficiency (CE) and
maintaining good cycling performance even with small amounts of
binding materials (~3%), high electrode density (~1.6 g/cc), and high
areal capacity (> 3mAh/cm?). With graphite blending, incorporation
of Si and inactive matrix, such as silicon monoxide (SiOx)**?* and Si-
metal alloys?3%, has been attempted vigorously as up-to-date
commercialization anode materials. SiOx has typically 1300-1500
mAbh/g of reversible capacity with about 50% of poor initial CE.?2-%°
On the other hand, Si-metal alloys, which were synthesized through
melt spinning or high-energy mechanical milling process (HEMM),
have various reversible capacities (800-1200 mAh/g) and initial CE
(80-93%) depending on the kind and proportion of counter metals,
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Fig. 1 Schematic illustrations of FeCuSi and its synthesis. (a) Simplified two-dimensional cross-section view of FeCuSi. Silicon nanoparticles build up the secondary particle with metal
silicides which can improve electrical conductivity and structural stability. (b) Fabrication process of FeCuSi.

such as Al, Ti, Fe, Ni and etc.?3° Both of SiOx and Si-metal alloys
have a common strategy for reducing volume expansion of the
electrode via diluting active phases (Si) with inactive phase (LisSiO4’!
and metal silicides’>34), resulting in enhancement of electrode
stability. However, in spite of graphite blending and their strategies of
inactive matrix for addressing the challenges of Si, those are still
incompetent materials for alternatives of graphite, because SiOx has
large irreversible capacity loss with low initial CE and Si-metal alloys
haven’t yet demonstrate stable cycling behaviours in full-cell system,
in contrast to showing great cycling performances in a half-cell test.
Therefore, it is an important task for battery researchers to develop
commercially viable Si-based anodes which have superior battery
performances than those of benchmarking samples.

In order to develop the advanced Si material, herein, we present a
unique Si secondary structure, Fe-Cu-Si ternary composite (FeCuSi,
Fig. 1la), through spray drying and heat treatment. Previously,
secondary structures composed of nano-sized Si and carbon have been
suggested and demonstrated to decrease surface area and to improve
tap density and electrical properties.'®- 1°-3>-37 However, previous Si/C
secondary structures had a difficulty in achieving high initial CE
because the amorphous carbon in secondary structures induced the
irreversible capacity losses according to large amounts of trapped
lithium ions. In this work, porous Si secondary structures were built
up with lithium-inactive metal silicides and Si nanoparticles which
were synthesized from monosilane decomposition method from
modified CVD process. This distinguished material design brings
about multiple fascinating merits. First of all, formation of lithium-
inactive metal silicides, such as iron silicide and copper silicide can
be easily controlled via simple heat treatment. As a result of decreased
amounts of pure Si in the composite, specific capacity can be properly
controlled and electrode stability can be improved via decrease of
volume change during cycling. Furthermore, metal silicides offer
better electrical conductivity,’ 3? leading to high CE. Secondly, the
crystalline Si nanoparticles from the amorphous are expected to not
only prevent fracture, owing to its size under the critical fracture size,
but also give better electrochemical properties than industrial
crystalline Si nanoparticles.'> 442 Thirdly, Si secondary structure
accompanies several advantages in common with the previous
secondary structure approaches, especially addressing the challenges
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of nanostructures and alleviating volume change of Si electrode
during cycling.'® % 3% 36 Finally, all the fabrication processes
including spray drying and simple heat treatment are, moreover,
scalable and facile, which are advantageous to cost-effective mass
production for commercialization.?> 4

The schematic (Fig. 1b) illustrates fabrication procedure of FeCuSi.
The amorphous Si nanoparticles prepared by chemical vapor
deposition (CVD) process using monosilane at ~400 °C were
homogeneously dispersed in distilled water by ultrasonicator. After
the dispersion, iron nitrate nonahydrate (Fe(NO3)3-9H20) and copper
nitrate trihydrate (Cu(NOs3)2:3H20) were added to the solution as
metal precursors. Afterwards, the solution was atomized into
microdroplets and dried at 200 °C of inlet temperature through spray
dryer. As the droplets evaporated in the spray dryer, the amorphous Si
nanoparticles built up spherical type of secondary structure with
rational void space. Simultaneously, increased precursor
concentration at surface of Si secondary structure leads nano-sized
iron nitrate (Fe(NOs)3) and copper nitrate (Cu(NOs)2) to be
crystallized. Because the concentration and the ratio of the amorphous
Si nanoparticle and metal precursors determine drying degree,
morphology of secondary structure and the amount of metal silicides,
we elaborately optimized the concentration of the precursors as 1.10
wt%, 0.33 wt%, and 0.57 wt% of Fe(NO3)3-9H20, Cu(NO3)2-:3H20,
and amorphous Si nanoparticles, respectively. As a result, we
successfully obtained the secondary structure with fully dried metal
nitrides which were properly adhered in the Si secondary structure.

As a following step, the Si secondary particles, where nano-sized
metal nitrates were embedded, were simply heated in hydrogen
atmosphere to conduct metal nitrides reduction and metal silicides
formation. The reduction from Fe(NO3)3 and Cu(NO3)2 to Fe and Cu
began in earnest after 200 °C, which was accelerated with raising
heating temperature and heating time.** As the temperature increased,
amorphous Si became crystallized and the reduced metals reacted
with Si gradually, leading to formation of iron silicides (FeSi2) and
copper silcides (Cu3.17Si). It is noted that the heat treatment condition
including time and temperature affects the phase transformation of the
secondary structure, which is strongly related with electrochemical
properties. We finally optimized the heating temperature at 860 °C.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Characterization of FeCuSi. (a) SEM image of FeCuSi. (b) Magnified cross-
sectional SEM images of FeCuSi.(c) Statistical analysis for the size distribution of
FeCuSi. (d) Volume comparison between 1 g of FeCuSi and conventional Si
nanoparticles after measuring tap density. (e) X-ray diffraction patterns of FeCuSi
as a function of heating temperature.

For a detailed material characterization of FeCuSi, we carried out
scanning electron microscopy (SEM) with focused ion beam (FIB),
the analysis for the size distribution and tap density, Brunauer-
Emmett-Teller (BET) analysis, Barrett-Joyner-Halenda (BJH)
analysis and X-ray diffraction (XRD) analysis (Fig. 2). As shown in
SEM images in top and cross sectional views (Fig. 2a and b), the shape

This journal is © The Royal Society of Chemistry 20xx

COMMUNICATION

Fig. 3 Detailed investigation of FeCuSi with TEM analysis. (a) HAADF-STEM image
and EDS mapping of FeCuSi in cross sectional view. Cyan, red, and yellow indicate
Si, Fe, and Cu respectively. (b) Magnified HAADF-STEM image of FeCuSi and EDS
point analysis for Si nanoparticle, iron silicide, and copper silicide.

of FeCuSi is spherical secondary structure which is composed of Si
primary particles, where metal silicides are adhered, and void space.
Owing to the benefits of nano-size of Si, which is less than 150 nm
(Fig. S1), lithium-inactive metal silicides and proper void in the
structure, FeCuSi can relieve the volume expansion of the composite
electrode effectively within its inner void space. The size of FeCuSi
varies from 3.0 pm to 18.5 pm with average diameter (Dso) of 6.5 pm
(Fig. 2¢). Besides, the tap density (Fig. 2d) also measured 0.8 g/cm?
which is much higher than that of commercially available Si
nanoparticles with 0.3 g/cm’. The size and high tap density of FeCuSi
are expected to be more favorable to conventional electrode
fabrication than nanomaterials owing to homogeneous slurry mixing*
and increase of volumetric energy density.'® ! With BET and BJH
analysis, we got the pore size distribution (Fig. S2) and specific
surface area as 15.02 m%/g. XRD pattern (Fig. 2¢€) shows the phase
transformation of FeCuSi with raising heating temperature. The
samples for the analysis were prepared by heat treatments with 1 hour
of duration time and different heating temperatures from 200 °C to
900 °C. Based on the analysis, the intensities of the peaks pointing to
Fe and Cu got increased gradually with raising heating temperature
from 200 °C, which clearly indicates that the reduction of Fe(NO3)3

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins




iC

COMMUNICATION

mental-Scier

Journal Name

(a) 3.5 b

FeCuSi (&) 8 100
3.01 ——C-Si0 (BM) R Lo0 R
—~ 251 FeSi, (BM) < 200" & g
< E 70§
o 207 = 160 S
8 151 El 50 ®
= 10] g 3501 40 5
& . 30 E
0.5 = e FeCuSi o
B * C-SiO (BM) 20 3
0.04 == . . . | 2 300{ * Fesi, BM) -(1)0 )

0 100 200 300 400 500 0 5 10 15 20 25 30 35 40 45 50

Specific capacity (mAh/g) Cycle number
() 45] 35 100 =
4.0 NE M e . 90 é
5 3.0- >
= 3.5 = p 80 2
< 301 < 25- 70 ©
) S Lleo L
2 2.5 g =
s 2 20 50 ©
(®) U

> 8 15 49 5
137 FeCuSi & 1 20 £
1.0 ——C-Si0 (BM) S 10l - csioew 20 2
051 FeSi, (BM) § * FeSi, (BM) 10 8

T T T T 05 - T T T - 0

0 1 2 3 =< 0 50 100 150 200 250 300

Areal capacity (mAh/cm?) Cycle number
(e)

mecme Graphite

mecme FeCuSi

== C-SiO (BM)

80 Jemcmm FeSi, (BM)
T

100+

60

40+

)

20+

()

o
it ——

10

Electrode thickness change(%)

15 20 25 30

Cycle number

Fig. 4 Electrochemical characterization of FeCuSi anode with benchmarking samples in half-cell (a, b) and full-cell (c, d) and measurement of the thickness change of electrode (e).
(a) Voltage profiles of FeCusSi, C-SiO,, and FeSi, at the formation cycle. (b) Reversible capacities and cycling CEs of FeCusSi, C-SiO,, and FeSi, for 50 cycles. The formation cycle (a) and
cycling test (b) in half-cell were carried out at a rate of 0.1C and 0.5C, respectively. (1C = 0.42 A/g.) (c) Voltage profiles of full-cell systems with LCO and different anodes of FeCusSi,
C-SiO,, and FeSi, at the formation cycle. (d) Reversible capacities and cycling CEs of the full-cells for 300 cycles with 1C. The formation cycle (c) and cycling test (d) in full-cell were
carried out at a rate of 0.1C and 1C, respectively. (1C = 3.0 mA/cm2.) All electrochemical tests were performed at 25 °C in 2032R coin-type cell. (e) The change of electrode thickness
of graphite, FeCusSi, C-SiO,, and FeSi, at lithiated state during 30 cycles. Electrode thickness at the lithiation state were measured with a micrometer after disassembling coin cells in

Ar-filled glove box.

and Cu(NOs)2 proceeded gradually as temperature increases. In
addition, the peaks of Fe and Cu considerably diminished and the
peaks of Cus.17Si and FeSi2 were obviously observed after 800 °C.
These metal silicides, which are inactive to lithium,® not only make
volume change of the composite controllable through decreasing the
amount of lithium-active phase but also supply electrical conducting
channels®® 3 between Si nanoparticles. Furthermore, with alloy
reaction between silicon and metals, metal silicides reinforced the
secondary structure by sticking to the junctions between Si
nanoparticles. In addition, we can also observe the structural change
of Si from amorphous to crystalline phase. From the Halder-wagner
method, we can calculate the crystallite size of Si as a function of
temperature (Fig. S3). The optimized FeCuSi which was treated at
860 °C had 30.5 nm of crystallite size. Compared to FeCuSi at 900 °C,

4| J. Name., 2012, 00, 1-3

the optimized one can be regarded as more effective on mitigating the
localization of stress in its structure when electrochemically
(de)alloying with lithium.

High resolution transmission electron microscopy (HR-TEM) was
performed to investigate the morphology of FeCuSi in detail (Fig. 3).
The sample for cross-sectional view was prepared by FIB with epoxy
soak and carbon deposition in order to make protective layers in the
top and void of the sample against the damage derived from Ga ion
beam. As seen in high angle annular dark field in a scanning
transmission electron microscope (HAADF-STEM) image (Fig. 3a),
the morphology accurately coincides with that of cross sectional SEM
image. In addition, it was confirmed through energy-dispersive X-ray
spectroscopy (EDS) analysis that Fe (red) and Cu (yellow) elements

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Summary of electrochemical performance of FeCuSi and benchmarking samples
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Only Si-based anodes

Si-Graphite blending anodes for 420 mAh/g

Full cell with Si-Graphite blending anodes and LCO

. -, -, . Electrode . )
Specific Initial Initial Capacity . Cell Initial Capacity
. . thickness ) )
Sample capacity CE CE retention change capacity CE retention
(mAh/g) (%) (%) (%, 50" cycle) N & (mAh/cm?) (%) (%, 300" cycle)
(%, 30™ cycle)
FeCuSi 1287 91 91.4 98.0 49 3.08 89.4 63.9
C-SiOx 1673 77 88.5 96.5 43 2.87 85.4 56.2
FeSi, 1148 88 91.1 87.2 83 3.08 89.4 54.6

are extremely well distributed in the Si (cyan) secondary structure. For
the sake of the elemental characterization of Fe, Cu, and Si, point
analysis was conducted in high magnification (Fig. 3b). It turned out
that large circle, small circle, and shapeless one correspond to Si, Fe,
and Cu elements, respectively, indicating morphology of metal
silicides. Besides, mixed elements detection of Si and Fe at small
circle and Si and Cu at shapeless one confirmed the formation of metal
silicides. EDS line scan profile also strengthen the basis of
coexistence of Fe, Cu, and Si (Fig. S4). Therefore, in sum, as
described in HAADF-STEM images and EDS analysis, numerous
nano-sized metal silicides were adhered to spherical Si secondary
structure evenly for the purpose of improving both structural stability
and electrical conductivity.

As an investigation into the effect of our material design on Si
anode, electrochemical properties of FeCuSi were evaluated with
coin-type lithium half-cell at 24 °C (Fig. S5). FeCuSi exhibited 1287
mAh/g of high specific capacity and 91% of outstanding initial CE at
the formation cycle with 0.05C (Fig. S5a). In addition, stable cycling
for 50 cycles with 90% of capacity retention was also attained at 0.5C
(Fig. S5b). This excellent performance is attributable to the improved
electrical conductivity and structural stability owing to decrease of
internal resistance from countless nano-sized metal silicides and
robust secondary structure with void space. As shown in Fig. S6, the
amount of metal silicides which was controlled by the temperature of
heat treatment determined both of specific capacity and initial CE,
indicating that we successfully found the optimized condition for
FeCuSi.

The electrochemical performance of FeCuSi was also evaluated
with other industrially developed benchmarking samples (Fig. 4),
which are carbon coated silicon monoxide (C-SiOx) and Si embedded
in inactive matrix of iron silicide (FeSi2), in order to see feasibility of
the practical application with benchmark comparison. C-SiOx and
FeSiz exhibited 1673 and 1148 mAh/g of specific capacities with 77%
and 88% of initial CE at the formation cycle with 0.05C, respectively
(Fig. S5 a). Herein, three samples were blended with graphite in the
industrial standard electrode condition in order to be tested in real LIB
application, where the electrodes have high areal capacity (3.44
mAh/cm?) and high electrode density (1.6 g/cc) with minimized
addition of binding materials (1.5 % of each styrene butadiene rubber
(SBR) and carboxymethyl cellulose (CMC) in slurry). In these
electrodes, graphite enables Si anodes to be readily calendered as a
lubricant and conducting agent, which consequentially improves
energy density of the battery.> 2! Each of the electrodes was adjusted
to exhibit same specific capacity as ~420 mAh/g by different blending

This journal is © The Royal Society of Chemistry 20xx

ratios of Si-based materials and graphite, where the blending ratios
were 7 wt%, 5 wt% and 9 wt% for FeCuSi, C-SiOx, and SizFe,
respectively. FeCuSi and FeSi> showed 91.4% and 91.1% of high CEs
at the formation cycle with 0.1C, whereas C-SiOx had 88.5% of
relatively low CE (Fig. 4a). In cycling test at a rate of 0.5C, the most
stable cycling behavior was achieved in FeCuSi with 98% of capacity
retention after 50 cycles (Fig. 4b).

Furthermore, we also performed even full-cell test of three samples
with commercialized LiCoO: as a cathode in the voltage range of 2.5
—4.35V (Fig. 4c and d). LiCoO2 which we adopted here is considered
as qualified reference cathode owing to its very high initial CE and
stable cycling behavior (Fig. S7). The ratio of negative to positive
charge capacity (NV/P ratio) was between 1.11 and 1.14 and the areal
capacity of cathode was fixed with 3.42 mAh/cm? because the
excessive raising of loading level of cathode is restricted by the
deterioration of battery performances.* In the formation cycle,
FeCuSi and Si>Fe exhibited 3.08 mAh/cm? of initial areal capacity,
however C-SiOx exhibited only 2.87 mAh/cm? of initial areal capacity
derived from its low CE (Fig. 4c). Cycling test with a rate of 1C
showed that FeCuSi discharged the highest capacity at each cycle
during 300 cycles (Fig. 4d) and voltage profiles at 1%, 100™, 200, and
300" cycle supported the cycling test result (Fig. S8).

To interpret the result of cycling test in full cells, electrode
thickness changes of three samples in half-cell cycling at 0.5C were
measured at lithiated state (Fig. 4e). Wu et al., reported that the severe
volume expansion of Si (~420%) is generally considered as the main
reason for the battery failure of Si electrode, such as material
pulverization, morphology and volume change of the whole Si
electrode, and SEI accumulation. '* Consequentially, there has been
various approaches to prevent those challenges through alleviating the
volume expansion of the Si electrode via building nanostructures.'” In
the same vein, the collective behavior of nano-silicon on the electrode
during cycling was analyzed by Radvanyi et al., demonstrating the
failure mechanisms of nano-silicon anodes with the porosity evolution,
electrode thickness change, and SEI accumulation.*’ Among the
phenomena indicating the failure mechanisms, more importantly, the
electrode thickness change is the result of collective behavior of
volume change of each Si material in the electrode. Thus, the
measurement of electrode thickness change indicates the macroscopic
view of the volume change of Si material. Recently, several reports
also supported their battery performances with the electrode thickness
change. % 48- 30 In this study, the electrode thickness change during
cycling (Fig. 4e) can be a simple index for the volume expansion of
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the Si electrode and accounting for overall battery failure of Si
electrodes in half-cell and full-cell.

The result exhibited that smaller thickness change of FeCuSi than
that of FeSi2, owing to Si secondary structure with surplus void,
decisively brought about better capacity retention. Especially, the
continuous increase in the electrode thickness change of FeSi: is
regarded as one of main causes for capacity degradation during
cycling. Although C-SiOx behaved stable cycling with the lowest
electrode thickness change, the discharge capacity at each cycle was
smaller than that of FeCuSi because of the large irreversible capacity
losses in initial cycles.

In summary, the new approach to solve the challenges of Si anode
has been presented via developing Si secondary structure containing
void space and numerous nano-sized metal silicides (FeCuSi) with
using scalable spray drying and simple heat treatment. With
exquisitely developed FeCuSi, both half-cell and full-cell test were
carried out with high areal capacity (3.4 mAh/cm?) and high electrode
density (1.6 g/cc) in order to diagnose battery performances precisely.
In half-cell test, where the active material was only composed of
FeCuSi, 91% of initial CE with 1287 mAh/g of specific capacity was
attained at the formation cycle. Besides, contrastive analysis with two
of industrially developed benchmarking samples, which were C-SiOx
and FeSiy, represented that FeCuSi exhibited the most stable cycling
behavior with 98% of capacity retention after 50" cycle in high mass
loading half-cell. Moreover, in terms of full-cell test with LCO,
FeCuSi had superior discharge capacity at each cycle during 50"
cycles with a high initial CE (89.4%) when compared with other
benchmarking samples. Excellent battery performances of FeCuSi are
considered as the fruits of the distinctive features which were
confirmed by its material characterization: 1) Crystallized Si
nanoparticles from amorphous one has several advantages in battery
performances; 2) Si secondary structure with void space enable to
alleviate volume change during cycling; 3) Abundant nano-sized
metal silicides facilitate improvement of electrical conductivity
effectively through reducing interparticle resistance; 4) Those metal
silicides can not only reinforce the secondary structure as glue
between Si particles but also reduce the volume expansion of the
composite via diluting lithium-active phase. The accommodation of
volume change during cycling was clearly elucidated in measuring
electrode thickness change. However, we recognized that the cycling
stability in full-cell system, under the condition of high areal capacity
and high electrode density, still needs to be improved further via
adjusting void space or wrapping Si secondary structure with lithium-
conductive and rigid materials such as coal tar pitch. We believed that
this advanced secondary structure design with metal silicides, which
can alleviate volume change and have a high electrical conductivity,
will be feasible candidate of next generation anode for high energy
density batteries in the future.
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developed with properly building Si-metal alloys.
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