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Here we first demonstrate that by simple treatment of heating
and ball-milling, soil is enabled with 77.2% defect degree and
acts as a high-performance anode material for soil/Li half
cells and 18650-type LiNig9;5C0¢75Al910, (NCA)/soil full
batteries that displayed a high and stable capacity of 3200
mAh (corresponding to 176 Wh-kg™' and 522 Wh-L™") in the
200th cycle at a high current of 4 A.

Rechargeable lithium-ion batteries (LIBs) have extensive
applications ranging from consumer -electronics to electric
vehicles (EVs) and energy storage for smart grids.'> There is
thirsty and increasing demand of advanced LIBs with long life,
high capacity, high safety, low cost, and green sustainability.
Exciting, LIBs equipped with lithium nickel-cobalt-aluminum
oxide (NCA) cathode and graphite anode have been recently
applied in a Tesla car (e.g. Tesla Model S85) with the powering of
7104 18650-type cells.® However, large-scale application of LIBs
in EVs inevitably raises much concern on the capacity, safety,
cost, and sustainability of both anode and cathode materials. As
one of the key points, the relatively low capacity of graphite
(LiCq: 372 mAh g ')’ and safety hidden problem of such anode
need to be greatly improved for better -electrochemical
performance.

As a viable anode material for LIBs, SiO, has recently drawn
much attention due to the ability of a high reversible capacity of
749 mAh g ' and a low discharge voltage of 0.01-1V.® Pure SiO,
precursor (quartz) treated by high-energy ball milling had
exhibited a reversible capacity of 800 mAh g ' for 100 cycles at
0.1 A g”' with 90% capacity retention.” This means that the
volume change of mechanical strain during reversible lithiation
and delithiation would be inhibited to a certain extent.'®'
Meantime, the introduction of massive defects or Li-inactive
phase (such as copper coating) to Li-active material could
suppress the mechanical deformation during electrochemical
lithiation and delithiation.'>'* As an important natural resource,
soil generally consists of minerals (e.g. SiO,, aluminosilicate),
organic maters, and water.'*"> The main composition of soil is
Si0O,, which should have the potential of storing Li. While, the
second composition of soil is aluminosilicate, which should act as
a buffer media to form a stable scaffolding for alleviating the
volume expansion of SiO, during lithiation/delithiation. In
addition, soil is undoubtedly cheaper and more easily obtained
than sand and man-made pure SiO, nanomaterials. Thus, we are
inspired to exploit soil with heat-treatment and ball-milling for
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introducing defects as high-performance anode materials of LIBs.

We here report the first application of soil, being simply heated
and ball milled to introduce defects, as a new anode material of
LIBs. First, soil/Li half cells exhibited 547.1 mAh g at 0.2 A g™
after 250 cycles with 99.1% capacity retention (the 5th discharge
capacity is 552.2 mAh g, which are based on the mass of soil
and conductive carbon). The conversion reaction of SiO, to form
Li,Si,05 and Si followed by the alloying reaction of Li;,Si; was
first detected by in-situ Raman for lithium-storage mechanism of
the soil anode. Second, 18650-type batteries assembled with
LiNi 915C0g,975Al9.10, (NCA) cathode and soil anode delivered a
high and stable capacity of 3200 mAh (corresponding to
gravimetric and volumetric energy density of 176 Wh-kg ™' and
522 Wh-L™', respectively) for 200 cycles with charge/discharge
current of 4 A.
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Fig. 1 (a) TGA and DSC of pristine soil below 800 °C. The inset digital
photogragh depicts the states of pristine soil and heated soil at 750 °C.
The inset pie chart is the elementary composition of soil with mass
percentage (wt%). (b) XRD analysis of pristine and a-soil. The ball
milling treatment was carried out after heating. (c) HRTEM image and (d)
selected area electron diffraction (SAED) patterns of soil without ball
milling. (¢) HRTEM image and (f), SAED patterns of a-soil.

Soil on the surface of earthcrust as an inexhaustible natural
material is easily minable and extremely cheap. The soil used
here belongs to North China plain, which is one of the world’s

75 top ten plains with the consisting of mineral substances, organic

matters, moisture, and air. In order to remove the moisture and
little organic matters from soil and obtain dried electrode
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material, heating is needed. The heating temperature was settled
by thermal gravity analysis (TGA) in air (Fig. 1a), which showed
that 7.6% weight loss was observed at 670 °C and afterwards
constant weight appeared. The weight loss from room
temperature to 250 °C is attributed to water. While the weight
loss between 250 °C and 670 °C stems from the oxidation of
organic matters in soil. A sufficient heating was applied to soil at
750 °C for 2 h. After the heating, the color of soil turns khaki
from brown (the digital photographs of Fig. la), indicating the
transform of Fe element from low valence to high valence.
Afterwards, in order to obtain uniform and small soil particles
and especially to activate SiO, within soil by introduction of
defects, mechanical ball milling was further applied to obtain
various activated soil. Based on the formula of crystallinity
degree,'® the formula of defect degree was defined as: X4
AJ(A. + A) (Xg defects degree, A,: amorphous area, A.:
crystallized area on the X-ray diffractogram). The ball milling of
soil with 700 r min™" and 300 r min " for 20 h are labeled as a-soil
and b-soil, respectively. As the ball milling strength increases,
soil without ball milling, b-soil, and a-soil own defect degree of
19.4%, 57.4%, and 77.2%, respectively (Table S1, ESI). The
pristine soil principally matches with SiO, (JCPDS Card No 83-
2466, Fig. 1b), confirming that the main content of soil is
crystalline SiO,. The disturbance peaks at low degree mainly
originate from bits of aluminosilicates of soil. While a-soil
thoroughly loses sharp characteristic peaks, indicating its
abundant defects (or amorphization). The diffraction peaks of
Si0; in a-soil are weakened by mechanical ball milling, which is
consistent with previous report for pure SiO,.” Moreover, the
characteristic peaks of Raman spectrum of a-soil also extremely
weaken (Fig. Sla of Electronic Supplementary Information, ESI),
indicating the increasement of the amorphous state of soil.

Before ball milling, the morphology of soil is irregular
particles with large range of sizes from about one to hundreds of
micrometers (Fig. S1b, ESI). While after ball milling, soil
particles were fragmentated to be a narrow size at ~0.5 um (Fig.
Slc, SEI). Notably, the tap density of a-soil is about twice larger
than artificial graphite and 5 times larger than graphite KS-6 (Fig.
S1d, ESI). The heated soil before ball milling shows distinct
(100) (103) (110) lattice planes of SiO, (Fig. lc and d),
suggesting its monocrystal characterization. While, there is not
obvious lattice fringes in a-soil (77.2% defects degree) (Fig. le
and f). The above difference of soil indicates that the decrease of
crystalline degree and increasement of defects are enhanced from
ball milling. In addition, ball milling treatment obviously
increases electrical conductivity of soil (Fig. S2a, ESI).
Furthermore, energy dispersive spectroscopy (EDS, Fig. S2b,
ESI) combined with inductively coupled plasma emission (ICP)
analysis shows that Si content is determined to be 33.13 wt% in
soil and the corresponding SiO, content is ~64.2wt% (Fig. la,
inset pie chart). O, Si, Al, and Fe elements (the four most
abundant elements of soil) are uniformly distributed (Fig. S2¢ and
d, ESI). The specific surface area of a-soil is 6 m* g ' (Fig. S2e,
ESI).

We fabricated soil electrode with even distribution of active
materials and good infiltration to the electrolyte (Fig. S3 and S4,
ESI). To investigate the electrochemical performance of soil
anode, 2032 coin-type soil/Li half cells were assembled with Li

metal as counter and reference electrode and 1 M LiPF4 in

o ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 by volume)
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as electrolyte. Li" diffusion coefficients of a-soil were 26.4%
larger than that of b-soil (Fig. S5, ESI), suggesting that the
activation degree of soil depends on the defects from the ball
milling strength. The b-Soil/Li half cells were electrochemically
tested first (Fig. S6, ESI). They showed 43.9% initial coulomb
efficiency (430 mAh g'/980 mAh g™) and average discharge
voltage of ~0.5 V. Even after 510 cycles, they still kept 92.4%
capacity retention (280.2 mAh g™).

For a-soil/Li half cells, cyclic voltammetry (CV) was applied
in 0.01-3.0 V voltage window (Fig. 2a). The closed area in the
first cycle is quite larger than that in the second cycle during the
cathodic process. This is owing to the irreversible reactions
between the electrode material and the electrolyte, which involves
the formation of solid electrolyte interface (SEI) layer."® This
leads to the large irreversible discharge capacity and low
coulombic efficiency in the first cycle. Two couples of
oxidation/reduction peaks (0.33 V vs. 0.92 V and 0.01 V vs. 0.17
V) are observed in the second cycle. Cathodic peaks at 0.33 V
and 0.01 V show the lithiation reactions of SiO, occurring in soil
anode at low voltage, which corresponds to the main capacity
during discharge (voltage range of 0.01-0.50 V). Two anodic
peaks are indexed to de-lithiation processes of soil. The inset
graph of Fig. 2a presents the discharge/charge profiles of
different cycles, showing that the plateau voltages are consistent
with those of CV peaks. In comparison with b-soil, a-soil/Li half
cells exhibit higher initial coulomb efficiency (649.9/1368 =
47.5%) and lower discharge voltage of ~0.1 V (Fig. 2b). The 5th
discharge capacity is 552.2 mAh g after initial activation cycles.
The irreversible capacity stems from electrolyte decomposition
and SEI layer formation.'" In the following 50 cycles at 0.2 A g/,
the voltage profiles show a similar shape.
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Fig. 2 (a) Cylic voltammetry curves of a-soil/Li half cells with sweep
speed of 0.1 mV s™'. The inset graph is galvanostatic discharge—charge
curves of a-soil/Li half cells at 0.2 A g''. (b) Cycling rates of a-soil/Li
half cells. The capacity and current density are based on the mass of soil
and conductive carbon. Electrochemical behavior of 18650-type batteries
based on NCA/a-soil system: (c) Galvanostatic discharge/charge voltage
profiles. (d) Cycling and coulombic efficiency at a current density of 4 A
in the voltage range from 2-3 V.

The cycling rate performance of a-soil is shown in Fig. 2b. The
coulombic efficiency quickly climbs to above 90% in the initial
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three cycles and maintained ~100% until 250 cycles without
fading trend. The first 50 cycles are rate test at different current
densities. The a-soil displays capacities of 570.2 (4th cycle),
400.5 (28th cycle), 352.7 (38th cycle), and 311.7 (48th cycle)
mAh g at 0.2, 0.4, 0.6, and 0.8 A g', respectively. It is worth
noting that even at 0.8 A g', the capacity still maintains 54.7% of
that at 0.2 A g'. Encouragingly, the capacity returns to 565.5
mAh g when the current density goes back to 0.2 A g (68th
cycle), corresponding to 99.2% capacity retention. Even after 250
cycles, the cell with a-soil still keeps ~100% capacity retention
(547.1 mAh g™). Thus, the capacity and capacity retention of a-
soil electrode is superior to b-soil electrode, indicating that the
defect formation from the ball milling with higher speed is
beneficial for the improvement of electrochemical performance.
The heated soil without ball milling exhibits a capacity of ~60
mAh g at 0.2 A g' (Fig. S7, ESI), which is much inferior to ball
milled soil, conforming that the high energy ball milling is able to
activate soil and improve the ability of lithiation. In details, high-
energy ball milling could repeatedly impact each Si 2p and O 1s
binding energy of Si-O-Si network and lead to atomic
rearrangement from the crystalline state to amorphous state.'”'®
The structural transformation results in the change in the valence
charge, which is related to the Li-reactivity of milled amorphous
soil. Fig. S8 (ESI) shows no big difference of electrode
morphology between pristine state and 200th fully charged state,
indicating the superior stability of a-soil electrode.

To confirm the possibility of NCA/a-soil for commercial
application, 18650-type full batteries were further assembled. Fig.
2c¢ and 2d present the charge/discharge profiles and cycling
performance of the assembled batteries. Low coulomb efficiency
would lead to extra lithium-consumption for the formation of SEI
film. For NCA/soil LIB, low coulomb efficiency (3000.7/3545.4
= 84.6%) results in only partial utilization of lithium within NCA
and the reduction of the capacity. However, a robust discharge
capacity of >3100 mAh with an average voltage of 2.55 V is
obtained. Excitingly, initial test shows that such batteries run 200
cycles with slightly growing capacity (activated process until
70th cycle) and finally stable capacity of 3200 mAh (an average
voltage of 2.65 V, 176 Wh-kg ' and 522 Wh-L™"). The capacity
increasement is consistent with the initial activated process in the
soil/Li half cells. Notably, the weight specific energy of the
proposed NCA/soil system is larger than the commercial LIBs
(100-150 Wh-kg™").? In addition, the capacity per unit battery of
NCA/soil system is compared to the commercial 18650 batteries
used in Tesla (3100 mAh per unit battery).” This means that soil
is favorable for large-scale application as the anode of LIBs.

To investigate the reaction mechanism of soil electrode, we
combined XPS, ex situ XRD, in situ Raman, and HRTEM
analysis. We choose b-soil (57.4 % defects degree) rather than a-
soil (77.2% defects degree) owing to that b-soil is more easily
obtained and has stronger characteristic signals in various
characterization methods. XPS measurement was carried out to
detect the Si 2p and O 1s of the pristine b-soil electrode and the
discharged anode to 0.01 V (Fig. S9a and b, ESI). The peak
position of Si 2p and O 1s shifts toward low energy after
discharging to 0.01 V, indicating lithiation behavior of SiO,."
XRD confirms the rise up and down of Si at discharged to 0.2 V
and 0.01 V, respectively (Fig. S9¢c, ESI). Combining XPS and

20,21

XRD results as well as previous reports, the discharge

¢ mechanism was expressed as follows:

I

P

0

S

(4/5)Li* + Si0, + (4/5)e” — (2/5)Li,Si,05 + (1/5)Si (09

xLi" + Si+xe” — Li,Si ?2)
The above electrochemical reaction mechanism of SiO, with
lithium ions is reported for the first time by Fu’s group,® while
the x value is to be decided. According to theoretical calculation
formula (Cy = 26800xn/M, n = electron number, M = molar
mass), the theoretical capacity of SiO, is ‘357 +89x’ mAh g
(calculation process can be seen in Experimental Details, ESI).
We need spectroscopy method to verify the x vale.
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Fig. 3 (a), Discharge and charge curves at 0.2 A g . (b), Design of in situ
Raman LIBs. (c), In situ Raman spectra of 7 points marked in (a). The red
arrow stands for discharge direction and blue arrow means charge
direction. (d), TEM images after the lst discharge. (¢), The HRTEM
image after the Ist discharge with lattice distance of 0.38 nm,
corresponding to Lij;Si; (221) plane. (f), Element mapping of soil
electrode after the first discharge. Before sample preparation of EDS test,
the discharged soil electrode was thoroughly washed with EC/DEC
solution and then vacuum-dried to remove residual EC/DEC solution.

We further performed in-situ Raman analysis of soil-based LIBs
to monitor the discharge and charge reactions on a current
collector of Cu mesh. Representative 7 points were selected on
the second discharge/charge profiles of b-soil electrode (Fig. 3a).
We assembled a simple device for in situ Raman test (Fig. 3b).
Soil side of the cell case is cut through a hole and sealed with
ultra-thin optical glass in a glove box filled with pure Ar.*> The
laser vertically crosses the glass and Raman signals are collected
on soil anode. Raman spectrum signals with wavelength of 532
nm were collected at 7 different discharge/charge states (Fig. 3c).
Raman peaks at 512 cm ' and 362 cm™' are indexed to Si
(450-520 cm ") and Li,,;Si, respectively.?'** Thus, the value of
x in formula (2) is 12/7. For Raman peak of Si, we observed the
initial appearance and later disappearance on discharge as well as
opposite phenomenon on charge. Moreover, Raman peaks of
LijpSi rise up and subsequently fall down in discharge and
charge process, respectively. The changes of the above peaks
confirm formula (1) and (2). The characteristic peaks (at ~500
cm ') of soil are detected before discharge (black line-a). As LIBs
discharged, these peaks weakened but never disappeared, even at
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the end of discharge (yellow line-d). This confirms the
insufficient lithiation of soil with a measured discharge capacity
(382 mAh g "), which is lower than the theoretical capacity of
Si0, (357 + 89 x12/7 = 509.6 mAh g™'). In addition, Raman
peaks at 730 and 900 cm ™' belong to the electrolyte of EC/DEC
(Fig. S10, ESI). For these peaks, no distinct variation is observed,
suggesting the stability and adequate supply of electrolyte to
battery reactions. We know that as lithiation-degree of Si
increases, the discharge voltage plateau decreases.”* Therefore,
the fact that the discharge voltage of a-SiO, (~0.1 V) is lower
than b-SiO, (~0.5 V) arises from larger lithiation-degree of Si.

Fig. 3d and Fig. S11a (ESI) show TEM images of discharged
b-soil particles without obvious lattice fringes. On the contrary,
the distinct lattices of soil particles before the initial discharge
(Fig. S11b, ESI) are seen. The above difference indicates that
lithiation process during discharge improves the amorphization
degree of SiO,. The HRTEM image of fully discharged soil
shows the lattice fringe with d-space of 0.38 nm, which agrees
with Li};Si; (221) (Fig. 3e). Fig. 3f displays the TEM elemental
mapping images of soil particles after initial discharge. It could
be clearly observed that C (red color) and F (pink color)
components are uniformly distributed around the discharged soil
particle. F element comes from LiF, suggesting the existence of
SEI layer.”>?” Notably, the evenly distributed disturbance
elements, i.e. Al, Fe, Ca, have a positive effect of accommodating
the volume expansion (from SiO, to the discharge products of
Li,Si,0s, Si, or Li;;Si;). This correspondingly improves the
charge-discharge cycleability.

In conclusion, we have found for the first time the lithiation
ability of inexhaustible soil and tested its feasibility as high-
performance anode in both Li-ion half batteries and full batteries.
After heating and ball milling, the soil with 77.2% defect degree
can be reversibly discharged/charged in soil/Li half cells under
0.2 A g”', delivering stable capacities of 547.1 mAh g™' even after
250 cycles with 99.1% capacity retention (compared with 5th
discharge capacity). The SiO, and aluminosilicate within soil are
respectively able to store Li and alleviate volume change of SiO,
during lithiation/de-lithiation. Moreover, the assembled 18650-
type NCA/soil full batteries with ball-milled soil exhibit a high
capacity of 3200 mAh and an average voltage of 2.65 V (176
Wh-kg ' and 522 Wh-L™") in the 200th cycle at 4 A. We also
revealed a novel lithiation route in soil, i.e. the first conversion
reaction of SiO, to form Li,Si,05 and Si, and then the alloying
reaction of Li;;Si;. Moreover, this study shows that
electrochemical energy materials can be made from our living
environment with green sustainability.

This work was supported by National Programs of 973
(2011CB935900), NSFC (21231005 and 21322101), and MOE
(B12015 and IRT13R30).
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