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Abstract: Humic acid (HA) was studied as a modifier in the SnO, anode preparation for the electrochemical
performance improvement. Scanning electron microscopy, 180° peel test, and nanoindentation experiment were used to
examine the influence of the HA on electrode. The results showed that the addition of HA could improve the dispersion
uniformity of all particles. The components were tightened, increasing the difficulty of peeling off the film from the
current collector. The deformation resistance of the electrode was greatly enhanced by the HA modification. The
electrochemical test results showed that the anode from the normal micron-sized SnO, particles with the HA modifier
exhibited significant progress in electrochemical performance compared with those without HA. The reversible specific
capacity of the SnO, anode can be maintained as high as 733.4 mA-h/g at a current density of 100 mA/g after 50 cycles.
Therefore, HA is a promising modifier for anode preparation of lithium-ion batteries.
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1 Introduction

Lithium-ion batteries (LIBs)
applied nowadays, from cars to microchips [1]. The
performance requirement for LIBs is progressively
increasing as the society develops, and the
traditional graphite anode material cannot satisfy
the demand because it is limited by its low
theoretical specific capacity. Thus, new materials
with a high specific capacity have been proposed,
such as Si, Sn, and some metallic oxides [2—6].
Among them, SnO, is one of the most promising
candidate anode materials applied in LIBs and has
been widely studied due to its high theoretical
specific capacity (782 mA-h/g) and availability.
Nevertheless, the volume change of the material
during the charge—discharge process can lead to the
cementing action between the material and the
binder invalidation and further result in the

are widely

structure collapse of the entire coating section. The
cycle stability can be dramatically affected if the
active material cannot connect well with the entire
conductive system of the electrode. Thus, this
problem needs to be solved with great urgency to
obtain high-performance LIBs.

Considerable efforts and resources have
been devoted to improving the electrochemical
performance of SnO,. So far, two main directions
have been followed, namely, changing the structure
and morphology of the active material, and
applying a functional binder, to accommodate the
volume change. Most researchers focused on the
morphology and structure design, and many
promising materials have been fabricated in the past
several years. Regulating the particle size to
nano-grade is an effective method of alleviating
volume variation [7-9]. A porous or hollow
structure can reserve a space for volume variation
and hence achieve excellent performance [10—12].
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However, the tedious preparation process of these
materials can limit their industrialization. The
binder, a small proportion contained in electrode,
has a considerable influence on batteries [13,14].
Polyvinylidene fluoride (PVDF), a widely used
binder in anode preparation, is expensive and
must usually be dissolved in the toxic and
combustible  organic solvent ~ N-methyl-2-
pyrrolidone (NMP) [15,16]. It cannot buffer the
volume change from electrode materials during the
charge—discharge process and thus may not
prevent the pulverization of materials [17]. Some
novel binders for the SnO, anode have been
reported, such as sodium carboxymethyl cellulose
(CMC) [18-22], poly(acrylic acid) (PAA) [23],
Na-lignite [22,24], CMC and styrene—butadiene
rubber [25], and the cross-linked binder formed by
PAA and soluble starch [26]. Among them, CMC
has been widely studied because of its polyethylene
backbone that implies high flexibility. In the dried
and bulk state, CMC shows a high elastic modulus
because of the intermolecular hydrogen bonding
between the side groups [27]. However, deep cracks
usually appear on the electrode surface [28], which
may be attributed to the rigid molecular structure of
the CMC caused by the nature of the pyranose
linkages. The cracks in the electrode go against the
stable presence of active materials on the electrode
surface and can reduce the charge transfer
efficiency. To address this problem, an effective
component must be developed to modify the
electrode.

Humic acid (HA) is a moderate polyelectrolyte
with different organic functional groups [29-31]
and possesses a loose structure. It can be taken as a
precursor to obtain the graphene oxide-like
nanosheets [32]. In a previous study [29], HA was
selected as the anode material for LIBs and
displayed a satisfactory performance. Considering
the properties of coagulation, gelation, and
dispersion, HA might be a good candidate for
modifying the electrode surface and consequently
enhancing the conductivity of the electrode for
further electrochemical performance improvement.
However, few studies have reported the conception
of the modifier for anode improvement. Herein, HA
was creatively taken as the anode modifier from a
novel perspective.

In this work, a characterless SnO, obtained
through a simple calcination method was selected

to prove the robustness of the modifier. The
water-soluble binder CMC was used for electrode
preparation. The electrodes from the regular binder
of CMC and PVDF without a modifier were
studied for comparison. The anode characteristics,
including surface morphology, film adhesion, and
deformation resistance, were investigated to
show the advantage of the HA modifier. The
electrochemical performance of different anodes
was compared and discussed in detail. This work
developed a new approach for anode performance
optimization.

2 Experimental

2.1 Materials

The reagents for SnO, synthesis mainly
include SnCl,-2H,0 (GR grade, Tianjin Kemiou
Chemical Reagent Co., Ltd., China) and sorbate-80
(AR grade, Fengchuan Chemical Reagent Co., Ltd.,
China). SnO, was synthesized as follows. Typically,
60 mL of SnCl, solution with a concentration of
0.45 mol/L was mixed with 3 mL of sorbate-80.
Then, the mixture was stirred intensely for 30 min
in a water bath at 60 °C. Afterward, 60 mL of
(NH4),CO;3 solution with a concentration of
0.45 mol/L was dropwise added in the system. After
30 min of continuous, intense stirring at 60 °C, the
pH of the solution was adjusted to ~10 with a
2 mol/L NaOH solution. The system temperature
was increased to 80 °C in a water bath, and then the
solution was stirred for 1 h. Then, the precipitate
was collected by centrifugal washing several times.
The powder was collected by vacuum drying at
60 °C for 24 h. Finally, the product was obtained by
calcination in a tube furnace at 350 °C for 3 h in air.
HA (fulvic acid >90%) was purchased from Aladdin
Industrial Co., Ltd., China. Sodium carboxymethyl
cellulose (CMC, AR) was acquired from the Dow
Chemical Company. All chemical reagents were
used as received without further purification.

The HA used in this work is not a pure
substance and cannot be defined by a definite
molecular formula. The chemical bonds in the HA
were characterized by Fourier transform-infrared
(FT-IR) instrument (Fig. 1). The peak located at
3367 cm ' is due to the stretching vibration of
O—H, and the peak located at 1654 cm ™' is derived
from the C=N stretching vibration of the amide I
band and the stretching vibration from quinone
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C=0 and/or the C=O of the H-bonded
conjugated ketones. The peak at 1560 cm™' is
assigned to the symmetric stretching vibration of
COO', the bending vibration of N—H, and the
stretching vibration of the C=N of the amide II
band. The peak positioned at 1028 cm™' belongs to
the C—O stretching vibration of the polysaccharide
or polysaccharide-substance, and Si—O of the
silicate impurities [33].

The surface morphology of HA was observed
by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) (Fig. 2).
HA has no definite shape (Fig. 2(a)) and thus can be
a good dispersion medium for particles of active

1028 cm™!
1560 cm™!

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™!

Fig. 1 FT-IR spectrum of HA
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Fig. 2 SEM (a) and TEM (b) images of HA

material and conductive reagent. The HA surface
has some flaky textures. The flakes are quite thin,
with nanoscale thicknesses (Fig. 2(b)) and can thus
be good buffering objects. The morphology
characteristic of HA may enhance the adhesion of
electroactive materials with current collector [34].

2.2 Characterization

The crystal structure of SnO, was characterized
by X-ray diffractometry (XRD, Bruker D§Advance).
The vibration modes of the key groups of SnO, and
HA were investigated by FT-IR instrument (Nicolet
1S10) using the KBr pellet. The morphologies of the
synthesized SnO,, HA, and the SnO, electrodes
were characterized by ZEISS Auriga FIB-SEM,
TEM (FEI TalosF 200S) and atomic force
microscopy (AFM, JPK NanoWizard®, Bruker
Nano GmbH, Germany). The Brunauer—Emmett—
Teller method (BET, Micromeritics ASAP 2460)
was used to measure the specific surface area and
pore size distribution of SnO,. The adhesion
strength between the film and the current collector
was measured by means of the 180° peel test
using the method reported by WEI et al [35].
Nanoindentation experiments were performed with
a nano indenter G200 (America). The surface
approach velocity was maintained at 10 nm/s during
the measurement. A diamond Berkovich indenter
was forced into the tested object, while the force
and the indentation depth were continuously
recorded. Ten tests were conducted for each testing
condition to obtain statistically significant data sets.

2.3 Electrochemical measurements

The control electrode was composed of the
binder, the conductive agent of acetylene black, and
the prepared SnO, material at a mass ratio of 1:1:8.
The modification electrode was composed of the
binder, the HA modifier, the conductive agent of
acetylene black, and the prepared SnO, material at a
mass ratio of 1:1:2:16. The binder, the modifier, and
the conductive agent were added into the solvent
(HA and CMC corresponding to water and PVDF
corresponding to NMP) in sequence while stirring
for 1 h. Then, SnO, powder was mixed with them
while continuously stirring until the slurry became
homogenous. Subsequently, the slurry was cast
on a copper foil with an automatic doctor blade,
followed by drying at 60 °C for 2 h in an electric
blast drying oven. Finally, the sheet was thoroughly
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dried at 60 °C under vacuum atmosphere overnight.
The sheet was cut into wafers with a diameter of
8 mm. The active material loading for every anode
was approximately 1.6 mg/cm’. The lithium metal
disc was taken as the reference electrode, and
Celgard 2500 was used as the cell separator.
The electrolyte was 1 mol/L. LiPFs dissolved in
ethylene carbonate/ethyl methyl carbonate/dimethyl
carbonate (1:1:1, volume ratio). The -electro-
chemical performance was observed through
CR2032 coin-type cells, which were assembled in
an argon-filled glove box.

Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy measurements were taken
using an  Autolab PGSTAT204 (Holland)
electrochemical working station. Galvanostatic
charge—discharge tests were performed on the
LAND system in the potential range of 0.05-2.5 V
(vs Li/Li"). All the tests were carried out at 25 °C.

3 Results and discussion

3.1 SnO; and electrode characterization

The XRD pattern in Fig. 3 shows that the
product is pure tetragonal cassiterite, SnO,, because
all the peaks are well-indexed to the peaks in
JCPDS No. 41-1445. The crystallite size of SnO,
(D) was estimated by the major diffraction peaks of
(110) by the Scherrer equation [36] (Eq. (1)):

KA

:,Bcosé’ 1

where f is the breadth of the diffraction line at its
half intensity. 6 is the Bragg angle. K is the shape
factor, which usually takes a value of approximately
0.89. 4 is the wavelength of the X-ray source used
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Fig. 3 XRD pattern of SnO,

in XRD measurement, which is 1.5406 nm. The
calculated crystalline domain size is 58 nm for
SnOz.

The FT-IR spectrum of SnO, is shown in
Fig. 4. The peaks at 3441 and 1635cm ' are
respectively derived from the stretching and
bending vibrations of the O—H bond from the H,O
absorbed on SnO,, and the peak at 624 cm! s
ascribed to the antisymmetric vibration of the
O—Sn—O bonds [8].
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Fig. 4 FT-IR spectrum of SnO,

The morphology of the as-prepared SnO, was
observed by SEM. Figure 5(a) shows that the
average diameter of the particles is approximately
0.5 um. The irregular spherical particles with rough
surfaces were observed in a higher magnification
(Fig. 5(b)). The large particles in microscale
(Fig. 5(a)) are composed of many nanoparticles
(Fig. 5(b)). The specific surface area of SnO, is
78.4 m*/g from the BET test. The N, adsorption and
desorption curves are presented in Fig. 6(a). The
typical IV type curve of the mesoporous structure
can be observed [37]. The adsorption hysteresis at
P/Py of 0.4-0.8 was probably caused by the
capillary condensation during the desorption
process [38]. The pore size distribution of SnO,
obtained by the Barrett—Joyner—Halenda method is
shown in Fig. 6(b), and the pore diameter is
concentrated at 3.4 nm.

The surfaces of the SnO, electrode with
different compositions were observed by SEM and
AFM. The electrode with HA-CMC (Figs. 7(a, b))
is the most uniform among the three electrodes
(Figs. 7(a—f)). The SnO, particles are more
homogenously distributed because of good
dispersion effect of HA. In comparison, the surface
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Fig. 6 N, adsorption—desorption curves (a) and pore size distribution (b) of SnO,

of the electrodes with PVDF seems to be smooth
overall (Fig. 7(c)), while obvious cracks are
observed in a higher magnification, and the
distributions of different components are discrete
(see the dashed circled lines in Fig. 7(d)). Cracks
are easily formed in the aggregate areas of the SnO,
particles, which may impede the transportation of
Li ions. The electrode with CMC alone as binder
has a rough surface and many cracks (Figs. 7(e, f)).
This phenomenon is mainly caused by the effect of
the strong cohesion from CMC. However, the
existence of HA may greatly distract the force by
forming hydrogen bonds with CMC and providing
steric hindrance [39]. In addition, many small holes
can be observed in the electrodes (Figs. 7(b, f)),
providing extra passages for ion transportation and
reserved space to buffer the volume effect during
the charge and discharge processes. Consistent
results were obtained by AFM (Figs. 7(g—i). The
average roughness (R,) values of the HA—CMC,
PVDF, and CMC electrode surfaces are 106, 143.6,

and 187.9 nm, respectively. The low R, value of the
HA—CMC may be beneficial to elevating the initial
efficiency, columbic efficiency (CE), discharge
capacity, and capacity retention of lithium ion
batteries [40]. The schematic diagram of the HA
modification of the electrode surface is displayed in
Fig. 8. The high flexibility of humic substances
enables them to adapt well to the interaction
between the active material, the conductive agent,
and the companied binder. By adding HA, different
compositions can be distributed on the copper foil
with force balance to avoid cracks.

The adhesion strength of the material to the Cu
current collector was evaluated by the 180° peeling
test, and the results are illustrated in Fig. 9. Among
the laminates tested, SnO,—CMC and SnO,—HA-
CMC displayed higher adhesion strength than
SnO,—PVDF. SnO,~HA—CMC exhibits the highest
average peeling load of 0.82 N, indicating the
reliable adhesion and relative stable state of the
HA-CMC.
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Fig. 7 SEM (a—f) and AFM (g-i) images of electrode surface with different compositions of HA—-CMC (a, b, g), PVDF
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Fig. 8 Schematic diagram of HA modification for
electrode surface

The mechanical properties of different SnO,
electrodes with HA—CMC, PVDF, and CMC were
assessed using the nanoindentation method.
Figure 10 shows the nanoindentation process
profiles of HA-CMC, PVDF, and CMC. The final
depth (%g), which is the residual depth of the
hardness impression after the final unloading,
represents the deformation after the nanoindentation
process that is similar to expansion and contraction
of the anode material in the electrode [28].
Apparently, HA—CMC has a higher deformation
resistance to adapt to volume change.

L4F — HA-CMC
— PVDF
1.2+ — CMC
Average 0.82 N
1.0
&
2 087
=]
—
0.6

0.4 Average 0.75 N
0.2 W
Average 0.26 N

0 10 20 30 40 50 60 70 80
Displacement/mm
Fig. 9 180° peeling test results of different SnO,
electrodes

3.2 Electrochemical performance

The CV curves were first compared among the
three electrodes at a scan rate of 0.3 mV/s (Fig. 11).
The irreversible reduction peaks ranging from 1.5
to 0.1 V in the first discharge are mainly due to the
transformation of SnO, to Sn (Reaction (2)), the
electrolyte decomposition on the electrode surface,
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and the formation of solid electrode interface (SEI)
(Reaction (3)) [10,41—43]. The reversible reduction
peaks near 0 V are ascribed to the alloying process
of Li" (Reaction (4)). The reversible oxidation
peaks around 0.6 V are from the reverse reaction of
Reaction (4), which represents the lithium ion
dealloying reaction. The oxidation peaks at 1.3 V in
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the charge process correspond to the oxidation of
Sn to SnO,, indicating that Reaction (2) is partly
reversible. The oxidation peaks from 1.80 to 2.20 V
that only appear on the CMC and the HA—CMC
CVs are probably attributed to the excess Li
capacity to Li" diffusion reversibly into/out the
interior space of the HA—-CMC-SnO, and
CMC—SnOQ; electrodes [41]. The small holes on the
surface of the electrodes with CMC and HA-CMC
may be related to this process.

SnO,+4Li +4e—>Sn+2Li,0 (2)
Li"+e+electrolyte— SEI(Li) 3)
Sn+xLi +xe=Li,Sn (0<x<4.4) 4)

The potential differences between the main
reversible corresponding redox peaks of the third
cycles are shown in Fig. 11(d). The HA-CMC—
SnO, electrode displays the smallest potential
difference between the oxidation and reduction
peaks, revealing the lowest polarization of the
HA—-CMC—SnO; electrode.
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Fig. 11 CV curves of SnO, electrodes with HA—CMC (a), CMC (b), and PVDF (c), and the 3rd cycle of HA—CMC,
CMC and PVDF (d) (scan rate: 0.3 mV/s; potential range 0.05-2.5 V (vs Li/Li"))
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The charge—discharge curves of the first cycle
from the three electrodes are shown in Fig. 12(a).
The three electrodes have a similar charge—
discharge trend, proving that adding HA does not
result in extra oxidation and reduction reactions for
the electrode reaction. The HA—CMC electrode
exhibits the lowest irreversible capacity and the
highest CE among the three electrodes (Table 1).
The highest CE of the HA—CMC anode is probably
attributed to good conducting network built
between SnO, and HA functional groups [44].

Two obvious discharge platforms
approximately 0.90 and 0.25V correspond to the
two reduction peaks in the CVs. The charge
platform located at ~0.5V corresponds to the
first oxidation peak of 0.6 V. The charge—discharge
curves from different cycle numbers of HA—CMC
electrode are shown in Fig. 12(b). All the reactions
in the electrode charge—discharge process are
reversible, except for the first discharge platform in
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Table 1 Electrode comparison of irreversible capacity
and CE of the 1st cycle

Irreversible capacity of

Composition Ist eycle/(mA-h-g™) CE/%
HA-CMC 583.0 63.1
CMC 584.8 61.0
PVDF 681.2 56.6

the first cycle. The electrochemical performance of
the SnO, electrode with different compositions is
shown in Fig. 12(c). The reversible specific
capacity of the HA—-CMC—SnO, electrode can
maintain at 733.4 mA-h/g after the 50th cycle at the
current density of 100 mA/g, which is higher than
those with CMC and PVDF. The high and stable
specific capacity is probably related to good
dispersion of materials on the electrode. The
electrode with HA also exhibits an excellent
rate capability (Fig. 12(d)), delivering reversible
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Fig. 12 The first charge—discharge curves of SnO, electrodes with different compositions (a), charge—discharge curves
of SnO, electrode with HA—CMC (b), electrochemical performance (current density: 100 mA/g) (c), and rate
performance (d) of three electrodes (potential range: 0.05—2.5 V (vs Li/Li"))
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Table 2 Comparison of specific capacity for various SnO, anodes with different binders

Binder Specific Current Cvele
Morphology Method (mass fraction) capacity/  density/ n Elnber Ref.
mAhg') (magh ™
Hollow microspheres Heat treatment PVDF (15%) ~480 100 40 [45]
Nanotubes Hydrothermal route PVDF (10%) ~500 100 30 [46]
Nanowires Thermal evaporation PVDF (10%) ~300 100 50 [47]
Hollow spheres with Hydrothermal method ~ LAI133+CMC (20%) 540 100 50 [48]
hierarchical nanosheets
Graphene nanoribbons _ o
and SnO, nanoparticles CMC (10%) 825 100 >0 [20]
Hierarchically porous ~ Resorcinol-formaldehyde . o
SnO, microspheres (RF) gel method Na-alginate (10%) 725 782 >0 [22]
Reduced graphene Poly(acrylic acid)
oxide (RGO)/SnO, Hydrothermal method (PAA) (10%) 718 100 200 [23]
Hollow microspheres Hydrothermal method Na-alginate (10%) 690 782 100  [24]
. Simple calcination o This
wit modification wor
Rough particles (with HA modification) CMC (5%) 733.4 100 50 K
capacities of 868, 765.6, 710.2, 658.5, and

573.1 mA-h/g at the fifth cycle when successively
tested at 0.1C, 0.2C, 0.5C, 1C, and 2C, respectively.
The high capacity obtained at the high rate may
be due to the uniform distribution of small holes
in the electrode, which provide more channels for
fast intercalation and deintercalation of lithium
ions.

Some of the results reported in the literatures
are listed in Table 2. With the traditional PVDF
binder, it can be seen that the electrochemical
performance of pure SnO, materials with various
morphologies and structures are hard to reach the
high and stable capacity level [41,45,46]. With the
combination of modified SnO, and the novel
binders, the electrochemical performance can be
greatly improved [20,22—24,47]. The common
SnO, particles with HA modification in this
research have a comparable electrochemical

performance. Thus, HA can be an excellent
modifier for the SnO, anode for large-scale
application.

To understand the behavior difference among
the three electrodes more deeply, Nyquist curves
were recorded before the charge—discharge tests. In
Fig. 13, three Nyquist plots show the same pattern,
including a semicircle followed by a diagonal
line [49]. The equivalent circuit model inserted in
Fig. 13 can clearly explain the impedance spectrum.
The intercept on the Z' axis in high frequency zone

800
4 HA-CMC
* CMC
[ ]

ool *PVDF

200

CPE

500 600 700

0°""100 200 300 400
Z'IQ
Fig. 13 Nyquist curves of SnO, electrodes with different
compositions

should correspond to the bulk resistance (R;). The
diameter of the semicircle is roughly equal to the
electrode reaction impedance, mainly the charge
transfer resistance, R, [50]. The straight line
appearing in the low frequency region is related to
the solid-state diffusion process of Li ions, which is
usually represented by Warburg impedance ().
The semicircle diameter for the HA—CMC cell is
nearly 58% lower than that of the PVDF cell
(Ry:366.7 Q2), 1implying a superior electronic
conductivity. The W value is only 0.71 Q for the
HA—-CMC cell, which is far lower than that of the
other two electrodes (CMC: 6.82Q; PVDF:
28.73 QQ), suggesting a faster diffusion of Li ions in
electrode.
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4 Conclusions

(1) HA can be a great modifier for the SnO,
anode. With modification of HA, all components of
electrode have a homogenous dispersion, which is
beneficial to improving the adhesion between the
coating film and the current collector.

(2) Uniform distribution of materials promotes
the effective contact of different components and
distracts the volume change during the charge and
discharge processes. HA can also enhance the film
deformation resistance, which reduces the negative
influence on the film bulk caused by the volume
change.

(3) The micron-sized SnO, particles exhibit
great improvement in electrochemical performance
with the assistance of HA. The modifier can reduce
the strict demands of the structure and
morphologies for the anode materials applied in
LIBs. With micron-sized SnO, as the active
material, CMC as the binder, and HA as the
modifier, the anode exhibits a reversible specific
capacity of 733.4 mA-h/g after the 50th cycle at a
current density of 100 mA/g. The modifier can be a
novel and essential part of the electrode for LIBs.
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