M) Checs tor updates View Article Online

Dalton
Transactions

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: K. Choy and D.
Choi, Dalton Trans., 2017, DOI: 10.1039/C7DT011208B.

‘mw 308

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

ume 45 ‘ Number 1‘ 7 3anuary 2016

Dalton
Transactlons

Ar

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

il of inorganic chemistry

You can find more information about Accepted Manuscripts in the
author guidelines.

Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the ethical guidelines, outlined
in our author and reviewer resource centre, still apply. In no
event shall the Royal Society of Chemistry be held responsible

for any errors or omissions in this Accepted Manuscript or any
consequences arising from the use of any information it contains.

ROYAL SOCIETY
OF CHEMISTRY

~

ROYAL SOCIETY .
OF CHEMISTRY rsc.li/dalton


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c7dt01120b
http://pubs.rsc.org/en/journals/journal/DT
http://crossmark.crossref.org/dialog/?doi=10.1039/C7DT01120B&domain=pdf&date_stamp=2017-09-11

Page 1 of 15 Dalton Transactions
View Article Online
DOI: 10.1039/C7DT011208B

Electrochemical Effect of Various Si/Zr Molar Ratios for Anode

Materials in Lithium-ion Batteries

Dong-Woong CHOI'Y®, Kwang-Leong CHOYV*

(1) UCL Institute for Materials Discovery, (2) Department of Chemistry
University College London, WCI1E, 7JE, United Kingdom
*Corresponding Author: k.choy@ucl.ac.uk

Abstract

The aim of this study was to unveil the mechanisms through electrochemical analysis
and to understand the effect of various Si/Zr molar ratios (Si/Zr=0.5, 1, and 2) on the
performance of SiO,/ZrO, (SSZ) anode materials with these mechanisms. The 2-SSZ
(Si/Zr=2) electrode had a much higher capacity than that of the 0.5- or 1-SSZ (Si/Zr=0.5 or 1)
electrode. It exhibited superior cycling performance when compared to commercial graphite
(theoretical capacity of 372 mAh g'). The 2-SSZ had a capacity of 461 mAh g' at a high
current density of 100 mA g over 30 cycles. These characteristics are due to the effects from
each of the different reversible materials formed by the SSZs. Zr,Si and ZrsSi3, ZrSi, or ZrSi,
were formed by the 0.5-, 1-, and 2-SSZ, respectively, which would affect the reversible

storage capacity. ZrSi, provided an increase in the possible reaction area for the guest species
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(lithium ions) at the empty interstitial site in the host materials as well as a large space for
accommodating a volume change. It was supportive by maintaining the lattice constant and
reducing the ratio of the structure distortion. Furthermore, the 2-SSZ structure consisted of an
overall amorphous structure with a crystalline structure related to the Zr-O-Si bond unlike the
0.5- and 1-SSZ which had an overall crystalline structure. Such combined structure of 2-SSZ
was advantageous in providing a good capacity due to the amorphous structure and an
efficient pathway for electron transport and little pulverization due to the crystalline structure.

This structure led to its superior performance and long-life span.
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1. Introduction

Rechargeable lithium ion batteries (LIBs) with efficient outperformance are the most
extensively used of various battery types, including nickel or lead-acid batteries [1, 2]. When
compared to these batteries, LIBs are characterized by high energy density and power density,
low self-discharge, low maintenance, lightweight, and long lifespan. The range of
applications for LIBs is rapidly widening into areas such as flexible electronics and electric
vehicles (EVs) [3-5]. Therefore, LIBs have been extensively employed since the first
commercial products in 1991, and it is believed that this demand will continue to increase.
According to Nexeon, one of the LIB companies in the UK, the LIB market is predicted to
grow to 60 billion dollars by 2020 [6].

Currently, many portable electronic devices with many embedded convenient and
elaborate functions, have been produced. The trend in recent lithium ion battery (LIB)
research regarding energy sources has also been progressing toward development of more
efficient and powerful electronic systems [1, 2]. This ever growing demand triggers
expensive research for energy sources with power densities much higher than for
conventional lithium ion batteries.

Graphite has been widely used as the typical anode material in conventional LIBs
due to its advantages of low cost and high chemical stability. However, its theoretical
capacity is 372 mAh g, which is quite low given the increasing demands of a rapid shifting
technology. To reduce this gap, novel materials exhibiting higher capacity are required to
address the need for higher energy density and longer cycle life. Thus, various materials with
high capacity (e.g. metals, metal alloys, and metal oxides) have been researched for use as
anode materials [7, 8].

Materials made of silicon (Si) have attracted much attention in LIB research. The
combination of Si with lithium (Li) ions helps LIBs have a much higher specific capacity
(4,200 mAh g'l), which brings us one step closer to a highly upgraded commercial LIB.
However, the Si material shows a large volume change during repeated intercalation and
deintercalation of lithium ions, which causes the anode to crack and pulverize. This
eventually leads to a poor life cycle, low mechanical stability, and a drastic drop in LIB
performance. Structural modifications such as sandwich-structured Si [9], Si-nanotubes
(SiNTs) [10], hierarchical nanoporous Si [11], and Si-nanowires (SiINWs) [12, 13] have been

introduced to manage such issue. However, preparation of such products requires many
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complex steps. Because of that, it is laborious to prepare Si materials of such peculiar design .
These result in costly products.

In order to resolve these issues, metallic oxide-based materials have been proposed,
such as SiO, and ZrO,. Recent studies suggest that SiO; reacts with lithium ions and that it
has a high storage capacity and cyclability. For instance, a carbon coated SiO, composite
delivers an initial discharge capacity of 536 mAh g and a capacity of about 500 mAh g™ at
the 50th cycle [14]. Commercial SiO; reacts with lithium ion between 0.0 and 1.0 (vs Li/Li")
and shows a capacity of 400 mAh g [15]. The benefits of these composites have been
attributed to the formation of Li,O or LiySiO4 in the first discharge cycle, which then
suppressed large volume change of host materials. Furthermore, the cost of SiO, is less than
that of Si or SiO because it is much more abundant. Therefore, SiO; is attractive as a new
candidate material for negative electrodes. In the case of positive electrodes, the mixing of
Si0; and LiCoO; form Li,CoSiO4, which provided high capacity retention, with 130 mAh/g
in the range 2.7-4.3 V, at 0.1 mA cm™ [16]. ZrO, was found to suppress solid electrolyte
interface (SEI) formation and enhanced electron transport at the negative electrode. The use
of ZrO, on LisTisO;; could improve the specific capacity, cyclability, and rate capability of
LisTisOy,, and this composite delivered the best initial discharge capacity of about 350 mAh
g between 0.1 and 2.5 V, at the current density of 200 mA g™ [17]. For the positive electrode,
when ZrO; coated on LiCoQ; is compared with uncoated LiCoO,; ZrO,/LiCoO, would
provide enhanced capacity retention in a high voltage range [18, 19]. Moreover, coated ZrO,

showed a protective effect on the surface of the pristine LiCoO2 electrode [20].

Published on 11 September 2017. Downloaded by University College London on 15/09/2017 18:37:48.

In this paper, we prepared three SSZs with different molar ratios of Si/Zr=0.5, 1, and
2, and investigated the effect of Si/Zr based on those performance. Then these were analyzed
using the approach of thermodynamic and electrochemical studies. To the best of our
knowledge, no studies have been reported for the effect of Si/Zr on SSZ in the lithium ion
batteries, and if so, this would be the first report regarding the experimental
investigationEach SSZ was denoted as 0.5-, 1-, and 2-SSZ. The -electrochemical
performances of SSZ, including galvanostatic charge/discharge, was extensively evaluated in

half cells.

2. Experimental

2.1. Preparation of composite materials
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Si0,/Zr0, with different mole ratios of Si/Zr (=0.5, 1, and 2) were synthesized
using ZrOCl,*8H,0, (NH4),COs, and Na,SiOs3 according to reference [21]. ZrOCl,*8H,0
was dissolved in DI water, and (NH4),CO; was dripped in the solution until zirconyl
carbonate was formed. The precipitate was then washed to remove chloride ions. The
(NH4),CO; was added and stirred until reaching pH 8, and then Na,SiO; was introduced into
the precursor solution. After the gel was formed, it was kept overnight and aged at 80°C and
100 °C for several days. In order to remove the surfactant, the precipitate was washed with DI
water several times. Then the product was filtered. The mixture was heated at 90 °C to dry DI
water and 1050 °C to make different structures in SSZ samples. Here, 0.5-SSZ, 1-SSZ, and 2-
SSZ represent the synthesized Si0,/ZrO, with mole ratio of Si/Zr=0.5, 1, and 2, respectively.

2.2. Characterization

The structure of the prepared samples was analyzed using X-ray diffraction (STOE,
STADI-P) with Mo-Kal radiation. The synthesized materials were measured by Fourier
Transform Infrared spectroscopy (FT-IR, Spectra Two of Perkin Balmer). The recorded wave
number range of the FT-IR spectra was from 400 to 4000 cm™. The microstructure and
morphology were observed using high-resolution transmission electron microscopy (HRTEM,
JEM-2100F and JEM-2100 Plus) and field-emission scanning electron microscopy (FESEM,
JSM-6700F).

2.3. Electrochemical measurement

The negative electrode was composed of the active materials (SSZ), carbon black
(Super P), and binder (polyvinylidene fluoride, PVDF), with a weight ratio of 50:30:20.
These were then mixed in N-methylpyrrolidone (NMP) and spread on a Cu-foil using a Dr.
Blade casting. The loading density on Cu-foil was around 2 mg cm™. This film was dried in a
vacuum oven. Li-foil was applied as the counter electrode. The electrolyte solution was 1M
LiPF¢ in ethylene carbonate (EC): dimethylcarbonate (DMC) with a volume ratio of 1:1, and
Whatman was used as a separator. CR 2032 type cells were assembled with these components
in an Argon-filled glove box. Galvanostatic charge/discharge measurement was performeded
using an Arbin battery tester within the potential range of 0.001-2.0 V (vs. Li/Li") at a current
density of 100 mA g'l.
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3. Results and discussion
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Figure 1. XRD patterns of the synthesized SSZs with Si/Zr molar ratios of 0.5, 1, and 2,
pristine SiO,, and ZrO,, (inset) enlargement of XRD of SiO,

The phases and structures of the synthesized SSZ powders were analyzed by X-ray
diffraction (XRD, Mo-Kal radiation). Figure 1 shows the XRD patterns of the three
synthesized SSZ powders with the different molar ratios at 1050 °C. To compare the patterns
of the peaks from the SSZ powders, pristine SiO, and ZrO, powders were also measured.
Sharp diffraction peaks were observed for 0.5 and 1-SSZ samples indicating the formation of
a well crystalline structure. One broad peak at 20=9.65 ° and three small peaks at 13.7, 22.5,
and 26.6 ° were observed for 2-SSZ, indicating the reduced crystallinity of SSZ as compared
with 2-SSZ. This could be nanocrystalline and/or amorphous structures. One broad band
centered at around 9.65° in SiO, exhibited a sharper peak with a decrease in the Si/Zr molar
ratio for the 1-SSZ. After that, the intensity of that peak was decreased for the 0.5-SSZ, and
finally the peak was not observed for the ZrO,. The change in this intensity can be explained
as follows: the Si ions for the amorphous SiO, were replaced by Zr ions in the SSZ. The peak
for 20=13.7 was observed in all the SSZ samples; however, it was not detected in the SiO;
and ZrO2 samples. This peak might be a unique peak for the crystal SSZ phase with the Si-O-
Zr bonds.
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Figure 2. FT-IR of the synthesized SSZs with Si/Zr molar ratios of 0.5, 1, and 2, SiO,, ZrO,

The FT-IR spectra of the synthesized SSZ particles with the three different Si/Zr
molar ratios (Si/Zr=0.5, 1, and 2), ZrO,, and SiO; are shown in Figure 2. The spectra of these
samples were taken in the spectral range of 4000 to 400 cm™. The band of ZrO, was shown at
480 ¢cm’™', and the bands of SiO, were observed at about 430, 780, 1080 and 1200 cm™. The
ZrO, band at 480 cm™ would be ascribed to the stretching frequency of Zr-O in pristine ZrO,.
Si0, bands at 430 and 780 cm™ were associated with the Si-O-Si symmetric bond-bending
vibration and bond-stretching vibration in pristine SiO,, and the bands at 1080 and 1200
corresponded to the asymmetric bond stretching vibration of Si-O-Si. Each Si/Zr sample for
the three molar ratios had Si-O-Zr bands centered at about 955 cm™ . These results are within
the reference range [22, 23]. By increasing the molar ratio of the Si/Zr, the band with the Si-
O-Zr bond grew sharper in intensity. When compared to the band with the Si-O-Si bond
(1080 cm™) for the pristine SiO,, the stretching frequency of the Si-O-Zr band at 955 em™ is
from the formation of a SSZ network as the replacement of the Si atoms proceeds [23]. The
band at 1340 cm™ is characteristic of the bridging OH group in Zr(OH)s. The bands for the
SSZs circa. 3300 cm™ and circa. 1630 cm™ are associated with the stretching and banding of
water [24]. Therefore, these result showed that the particles of the three different SSZs were

prepared successfully, indicated by the presence of Si-O-Zr bond in each sample.
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Figure 3.TEM images and the corresponding profiles of the 1- and 2-SSZ; (a) TEM image of

1-SSZ; (b, c, d) enlarged TEM image of (a); (e, f) Lattice fringes line profiles showing the
lattice d-spacing from the area marked as ‘e and f” in image ‘d’; (g, h) TEM images of 2-SSZ

with different magnifications

- : | N A SRR e ol .

Figure 4.SEM micrographs of 1-SSZ (a) and 2-SSZ (b)

TEM and SEM were used to analyze the crystalline feature and morphology of the
SSZs. Figure 3 shows the high-resolution TEM images of the 1-SSZ and 2-SSZ particles. The
images of (a, b, ¢, d) were taken from the sample of 1-SSZ, and the (g, h) images were
obtained from 2-SSZ. The size of nanoparticles had a diameter of circa. 4 - 5 nm in the
images (b, c). The lattice fringes were clearly observed, and the lattice plane distance was
calculated as 0.286 nm in Figure 3(e), which belongs to the tetragonal-ZrO, (0.29 nm) [25].
Another lattice plane distance was calculated as 0.265 nm (Figure 3(f)), this value matched
with the interplanar distance of the plane (110) in the SiO, reference (0.26 nm) [26]. These
TEM results confirmed the nanocrystal particles, which consisted of SiO; and ZrO,. The
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majority of 2-SSZ particles were amorphous as shown in the image (figure (g)), with very
low crystallinity as indicated by the slight lattice fringe lines (figure (h)). Whereas, the TEM
images (a, b, ¢, d) of 1-SSZ clearly showed that the dominant crystalline structure. These
results were in agreement with the results obtained by XRD. Figure 4 shows the SEM images
of the different structure for the 1-SSZ(left) and for the 2-SSZ (right) electrodes at the same
magnification, respectively. Figure 4(a) showed much more crystalline image than figure 4(b).
These different images support the results of the TEM and the XRD analyses.

Galvanostatic charge/discharge curves obtained in the voltage range of 0.001 and
2.0V (Li/Li") at a current density of 100 mA g'1 were obtained to investigate the electrical
reactivity of each electrode. Figure 5 (a, b, ¢) shows the charge/discharge profiles for the
three samples (0.5-, 1-, 2-SSZ) at different cycles. Figure 5(d) shows the cycling performance
of 0.5-, 1-, and 2-SSZ. There is obviously one plateau for each curve, which does not appear
after the 1* cycle, and this discharge plateau in the voltage around 0.6-0.7 V is associated
with the formation of a solid electrolyte interface (SEI) film and the decomposition of the
electrolyte. The 1% and 2 discharge capacities of 2-SSZ were 1237 and 543 mAh g,
respectively, and its capacity at the 30" cycle was 461 mAh g”'(see figure 5(c)). As shown in
figure 5 (b) and (a), the discharge capacities of the 1** and 2 cycle of 1-SSZ were 964 and
323, and the capacities of 0.5-SSZ were 478 and 169 mAh g, respectively. The figure 5 (c)
shows that there is a difference between the charge capacity and the discharge capacity of 2-
SSZ. This could be due to the different structures among 2-SSZ, 1-SSZ, and 0.5-SSZ, where
2-SSZ was mainly amorphous structure whereas 1-SSZ and 0.5-SSZ contained

Published on 11 September 2017. Downloaded by University College London on 15/09/2017 18:37:48.

predominantly the crystalline structure.

Based on the capacity results of three electrodes, the 2-SSZ electrode has a better
capacity and cyclability than that of the other two electrodes. Two possible reasons can
explain these results. The first reason is the different mechanism for the insertion reaction
between the guest and host materials. The second reason is the structural difference between

the amorphous and crystalline structure.


http://dx.doi.org/10.1039/c7dt01120b

Published on 11 September 2017. Downloaded by University College London on 15/09/2017 18:37:48.

Dalton Transactions Page 10 of 15
View Article Online
DOI: 10.1039/C7DT01120B

0 150 300 450 600 750 900 1050 1200 1350 0 150 300 450 600 750 900 1050 1200 1350
T T T T T T T T T
i 0.5-S8Z 20 1-88Z 55
1st : 100 mA/g |~ 100 mA/g | =
2nd
Sth -~ 15 - 1.5
2 i
[ ®
g H
= 41.0 = 1. 110
o
s S
405 105
1 1 1 1 1 L L L L L
0 150 300 450 600 750 900 1050 1200 1350 0 150 300 450 600 750 900 1050 1200 1350
Capacity (mAh/g) Capacity (mAh/g)
0 150 300 450 600 750 900 1050 1200 1350 1400 1400
T [ ] T T T T T T
20 [(€) 2ssz |
! i e 100 mAlg % 1200 1200
2nd g’ 1000 1000
. <
1.6 35331 415 £
2 ] 2 800 800
g 8
g g
£ 10 110 8§ e00 600
> o
=
o 400 400
4 a
0.5 0.5 &
200 |- " s o] 200
Theoretical Capacity (Graphite)
0.0 0.0 0 I 1 L ] I I ] 0
0 150 300 450 600 750 900 1050 1200 1350

0 5 10 15 20 25 30
Cycle Number

Capacity (mAh/g)

Figure 5. Galvanostatic discharge/charge voltage profiles of the Si0,/ZrO, with the three different
molar ratios ((a):0.5-, (b):1-, and (¢): 2-SSZ), comparison of long-term cycle tests (d)
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Firstly, the reason why the capacity is different is related to the different mechanisms
of the reactions between the lithium ions of the guest species and the possible materials (e.g.
ZxSi,, Z1Si, or Zr,Si or ZrsSi3) formed by each of the host materials (2-, 1-, or 0.5-SSZ)
during the repeated cycles. In order to understand the phases of the SSZs with three
different molar ratios calcined at 1050 °C, a phase diagram was used [27]. Figure 6 is the
ternary phase diagram of Zr-O-Si at 900 °C. Although all the phases of SSZs cannot be
known from this figure because of the difference in the calcination temperatures (900 and
1050 °C), some information from this figure may be obtained to understand the phases of the
SSZs with three different molar ratios. Typically, the final main reversible reaction of SiO,

with lithium ions is the reactions of Si and Li-ions as shown below.

Si +xLi" +xe” <> Li,Si

Therefore, when the above reaction and phase diagram are considered together, in the
case of the three SSZs, the final reversible reactions can be understood as the reactions of
Z1,Si and (or) ZrsSiz from 0.5-SSZ, ZrSi from 1-SSZ, and ZrSi, from 2-SSZ, with Li-ions.

This can be summarized as follows:

Circle Chemical Reaction Thermodynamics

ZrSiO,+8Li" +8¢”— 4Li,O+ (1/2)Zr,Si + (1/2)Si (A1)

A (1/2)Zr,Si + xLi" +xe «>(1/2)Li, Zr,Si (A2)
0.5- | ZrSiO, + 8Li* + 8¢ — 4Li,0 + (1/5)ZrsSis+(2/5)Si (B1) | Reaction (Al; Bl; C1; DI:
Z . i ) . 0 0 0
55 (1/5) ZrsSi; + xLi' + xe™>(1/5)Li,ZrsSi; (B2) AG°<0, AH°<0, AS°<0
e  Spontaneous
B: ZrSiO, + 8Li" + 8¢ — 4Li,0 + ZrSi (C1) e Exothermic reaction
C: 27rSi0, + 12Li" + 12¢'— 6Li,0 + ZrSi, + ZrO, (D1)
2-SSZ ZrSi, + xLi* + xe” <> Li,Si,Zr (D2)

Each initial chemical reaction is shown as a spontaneous and exothermic reaction with a
decrease in entropy. These conditions indicate that only spontaneous reactions occur at the

following temperatures (T=AH/AS): T= 1759 K in reaction (A1), 1184 K in reaction (B1), 607
11
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K in reaction (C1), 5340 K in reaction (D1). Hense, it can be confirmed that the four
reactions above occurred as spontaneous reactions, during the battery-test because the
experiments were performed at room temperature of 298 K. The material density values of
71,81, ZrsSis, ZrSi, and ZrSi, are 5.972, 5.777, 5.554, and 4.84 gm/cc, respectively [28]. We
observed that the density decreased as the molar ratio of Si was increased, indicating a larger
possible reaction area for the guest species (lithium ions) at the empty interstitial site in the
host materials. A smaller density and the Zr fraction provided an increased space to
accommodate a volume expansion and enhanced the average lattice constant and the
diffusion coefficient of the Li-ions. These improvements may affect the structural change by
the lattice distortion into minimum. These finally caused an increase in the Li-ions diffusivity,
and strongly supported the electrochemical characteristics with a large reactivity for the Li-
ions. The benefit of ZrSi, led to a better reversible capacity with little pulverization as
compared to that of the other compounds. These resulted in enhancing the capability of the
reversible capacity and the superior cycling performance as compared to the others.

The second reason is the effect of different structure. Based on the results of XRD
and TEM measurements, 0.5- and 1-SSZs have a typical crystalline structure. The structure of
2-SSZ has a majorly amorphous structure, which included with some crystalline structure.
The literature states that the amorphous structure has better cycling performance as compared
to the crystalline [29, 30]. The crystalline structure would provide efficient pathways for
electron transport to enhance the electrical conductivity and support the mechanically stable
structure to reduce the volume expansion [31]. Thus, the combination of these structures
suppressed the volume change of 2-SSZ, and finally resulted in an increased reversible

capacity.

Conclusions

This paper was preceded to unveil the mechanisms through electrochemical analysis
and to understand the effect of different Si/Zr molar ratios on novel anode material SSZ. The
SSZ electrodes delivered a superior capacity when the molar ratio of Si/Zr was increased
from 0.5 to 2. The specific capacity of 2-SSZ was much higher than that of 0.5- or 1-SSZ.
The 2-SSZ electrode also had superior cycling performance. This could be due to the
formation of ZrSi, by 2-SSZ which would provide more effective reactivity with Li-ions

intercalation and deintercalation upon Li-ions diffusion than that of Zr,Si or ZrsSi; from

12
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0.5-SSZ or ZrSi from 1-SSZ. This result indicated that ZrSi, increased the possible reaction
area for the guest species (lithium ions) at the empty interstitial site in the host materials. It
could provide a large space to accommodate volume expansions, and it was supportive by
maintaining the lattice constant and reducing the ratio of the structural distortion. In addition,
2-SSZ structure consisted of a majorly amorphous structure with a crystalline structure
related to the Zr-O-Si bond. Such combined structutre was advantageous in providing a good
capacity through amorphous structure and such efficient pathway for electron transport and
little pulverization through the crystalline structure. With such benefits, the drastic volume
expansion was reduced during repeated cycles, which led to the enhanced reversible capacity
and the cyclability. This paper provides a fundamental understanding on the rational design of
efficient binary oxide materials for lithium ions batteries and serves as a guide to help to

determine the optimal performance of binary oxides.
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