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The rapidly expanding Li-ion battery market needs new materials that can satisfy the increasing energy storage
demand. Metal oxides and some metals such as tin are viable alternatives to graphite as Li-ion battery anodes, but
their low conductivity and large volume change during cycling impose severe challenges that need to be over-

retal terial come. Confinement of metal oxide and metal nanomaterials within mesoporous carbon (MC) is an effective strat-
anomateria R . . ) . . o .

Livion battery egy in this regard, but complex synthesis and nanoparticle aggregation have hindered its application. Herein, we
Anode report a facile, scalable and generalized methodology for the room-temperature synthesis of metal oxide and

metal nanoparticles within a MC host. The approach has been successfully applied to achieve uniform distribu-
tion and prevent aggregation of a large variety of metal oxide and metal nanomaterials in MC support. These
nanocomposites were screened as Li-ion battery anodes, and the optimal candidates were shown to be superior to
previously reported systems. Our synthesis method was scaled up using commercial MC. The nanocomposites
were validated in a high-loading electrode (4 mg/cm?2) with a practical voltage range (< 2 V vs. Li+*/Li), show-
ing impressive initial Coulombic efficiency (> 100%), and excellent stability (~ 500 mAh/g after 250 cycles at
0.2 A/g), which was 1.5-2x better than commercial graphite at the same testing conditions. The facile nature,
universality and versatility of our approach make it possible to load various metal oxide and metal nanomaterials
within different types of MC. These nanocomposites would be of significant interest to different fields, such as en-

ergy storage and conversion, sensing, and catalysis.

1. Introduction

Energy storage is a rapidly progressing field, driven by the develop-
ment of renewable energy, electric vehicle market growth, emerging
stationary storage sector, and great demands from the electronics mar-
ket. Li-ion battery is the leading energy storage system. Although it can
reach a high energy density of ~ 250 Wh/kg, further improvement is
needed to meet the large market pull. Continuous innovation is under-
way to make Li-ion batteries smaller and lighter, and capable of storing
more energy [1-5].

Metal oxides (e.g., NiO [6], Fe304 [71, GeO2 [81, SnO2 [9], and TiO2
[10]) and metals (e.g., Sn [11]) are very promising anode materials to
replace graphite, which is limited by a low theoretical capacity of
372 mAh/g. However, they face a number of challenges. Conversion-
based oxides (e.g., Fe O, and NiO), alloy-type metals (e.g., Sn, Sb and
Ge), and conversion/alloy-type oxides (e.g., SnoO,, Sb203 and GeO,)
have high capacities that can exceed 1000 mAh/g. Nevertheless, they
suffer from large volume changes during cycling causing electrode pul-
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verization, and the conductivity of the oxides is intrinsically low. These
problems lead to poor electrode stability and rate capability [12-14].
Although several studies have been reported to stabilize their perfor-
mance, such as synthesizing carbon-coated oxides in yolk-shell archi-
tectures [15] and multi-shell hollow oxide structures [16], they still
need further improvement for practical application. Intercalation-type
oxides, such as TiO, and szos’ operate at a high voltage vs. Li+/Li,
minimizing interaction with the electrolyte and improving safety. They
also have good stability due to minimal volume change over cycling.
However, their low conductivity limits electrode rate capability [10,
171.

Generally, the two main challenges of emerging anode materials are
low conductivity and volume change-induced pulverization. These
problems can be addressed by nanostructuring and hybridization with
carbon. Nanomaterials have enhanced electronic and ionic conductivity
and high tolerance to volume change [2,5,12]. Carbon can provide effi-
cient conductive pathways and buffer volume change during cycling,
resulting in higher stability [9,12]. Nanocomposites comprising elec-
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troactive nanomaterials confined within MC represent an attractive
strategy for developing high-performance anodes. MC has an intercon-
nected structure that facilitates electron transport, and thin walls that
ensure efficient Li+ diffusion. Its high surface area and mesoporous
channels allow for good contact with the electrolyte. These properties
are conducive to good electrochemical activity [18,19]. More impor-
tantly, the MC structure is well suited for hosting nanomaterials within
its pores; its internal walls can provide physical barriers against particle
aggregation and growth during synthesis and battery cycling. The con-
finement of metal oxide and metal nanomaterials within MC has been
demonstrated to be a good strategy for improving Li-ion battery anode
performance [8,9,13,19,20].

Metal oxide nanoparticles have been confined within MC using dif-
ferent strategies, including impregnation [8,9,13,21-23], embedding
within a polymer followed by carbonization [24-27], carbonizing
organometallic moieties [28-30], hydrothermal reactions [31-33], and
carbonizing metal-organic frameworks [34,35]. The resulting
nanocomposites have shown very good Li-ion battery anode perfor-
mance due to the 3-dimensional electronic pathway provided by the
MC, good electrolyte infiltration, and the nanometer particle size of
metal oxides, which are protected from aggregation by spatial confine-
ment within the carbon’s mesopores. However, uniform introduction of
metal oxide nanomaterials within the MC matrix is not easily achieved.
Strategies such as embedding within a polymer followed by carboniza-
tion, carbonizing organometallic moieties, hydrothermal reactions, and
carbonizing metal-organic frameworks are only specifically applicable
to certain metal oxides, and difficult to be generalized. In addition,
many of the reported methods involve multiple steps, and are challeng-
ing to scale up. The impregnation approach is facile, and can be applied
easily to different materials on a large scale. However, impregnation of
nanomaterials within MC often leads to non-uniform distribution and
aggregation of nanomaterials [29,36-39].

Herein, we report a novel method to confine metal oxide nanoparti-
cles within MC uniformly using a facile and generalized strategy. Our
method does not involve any heating or hydrothermal treatment, and it
can be broadly applied to many systems. It has led to the successful con-
finement of SnOZ, CeOz, NiO, Fe304, GeOz, Nb205, TiOZ, VZOS, SiO2 and
Sb, O, nanoparticles within a mesoporous matrix. Our approach is capa-
ble of loading MC with metal oxide nanoparticles at room temperature
in less than 2 h. We have adopted a wet-chemical approach, whereby
surfactant-stabilized MC particles (MCP) were dispersed in a metal ox-
ide precursor solution, followed by a slow hydrolysis/precipitation step
with ammonia, which resulted in heterogeneous nucleation on the sur-
face of the surfactant-stabilized carbon walls, with no external nanopar-
ticles observed, a phenomenon that was previously reported [40]. The
small particle size, large surface area, and hydrophilicity of MCP with
trace surface silica allowed for the excellent MCP particle dispersion in
the metal oxide precursor solution. This led to homogeneous metal ox-
ide nucleation. The mesoporous nature of the MCP confined the metal
oxide growth, resulting in the controlled synthesis of metal oxide
nanoparticles within the mesopores. Our method could be scaled up
easily and economically using commercial MC.

Moreover, we have managed to adapt our method to confine metal
nanoparticles within MC, whereby the hydrolysis/precipitation step
was replaced by rapid reduction, which was a more homogeneous
process than the typically used impregnation method [41], and easier
to accomplish than hydrothermal reactions [42] and other multi-step
processes (such as nanoparticle embedding within a polymer followed
by carbonization) [43]. For example, Sn nanoparticles were success-
fully introduced into MC in a facile one-step manner, with no heat treat-
ment involved.

Our methodology for uniform and efficient confinement of metal ox-
ide and metal nanoparticles within MC could be applied to a wide vari-
ety of nanoparticle compositions and different types of MC. The result-
ing nanocomposites showed potential for various applications, includ-
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ing energy storage and conversion, catalysis, sensors, etc. In particular,
we have examined the nanoparticle/MC systems as Li-ion battery anode
materials. The MC provided an excellent host with electronically con-
ductive paths and a buffering matrix to mitigate the pulverizing effect
of continuous volume change during cycling. The small particle size,
high surface area, and mesoporosity of the nanocomposites allowed for
ample wetting due to facile electrolyte infiltration. We have screened
FeSO 4/MCP, GeOZ/MCP, SnOz/MCP, SbZOS/MCP and NiO/MCP
nanocomposites as high-capacity anodes, and TiO,/MCP and
NbZOS/MCP as high-voltage anodes. The electrochemical properties
and performance of the nanocomposites were systematically studied
and optimized. We have also demonstrated excellent performance of
scaled-up nanocomposites using commercial MC, which were processed
and tested under practical conditions. Our optimal materials were de-
termined to be SnO 2/MCP and TiO 2/MCP, which have the best combi-
nation of performance and cost. They showed high capacity and rate ca-
pability, as well as excellent stability. SnO_/MCP achieved 831 mAh/g
at 4 mg/cm2, and a low capacity decay/cycle of 0.037% over 550 cy-
cles. TiO,/MCP attained 220 mAh/g, and excellent stability over 1000
cycles with a very low capacity decay/cycle of 0.02%.

2. Materials and methods
2.1. Synthesis of metal oxide-loaded MCP or commercial MC

An appropriate amount of metal oxide precursor (Table S1) and
CTAB (80 mg) were dissolved in absolute ethanol (10 mL). MCPs (see
SI, section I for synthesis conditions) (100 mg) were dispersed in the
ethanolic solution and stirred. 1% ammonia (24 mL) solution was
added dropwise to the dispersion and kept under stirring for 2 h. Metal
oxide-confined MCPs were washed well with deionized water and
ethanol, and dried at 60 °C. Calcination was conducted at 325 °C for 1 h
under Ar to carbonize any residual CTAB. In the cases of CeO,/MCP and
V205/MCP (whose oxide precursors are insoluble in ethanol), MCPs
were dispersed in a water/ethanol mixture containing dissolved CTAB,
followed by dropwise addition of ammonia (25%). Scaling up using
commercial MC was conducted through a similar process, but filtration
was used instead of centrifugation in the washing step. See SI, section II
for Sn-loaded MC synthesis.

2.2. Materials characterization

The morphology of materials was characterized using transmission
electron microscopy (TEM) (FEI Tecnai F20) and scanning electron mi-
croscopy (SEM) (JEOL JSM-7400 F), both fitted with OXFORD energy
dispersive X-ray spectroscopy (EDX) micro-analyzer. Powder X-ray dif-
fraction (XRD) patterns were obtained using Bruker D8 ADVANCE. Ra-
man spectroscopy and X-ray photoelectron spectroscopy (XPS) were
conducted using Horiba Jobin Yvon Modular Raman Spectrometer and
VG ESCALAB 220i-XL, respectively. Thermogravimetric analysis (TGA)
was performed using TA instruments TGA 55. Surface area and porosity
were analyzed using Micromeritics ASAP 2460.

2.3. Electrochemical measurements

The loaded MCP and MC were mixed with vapor-grown carbon
fibers (VGCF) and sodium alginate at a weight ratio of 7.5:1:1.5 in an
aqueous slurry, followed by coating on Cu foil and drying at 60°C in an
oven overnight. The coated Cu foil was punched into 10-mm discs and
assembled into coin cells in an Ar-filled glove box (Inert) with O2 and
H,0 levels < 1 ppm. Li foil was used as the counter electrode, and Cel-
gard 2500 was used as the separator. 1.3 M LiPF o in ethylene carbon-
ate/diethyl carbonate (3/7 by volume) with 10 wt% of fluoroethylene
carbonate was used as the electrolyte. Galvanostatic charge-discharge
(GCD) was performed using LAND and Neware battery cyclers at room
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temperature. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) (1 MHz—10 mHz, 10 mV amplitude) were con-
ducted using the Autolab electrochemical workstation.

3. Results and discussion

MCPs were synthesized via simultaneous polymerization of resorci-
nol-formaldehyde polymer and sol-gel synthesis of SiO , in the presence
of CTAB as a soft template, followed by carbonization and mesopore
creation via heat treatment and alkaline etching, respectively (See SI,
sections I and III). Metal oxide and metal nanoparticles were uniformly
loaded into the MCP’s mesopores by surfactant-assisted controlled alka-
line hydrolysis/precipitation, and reduction, respectively (Scheme 1).

We developed a facile and scalable method for the uniform loading
of metal oxide nanoparticles within MC. Metal oxide precursors were
dissolved with CTAB-stabilized MCP in ethanol. This was followed by a
dropwise addition of a diluted ammonia solution, resulting in metal ox-
ide nucleation and growth within the mesopores of MCPs. Chemically,
the synthesis mechanism was varied for different oxides (Table S1).
Sio,, Nb205 and GeO, were formed via a sol-gel pathway whereby the
metal alkoxide precursors went through hydrolysis and condensation
steps catalyzed by the alkaline medium [44,45]. In contrast, the other
oxides were formed via a co-precipitation approach by direct reaction
with NH ,OH, producing the oxides via hydroxide intermediates [46,
47]. Our methodology worked very well with both sol-gel and co-
precipitation approaches. Calcination at 325 °C for 1 h under Ar was
employed to carbonize any CTAB residues. This was based on a TGA
analysis showing that CTAB was essentially fully carbonized by 300 °C
(Fig. S2).

A wide range of metal oxide nanoparticles was confined within
MCPs (Fig. 1) uniformly and without aggregation. The synthesis proce-
dure was conducted at room temperature for a duration of 2 h. GeO,,
Nb205, Tio, and Si0, were introduced via sol-gel chemistry. SnO,,
CeO,, NiO, Fe O o and V ,0, were introduced via chemical precipitation.
The metal oxide precursor amount was optimized to attain the maxi-
mum loading possible for each oxide. The porous and hollow structure
of the MCP became opaque when loaded with the metal oxide. The uni-
form distribution of the metal oxides within MCP was confirmed using
EDX analysis (Fig. S3). We observed some particle agglomeration in
only one case, whereby relatively large Sb203 nanoparticles were clus-
tered within the core of the MCPs (Fig. S4). This could be due to the na-
ture of the precursor, SbCl » which underwent rapid hydrolysis upon
contact with water, making it difficult to slow down the reaction for
controlled, uniform deposition of Sb203 nanoparticles.

Metal oxide phase, crystal structure and crystallite size have a sig-
nificant effect on electrochemical performance, and were analyzed by

carbonization

——

RF/SiO,
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XRD. Crystallite size was calculated by Scherrer’s equation (1) [48] us-
ing the most prominent peak,

Crystallite size = k A/f cos6 (@D)

where k = 0.9, A is Cu ka wavelength (0.15418 nm), § is full width
at half maximum, and 6 is Bragg’s angle. SnO,, CeO and Sb20 were
crystallized upon synthesis, showing no change after calcination at
325 °C (Fig. 2a). SnO, has very broad diffraction peaks, and the small-
est crystallite size (< 2 nm). CeO2 and 813203 have crystallite sizes of
8 nm and 45 nm, respectively, which agreed with the TEM analysis.
Sio . TiO " GeO . Nb 2O and V 2O were amorphous, even after calcina-
tion at 325°C (Fig. 2b and SI, section IV). As-prepared Fe O, was
weakly crystalline. Its crystallinity improved upon thermal treatment at
325 °C with a crystallite size of 12 nm (Fig. 2c). NiO system was unique
in that the hydroxide phase was stable after synthesis. However, it was
converted to crystalline NiO upon thermal treatment at 325 °C with a
crystallite size of 3 nm (Fig. 2d). Such results were corroborated by
high-resolution TEM (HRTEM) analysis (See SI, section V and Fig. S5).

The amorphous oxides needed further analysis to determine their
chemical compositions, which would affect their functionality, espe-
cially their electrochemical properties and Li-ion battery anode perfor-
mance. XPS was used to investigate the oxidation states of the metal ox-
ides. XPS Ge 2p core-level spectrum showed 2 main peaks at 1221 eV
and 1252 eV, corresponding to Ge 2p 3/ and Ge 2p 12 of GeO,, respec-
tively (Fig. S6a). In addition, Ge 3d core-level spectrum showed one
peak at 34 eV that corresponded to Ge 3d5 ) of GeO2 (Fig. S6b) [49,50].
Nb 3d core-level spectrum showed 2 peaﬁs at 207.8 eV and 210.6 eV,
corresponding to Nb Bd5 " and Nb 3d3/2 of Nb205, respectively (Fig.
Séc) [51]. The 2 peaks at 459.3 eV and 465.0 eV of Ti 2p core-level
spectrum corresponded to Ti 2p, , and Ti 2p, , of Ti#+, respectively, in-
dicating a TiO ; stoichiometry (Fig. S6d) [52]. V 2p core-level spectrum
showed 2 peaks at 517.6 eV and 524.9 eV, which corresponded to V5+
2p3/2 and 2p1/2, respectively (Fig. S6e) [53]. The Si-O-Si of Si0, was
identified at 102.5 eV in the Si 2p core-level spectrum (Fig. S6f) [54].
Based on this XPS study, the compositions of the amorphous nanocom-
posites were confirmed to be GeO2/MCP, Nb 205/MCP, TiOZ/MCP,
V,0./MCP, and Si0,/MCP. These results were also supported by Ra-
man spectroscopy analysis (see SI, section VI).

The oxide loading in the nanocomposites was analyzed using TGA,
based on the residual weight after thermal treatment in air, and exclud-
ing the moisture weight loss below 100 °C (Fig. 3). Further calculation
was needed only in the case of Sb_O_ to accommodate the 15-20%
weight loss usually reported due to its low melting point and relatively
easy evaporation. Its phase change to SbZO , was also considered in the
calculation [55,56]. The oxide loading was maximized during synthesis
for each system, while retaining a uniform, aggregation-free dispersion

Si0, removal

—

5i0,/C

Metal oxide/metal
deposition

MO,/MCP

Scheme 1. Synthesis of metal oxide and metal nanoparticles confined within MCPs.
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NiO/MCPs

Fig. 1. TEM images of (a) SnOZ/MCP, (b) CeOZ/MCP, (c) NiO/MCP, (d) Fe304/MCP, (e) GeOz/MCP, (€3] NbZOS/MCP, (€3] TiOz/MCP, (h) Vzos/MCP’ and (i) SiOZ/MCP.

of the oxide particles. The highest oxide loading was achieved with
CeO z/MCP (with a CeO B loading of 64%), followed by Fe O /MCP and
SnO,/MCP (with a Fe O, loading of 58% and a SnO, loading of 56%, re-
spectively). Nb205, TiO,, GeO,, Sb203 and Sio, loadings in MCP were
45-52%. V,0_ and NiO loadings in MCP were ~ 30%. TGA data analy-
sis is further discussed in SI, section VII.

The surface area and porosity of the nanocomposites would affect
their electrochemical activity since these characteristics are associated
with the expected electrolyte infiltration ability and the available free
volume for material expansion during lithiation. The surface area and
porosity of the nanocomposites were evaluated by N, adsorption/des-
orption isotherms (Fig. 4a). The surface area was determined using
Brunauer-Emmett-Teller (BET) method in the p/p° range of 0.05-0.3
[57] (Fig. 4c). The pore size distribution (Fig. 4b) and cumulative pore
volume (Fig. 4d) were determined using Barrett-Joyner-Halenda (BJH)
method applied on the desorption branch of the isotherms. MCP
showed a typical Type IVa isotherm with pore condensation associated
hysteresis closing above p/p® of ~ 0.38, indicating mesopores of
> 4 nm. It has a high surface area of 1254 m2/g with a pore volume of
1.3 cm3/g, reflecting its highly porous nature after carbonization and
removal of the SiO 5 template. As expected, a significant decrease in sur-
face area and porosity was observed after metal oxide loading within
the MCP. The surface area and porosity of the nanocomposites were not

only dependent on the oxide loading, but also the type of oxide, and the
oxide particle’s morphology and physical properties. The largest reduc-
tions in surface area and pore volume were observed in GeO ,/MCP and
Sio,/MCP, which have surface areas of 44.4 m2/g and 52.5 m2/g and
pore volumes of 0.13 cm3/g and 0.08 cm3/g, respectively. V. ,0,/MCP,
SnO,/MCP, and Sb ,0,/MCP showed higher surface areas of
169-302 m2/g with pore volumes of 0.37-0.41 cm3/g, followed by
TiOz/MCP, CeOZ/MCP, NbZOS/MCP, and Fe30 4/MCP with surface ar-
eas of 335-424 m2/g and pore volumes of 0.4-0.7 cm3/g. NiO has the
highest surface area of ~ 717 m2/g with a pore volume of 1.00 cm3/g.
The pore size distribution of the nanocomposites did not change much.
MCP’s pore size distribution became narrowed down to 3-4.9 nm upon
oxide loading because the smaller pores were filled up by the oxides.
Material surface properties are further discussed in the SI, section VIII.
The properties of the metal oxide/MCP nanocomposites are summa-
rized in Table 1.

Li-ion battery anode materials are typically classified as intercala-
tion, conversion, and alloy-type (see SI, section IX for more discussion)
[12,14]. We have categorized (i) Fe30 4/MCP, GeOZ/MCP, SnOz/MCP,
Sb203/MCP and NiO/MCP nanocomposites as high-capacity anodes,
which operate at < 1V via conversion and/or alloying processes, and
(i) TiO,/MCP and NbZOS/MCP as high-voltage anodes (1-3 V), which
operate via intercalation mechanism. Although metal oxides and metals
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Fig. 2. XRD patterns of metal oxide/MCP nanocomposites.
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Fig. 3. (a) TGA profiles and (b) oxide loadings of metal oxides confined in MCPs.
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Fig. 4. (a) N, adsorption/desorption isotherms, (b) pore size distributions, (c) BET surface areas, and (d) BJH pore volumes of metal oxides confined in MCPs.

Table 1
Summary of the properties of metal oxide/MCP nanocomposites.
Nanocomposite Phase Crystallite  Oxide Surface  Pore Average
size (nm) loading area volume  pore size
(Wt%) (m?/g)  (cm3/g) (nm)
SnOZ/MCP Crystalline < 2 56 272 0.41 4.1
SbZOB/MCP Crystalline 45 45 302 0.37 4.4
CeOZ/MCP Crystalline 8 64 340 0.43 4.3
NiO/MCP Crystalline 3 26 717 1 4.3
Fe304/MCP Crystalline 12 58 424 0.69 4.4
SiOZ/MCP Amorphous - 52 53 0.078 3.8
TiOZ/MCP Amorphous - 49 335 0.4 4.3
GeOZ/MCP Amorphous - 49 44 0.13 4.1
NbZOS/MCP Amorphous - 52 390 0.6 4.3
V.0_/MCP Amorphous - 32 169 0.38 3.9

operate as Li-ion battery anodes via different mechanisms, the chal-
lenges lie in the low conductivity in the case of oxides, and large vol-
ume change during cycling for conversion and alloy-type materials.
These problems lead to poor rate capability and stability, respectively.
The main approaches to tackling these problems are nanostructuring
and hybridization with carbon [2,5,9,12]. Different strategies have
been implemented to this end, but they are either not generalized
enough, not practical, or not effective. In this work, we demonstrate
that our metal oxide- and metal-confined MC synthesis strategy is a
generalized, practical, and effective solution to produce high-
performance Li-ion battery anodes. We have applied our approach to
derive various materials operating via the three anode charge storage
mechanisms, and compared and optimized their performance. We have
scaled up one of our most promising candidates, and demonstrated its
high performance under practical processing and testing conditions.

CV was used to assess the electrochemical properties of metal oxide/
MCP nanocomposites as Li-ion battery anodes. CV of MCP showed the
expected MC Li-ion battery anode profile (Fig. 5a) [58]. Fe O,/MCP
showed a typical first cycle [7] with low-voltage reduction peaks at ~
0.8V and ~ 0.5V, corresponding to Fe O, lithiation and conversion,
respectively (Fig. 5b). GeO,/MCP showed an activation behavior
whereby the first cycle was relatively lower in capacity and increased
gradually, stabilizing by the third cycle. The main reduction peak was
at ~ 0.3 V due to GeO2 conversion and LiXGe alloy formation (Fig. 5c).
Two distinct oxidation peaks were observed at ~ 0.6 V and ~ 1.3 V.
The former corresponded to the de-alloying reaction and the latter to
the re-oxidation to GeO ; [59]. This was very interesting because in ma-
terials that operate by hybrid conversion/alloy mechanisms, such re-
oxidation is only possible if the size was controlled at the nanoscale
[60]. This was achieved in our synthesis by confinement of oxide
nanoparticles within the mesopores of MCP. Sn0,/MCP showed two re-
dox couples at ~ 0.9V and 1.25V, and at <0.5V and 0.55V, corre-
sponding to the conversion and alloying/de-alloying reactions, respec-
tively (Fig. 5d). It is important to note the intense and reversible anodic
peak at ~ 1.25 V indicating the re-oxidation of Sn to SnO,, which was
possible due to the uniform confinement of nanoparticles within MCP
[61]. Sb203 showed the two main cathodic and anodic peaks at ~ 0.7
and 1.2V, corresponding to Li_Sb alloy formation and de-alloying, re-
spectively. However, another distinct anodic peak appeared at ~ 1.6 V,
which indicated de-lithiation as well as Sb re-oxidation on charging
(Fig. 5e), a process accelerated by nanoconfinement [62]. NiO/MCP
showed the main cathodic peak at ~ 0.5V that shifted to ~ 0.9V in
subsequent cycles due to conversion and solid electrolyte interphase
(SEI) formation (first cycle); the weak peaks at higher voltages were as-
cribed to initial lithiation and structural changes. Anodic peaks ap-


ayman
Highlight


A.A. AbdelHamid et al.

i
0.0
g 5
= 04 -
5 g
5 —Cyehe 1 3 — Cyche 1
© oa L= L = 2 —Cycie }
s B 3 e Gy ¥
e b —Cyche b
12 e Ty & 3 e i 5
o0 04 w08 12 15 20 0.0 0 1.6 24

Patontial ve LITLI{V) Potential ve LiSLI ()

0.4 :
- - 1
T 00 [
= <04 E 1
= —Cyche 1 =+ -
o — el o

0.8 —Cycie 3 &

—':‘I'\ﬂll'l'
1% — el 5 a
Y o4 0.3 13 1.6 ] an o4 LiE:] 12 18 20

Paotential vs Li*Li (V)

Potential vé Li"ILi (W)

=

o
- - (-1 ]
E_ oo E
: £
ERT —_—yein 1 a - Cycle 1
—Cye 3 Cycle 2
— il 3 Oyl
J0E Cycla 4 — iyl 4
Cycla 3 P (T b 5
1z 156 28 24 18 iz 16 B 34 B
j Potential v LiTLi (V) k Potential vs LiYLI [¥)
10
B e
- Aftar § cycles

Resistance ()

Falie

Nano Energy xxx (xxxx) 109025

—Cyeha 1
e oyt b 3
—Cprhe 3
——Cychs 4
Cyche 3

o

04 08 12 1B 2B
Potential vs LI'LI (V)

0.0
=
E o Cychs 1
— e
. — ks ¥
— Cyehe 3
0.8 —_— i d
— Oy &
) 0.8 1% 24
. Potential vs LITLI (W)
|
&
L

Resistance (0]

i ¥ § §

Fragh
Afe 5 oycles

Pl

i

Fig. 5. CV profiles of (a) MCP, (b) Fe304/MCP, (c) GeO_/MCP, (d) SnOZ/MCP, (e) Sb203/MCP, (f) NiO/MCP, (g) TiOZ/MCP, and (h) NbZOS/MCP. (i—j) Metal oxide/

MCP Nyquist plots of (i) fresh cells and (j) after 5 cycles. (k) Rs and (1) RCt values of metal oxide/MCP anodes.

peared at ~ 1.3V and ~ 2.3V, which could be explained by Li ,0 de-
composition and Ni oxidation, respectively (Fig. 5f) [63]. The CV of
TiO,/MCP showed very broad cathodic and anodic peaks centered at ~
1.4V and ~ 2.4V, respectively (Fig. 5g). The absence of sharp interca-
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lation peaks agreed with the amorphous nature of TiO, [64,65]. Simi-
larly, Nb ,0,/MCP CV profile did not show distinct peaks other than a
cathodic peak at < 1.6V in the first cycle (Fig. 5h), indicating the
amorphous nature of Nb205 [66]. Further CV profile analysis is in the
SI, section X.

EIS was applied to fresh electrodes (Fig. 5i) and those after 5 CV cy-
cles (Fig. 5j), and the data was fitted using a modified Randle’s circuit
(Fig. S9) according to an earlier study [67]. MCP has a low Rs of 3.2Q
(Fig. 5k) that agreed with reported carbon anodes [67], showing a
small increase after cycling. Oxide incorporation did not affect R sig-
nificantly (Fig. 5k); R of fresh cells ranged from 2.4 Q to 4.5 Q with mi-
nor change after cycllng, except for SbZO 5 I the case of Sb ,0,/MCP, R
decreased significantly from 4.1 Q to 1.2 Q after cycling (Fig. 5k),
which also agreed with its RCt behavior (Fig. 51). This could be attrib-
uted to the relatively high level of aggregation of Sb ,0 nanoparticles
within the MCPs (Fig. S4), resulting in fairly high resistance in fresh
cells. Cell cycling could have led to better dispersion of SbZO within
the MCPs, and thus reducing both R, and R . TiO,/MCP showed ele-
vated R of ~ 7.5 Q after cycling, which 1nd1cated a decrease in elec-
trode conducthlty [68] upon Li+ intercalation/de-intercalation. MCP
showed an R  of ~ 150 Q that decreased to ~ 93 Q after cycling, which
agreed with earlier reports [69]. Interestingly, fresh cell R, decreased

to ~51Q, ~52Q, ~75Q and ~ 31 Q after 1ncorporatlon of Fe O,

GeO,, SnO, and Tio,, respectively, which could be associated w1th
good oxide distribution within the MCP and the reduced porosity. The
higher R, of MCP could be due to its highly porous nature. On the other
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hand, the incorporation of Sb,0,, NiO and Nb,O, increased R  to
189 Q, 156 Q and 446 Q, respectively (Fig. 51). The R, increase in the
case of SbZO /MCP could be due to non-uniform oxide distribution, as
observed for R. The high porosity of NiO/MCP composite, which was
the highest among all composites, could be a factor in its high R . The
increased R, of Nb,O /MCP could be due to an inherently high charge—
transfer re51stance of Nb205 whereby similar R, values have been re-
ported [66]. In general, R > decreased over cychng (Fig. 51), reflecting
better oxide distribution within the MCP, except in the case of TiO
whereby it slightly increased, but was still lower than that of MCP. Such
increase in the case of TiO,/MCP matched the electrode’s R behavior
and confirmed the increase in resistance upon Li+ intercalation/de-
intercalation within the crystal structure of TiO,,. Similar observation
has been reported for TiO » and was explained by the impact of SEI for-
mation during cycling [70,71]. However, we note that such resistance
change can be influenced by different parameters, including SEI forma-
tion, changes in oxide crystal structure and morphological variations
over cycling. Further study of such complex phenomena would be
needed for a deeper understanding of the different R and R, values of
the composites.

The battery performance of the nanocomposites was evaluated via
GCD cycling at different current densities (Fig. 6a—b) and over pro-
longed durations (Fig. 6¢—d). See SI for notes on testing protocols for
different nanocomposites (section XI) and their GCD profile analysis
(section XII). MCP reached ~ 350 mAh/g after 5 cycles at 0.1 A/g, and
~156 mAh/g and 111 mAh/g at 2 A/g and 5 A/g, respectively (Fig.
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Fig. 6. (a—b) Rate and (c—d) cycling stability studies at 0.2 A/g of (a, c) high-capacity and (b, d) high-voltage metal oxide/MCP anodes.
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6a). Moreover, it has stable performance at 0.2 A/g retaining a capacity
of ~ 222 mAh/g after 250 cycles, with a capacity retention of ~ 86%
and a capacity decay/cycle of ~ 0.064% (Fig. 6¢). Although MCP’s rate
capability and stability were good, its capacity was low and not suitable
for demanding battery applications. At 0.1 A/g, Fe,O,/MCP showed the
highest capacity with ~1051 mAh/g after 5 cycles, which by far ex-
ceeded the nanocomposite’s theoretical capacity of 684 mAh/g, consid-
ering the MCP content (Table S2). It also achieved ~ 463 and ~
298 mAh/g at 2 A/g and 5 A/g, respectively (Fig. 6a). NiO/MCP has a
capacity of ~814 mAh/g after 5 cycles at 0.1 A/g which was almost
double that of the nanocomposite’s theoretical capacity of 446 mAh/g
(Table S2) (Fig. 6a). It also achieved ~ 371 mAh/g and ~ 275 mAh/g
at 2 A/g and 5 A/g, respectively. Although Fe O, /MCP and NiO/MCP
showed similar characteristics during the rate study, their stability pro-
files were rather different. Fe_O /MCP has an initial capacity of ~
1017 mAh/g, which decreased to ~ 233 mAh/g after 250 cycles at
0.2 A/g with a capacity retention of ~ 23% and a high capacity decay/
cycle of 0.36% (Fig. 6¢). In contrast, NiO/MCP has an initial capacity of
~ 585 mAh/g, which decreased slightly to 434 mAh/g after 250 cycles
at 0.2 A/g with a much higher capacity retention of 74.3% and lower
capacity decay/cycle of 0.12%. This behavior is explained in SI, section
XIII.

Another type of high-capacity materials studied is the alloy-forming
oxides that are initially reduced, followed by reversible alloying/de-
alloying, with a partial re-oxidation process taking place as well. The
oxides falling under this category are GeO,, SnO, and Sb,0 o Their
nanocomposites with MCP have theoretical capacities of ~ 1233 mAh/
g, ~ 991 mAh/g and ~ 689 mAh/g, respectively, taking into considera-
tion both alloying and conversion processes, and carbon contribution
(Table S2). They achieved ~ 797 mAh/g, ~ 817 mAh/g and ~
646 mAh/g after 5 cycles at 0.1 A/g, corresponding to ~ 65%, ~ 82%
and ~ 94% of their theoretical capacities, respectively. They also
showed ~ 460 mAh/g, ~ 430 mAh/g and ~ 450 mAh/g at 2 A/g with
capacity retention of 58%, 53% and 70%, as compared to capacities at
0.1 A/g (Fig. 6a). They have very good rebound capacity and excellent
stability over prolonged cycling at 0.2 A/g, achieving ~ 600 mAh/g, ~
561 mAh/g and ~ 485 mAh/g after 250 cycles, corresponding to a ca-
pacity retention of ~ 90%, ~ 92% and ~ 88%, and a capacity decay/
cycle of 0.05%, 0.04%, and 0.06%, respectively (Fig. 6¢). This analysis
indicated that GeO,/MCP and SnO,/MCP would be the leading candi-
dates due to their high reversible capacity and stability. As Sn is ~
60 X lower in cost than Ge [72,73], SnO 2/MCP was selected as our op-
timal high-capacity anode material for further studies. After cycling for
550 cycles, SnO ,/MCP still displayed a capacity of ~ 494 mAh/g with a
capacity retention of ~ 81% and a capacity decay/cycle of 0.037% (Fig.
S11).

The second main category of anodes is the high-voltage anode mate-
rials that are safer than their high-capacity counterparts. They have
high rate capability and excellent stability, but at the expense of full-
cell energy density. They have their niche market, especially when long
cycle life is critical. TiO, has ~ 1.5 X higher theoretical capacity than
Nb205 (Table S2). TiOz/MCP achieved ~ 226 mAh/g at 0.1 A/g and ~
145 mAh/g at 2 A/g, which were higher than that by Nb,0_/MCP (~
171 mAh/g and ~ 57 mAh/g, respectively) (Fig. 6b). Their capacity ra-
tios at 2 A/g (relative to 0.1 A/g) were 0.64 and 0.33, respectively
(Table S2), indicating the significantly higher rate capability of
TiO,/MCP. This could be explained by the > 10X higher R, of
Nb ,05/MCP (Fig. 51), which impeded Li+ transfer and thus rate capa-
bility. However, TiO ,/MCP showed only ~ 57% capacity retention,
while NbZOS/MCP retained ~ 78% after 1000 cycles, corresponding to
capacity decay/cycle of 0.04% and 0.02%, respectively (Fig. 6d). Crys-
tallization of TiO,/MCP by calcination at 500 °C under inert atmos-
phere improved long-term stability significantly. The resulting TiO ,(€)/
MCP demonstrated an increased capacity retention of ~ 82% and a de-
creased capacity decay/cycle of 0.02%. It showed ~ 179 mAh/g after

Nano Energy xxx (xxxx) 109025

1000 cycles, as compared to ~ 111 mAh/g and ~ 95 mAh/g shown by
amorphous TiO 2/MCP and Nb 205/MCP, respectively (Fig. 6d). TiO 2(c)/
MCP has a small Tio, crystallite size of 7.7 nm in the anatase phase
(Fig. S12a and c). After crystallization, TiO, retained its morphology
and uniform distribution within the MCP (Fig. S12b—c). The CV (Fig.
S12d) and GCD (Fig. S12e) profiles changed with TiO ; crystallization.
Sharp CV redox peaks and GCD plateaus were observed for TiO ,(€)/
MCP, unlike the broad peaks and monotonic profiles noted with amor-
phous TiOz/MCP Fresh cell R and R " for TiO (c)/MCP were compara-
ble to those of amorphous TiO, ,/MCP, with R o sh0w1ng a slight increase
after 5 cycles (from 36.4 Q to 53.5Q), as in the case of amorphous
TiO,/MCP (Fig. S12f). The higher cycling stability of TiO,(c)/MCP
agreed with the literature [64], and could be attributed to the more sta-
ble electrode-electrolyte interface. Interestingly, amorphous TiO,/MCP
performed better at high current densities, achieving ~ 100 mAh/g at
5 A/g as compared to ~ 39 mAh/g shown by crystalline TiO,(c)/MCP
(Fig. 6b). This could be due to faster Li+ diffusion in the amorphous
TiO ; phase [74], which was verified by EIS analysis (see SI, section
XIV). Overall, TiO_/MCP was selected as our optimal nanocomposite
for high-voltage anode. In particular, the crystalline version was attrac-
tive given its excellent stability, while the amorphous version would be
useful for high-rate applications. The electrochemical properties and Li-
ion battery anode performance of metal oxide/MCP nanocomposites
are summarized in Table S2.

Table 2 compares the performance of our optimal nanocomposites
to the relevant literature [9,10,23,29,75-81]. The performance of our
SnO,/MC was superior to many previous systems, and comparable to
the best materials reported. Our system with a medium loading of
1.6 mg/cm2 was superior to the previous loadings reported. Moreover,
we have limited the upper voltage cut-off to 2 V to avoid compromising
the energy density of the full cell, a step that was not realized in the pre-
vious studies. Lastly, we have scaled up the optimal nanocomposite,
which showed excellent performance at a high practical loading of
4 mg/cm2, and we have resolved the low initial Coulombic efficiency
(ICE) issue. Through our synthesis approach, we have achieved uni-
form, aggregation-free deposition of the SnO_, small crystallite size of
< 2nm, as well as optimized loading and surface area. These resulted
in efficient charge transfer, good contact with the electrolyte and, most
importantly, effective buffering and support during lithiation and de-
lithiation.

In the high-voltage anode category, our TiO,/MCP nanocomposite
showed superior performance to many reports, and performance com-
parable to the best systems operating in the voltage range of 1-3 V.
Some of the studies reported higher capacities by lowering the voltage
to 0.01 V. However, such approach would not take full advantage of
TiO,/MCP, which offered safe operation and high stability. In addition,
lowering the voltage cut-off would put the electrode in the high-
capacity anode category whereby TiO ,/MCP would not be competitive
due to TiO,’s relatively low inherent capacity. We note that in the com-
parison studies, loadings were mostly not reported and could be lower
than the 1.5 mg/cm?2 used here. In addition, only a few studies reported
stability after 1000 cycles. Our nanocomposites’ superior performance
could be attributed to the uniform and efficient oxide confinement
within MC, which optimized electrolyte infiltration and facilitated both
electron and Li+ transfer.

The morphologies of SnO,/MCP and TiO,/MCP were investigated
after cycling to observe the impact of prolonged cycling on the
nanocomposites. The nanosphere morphology was maintained in the
two cases to a different extent (Fig. S16c, d). Minimal disintegration
was observed in the case of TiOZ/MCP (Fig. S16d, g, h), which could be
explained by its intercalation-based Li+ storage mechanism that would
not cause large volume changes and thus would not apply much stress
to the nanospheres. In the case of SnO,/MCP, significant disintegration
was observed (Fig. S16c), which could be attributed to the large volume
changes during the alloying/de-alloying and conversion reactions of
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Table 2

Comparison of Li-ion battery performance of the optimal metal oxide-loaded

MC nanocomposites with the literature.

Material Synthesis Loading  Voltage Rate Cycling Ref.
method (mg/cm?) range  capability stability
SnOZ-loaded Wet-chemical 1.6 0.005- 731 (0.2) 561 This
mesoporous deposition 2 620 (0.5) (0.2, work
carbon 523 (1) 250)
430 (2) 494
271 (5) (0.2,
550)
4 0.005- 831 (0.2) 485
2 (0.2,
250)
Hydrothermal/ 1 0.05-3 997 416 [75]
etching (0.16) (0.78,
700 250)
(0.39)
561
(0.78)
411
(1.56)
300 (3.9)
Impregnation 1.2 0.005- 650 503 [29]
3 (0.08) (0.16,
560 100)
(0.16)
450 (0.8)
340 (1.6)
Impregnation 0.01-3 927.7 898.8 [91
(0.2) (0.5,
784.9 150)
(0.5)
642.2 (1)
522.4 (2)
Impregnation/ 0.8 0.01-3 810 (0.2) 930 [76]
carbonization/ 619 (0.5) (0.2,
etching 511 (1) 150)
424 (2) 321 (5,
321 (5) 1000)
Impregnation 1 0-3 930 (0.2) 1000 [771
680 (0.5) (0.1,
530 (1) 100)
Hydrothermal 0.001- 915(0.2) 841.8 [78]
3 810 (0.5) (0.2,
718 (1) 100)
634 (2) 607.1
561 (5) (1, 500)
TiOZ—loaded Wet-chemical 1.5 1-3 220 (0.2) 179 This
mesoporous deposition 186 (0.5) (0.2, work
carbon 166 (1) 1000)
145 (2)
100 (5)
Wet chemistry 1-3 308 146.1 [79]
(0.17) 1.7,
288 1500)
(0.34)
239
(0.85)
186 (1.7)
139 (3.4)
Electrospinning/ - 1-3 200 264 [10]
carbonization (0.33) (0.033,
175 (1) 100)
155 (1.7)
Impregnation 1-3 170 148 [23]
(0.17) (0.34,
142 200)
(0.34)
120
(0.85)
88 (3.4)
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Table 2 (continued)

Material Synthesis Loading  Voltage Rate Cycling Ref.
method (mg/cm?) range  capability stability
TiOZ_polymer - 0.01-3 416 330 [80]
mixing/ (0.07) (0.034,
carbonization 380 170)

(0.17)

256

(0.335)

206

(0.67)

Hydrothermal 3.34 0.01-3 - 617 [81]

(0.1,
100)

SnO, during cycling. However, a significant proportion of the nanos-
pheres remained intact. In addition, no SnO_ phase separation was ob-
served in the EDX mapping images (Fig. S16e, f), indicating that despite
some disintegration, SnO, was still in close contact with the meso-
porous carbon, allowing good electronic contact to be maintained; this
could explain the high performance stability of SnO,/MCP.

The versatility of our approach was shown by adapting the method
for metal nanoparticle loading within MC (SI, section XV). The com-
mercial applicability was also demonstrated by applying it to commer-
cial MC and achieving excellent results under a practical battery testing
protocol (SI, section XVI). This work demonstrated that our method
could be adapted for the confinement of various metal oxides and met-
als, which would be of interest for different applications, such as energy
storage and conversion systems as well as electrochemical sensing [82].
In particular, V,0_/MCP could be useful for Li-ion battery cathodes
[83], Sb ,0,/MCP could be of interest for Na+ and K+ battery anodes
[84], NiO/MCP could be applied in sensors [85], and CeOZ/MCP could
be employed as a catalyst [86].

4. Conclusion

In conclusion, we have developed a facile and generalized strategy
for the synthesis of metal oxide nanoparticles confined within MC. Our
approach resulted in the uniform, aggregation-free deposition of the ox-
ide nanoparticles within the mesopores of MC using a room-
temperature wet-chemical method that could be scaled up. We have
demonstrated the applicability of our synthesis methodology to a wide
variety of metal oxide/MCP, including SnOz/MCP, CeOZ/MCP, NiO/
MCP, Fe304/MCP, GeOZ/MCP NbZOS/MCP, TiOZ/MCP, V205/MCP
Sio,/MCP, and szog/MCP. We have screened our nanocomposites as
high-capacity and high-voltage Li-ion battery anodes, and the best can-
didates were SnO ,/MCP and TiO ,/MCP, respectively. To demonstrate
the industrial applicability of our materials, we have scaled up the syn-
thesis of SnO ,/MCP using a commercial MC. We have shown a practical
Li-ion battery anode system with a high loading density of 4 mg/cm?2
and low voltage cut-off of 2 V, and we have resolved the low ICE prob-
lem. Our optimal anodes showed superior performance and a number
of advantages, as compared to the literature. Moreover, we have
demonstrated our approach’s versatility by adapting the method for
metal nanoparticles confinement within MC, which showed the unlim-
ited possibilities provided by our approach for producing nanocompos-
ites for different applications in energy storage and conversion, cataly-
sis, and sensing fields.
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