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Abstract

We demonstrate a modular synthesis approach to yield mesoporous carbon-coated anatase
(denoted as Ti02/C) nanostructures. Combining polymerization-induced self-assembly (PISA) and
reversible addition-fragmentation chain transfer (RAFT) dispersion polymerization enabled the
fabrication of uniform core-shell polymeric nanoreactors with tunable morphology. The
nanoreactors comprised of a poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) shell and
a poly(benzyl methacrylate) (PBzMA) core. We selected worm-like and vesicular morphologies
to guide the nanostructuring of a TiO:2 precursor, namely titanium(IV) bis(ammonium
lactato)dihydroxide) (TALH). Subsequent carbonization yielded nanocrystalline anatase and
simultaneously introduced a porous carbon framework, which also suppressed the crystal growth
(~5 nm crystallites). The as-prepared TiO2/C materials comprised of a porous structure, with large
specific surface areas (>85 m?/g) and various carbon contents (20-30 wt%). As anode components
in lithium-ion batteries, our TiO2/C nanomaterials improved the cycling stability, facilitated high
overall capacities, and minimised the capacity loss compared to both their sans-carbon and

commercial anatase analogues.



Introduction

Metal oxides are an important class of materials with their extensive use across a range of energy-
storing,' photocatalytic,” gas sensing,’ and biomedical* applications. Tin oxides (SnO and Sn02),’
niobium oxides (NbO, Nb20s),® and titanium dioxide (TiOz),” especially have been studied
extensively as their band gaps, high dielectric constants, thermal and chemical stabilities attest
them desirable properties in these applications. In this context, nanostructured metal oxides display
superiority over their bulk counterparts in terms of enhanced electron or ion diffusivity, storage
and cycling stability, which stems largely from their high surface-to-volume ratios and tuneable
confined dimensions within the materials. Several synthesis routes to nanostructured inorganics
have been developed, including electrospinning,'” solvo/hydrothermal processes'! and soft/hard
templating.” %12 In addition, soft-templating routes employ predominately organic templates (such
as surfactants'® and block copolymers!>!%) as structure-directing agents to direct precursors of
inorganic materials into predictable morphologies, compositions and porosities. Diverse
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morphologies, such as nanofibres/nanotubes,!>!® porous microparticles!”!® hierarchically porous

microspheres,'® ordered mesostructured films,?%22

and carbon-coated mesoporous nanospheres
can thereby be achieved.”> Most syntheses of these structure-directing soft templates are based on

traditional self-assembly (such as solvent switch methods) typically conducted in extremely dilute

solutions (~1 wt % solid content), making large scale production challenging.?*

Polymerization-induced self-assembly (PISA) has emerged as a facile one pot method to produce
high-fidelity polymer nanoparticles at high solid content (20-50 wt.%) without the need for
extensive purification.”>?® PISA allows for accessing the full phase diagram, which grants

formidable morphology control in polymer nanoparticle (i.e. template) fabrication.?*3? Several



studies highlighted the usefulness of PISA to various applications, including spherical PISA

3334 or PISA vesicles for cargo loading in biomedical

nanoparticles as catalyst supports,
applications.?®*>3¢ Thermoresponsive PISA nanoparticles also provided an avenue to high-
temperature oil thickening.’” While the value of PISA, especially to biomedical research, has been
demonstrated to date, the exploitation of key advantages of the PISA process to produce hybrid
and inorganic nanostructures has been scarcely reported. Chang et al. used nanoscale PISA spheres
to produce hollow titania nanoparticles for photocatalytic degradation studies of methyl orange.*®
Bennett et al. used PISA under supercritical CO2 conditions to produce phase-separated
microparticles to yield mesoporous TiO2 and LiFePOs microparticles by sol-gel templating.>® Teo
et al. used PISA to form silsesquioxane hybrids of different morphologies in situ by
copolymerizing an alkoxysilane-bearing monomer.*’ Zhang et al. used spherical PISA particles to
immobilize gold, or silica and titania nanoparticles.*! While these studies employ PISA to generate
polymer templates, the majority of the achieved morphologies are limited to spherical micelles or
vesicles. This may be attributed to the narrow region on the PISA phase diagram where worm-like
assemblies remain stable, especially in the context of further processing for templating.***
However, Zhang et al. has shown that worm-like PISA nanostructures can be transferred to silica
nanotubes when using templating based on sol-gel chemistry.** Although, the above studies have
made early steps in using PISA in soft-templating, they were predominately focussed on sol-gel
chemistry, mainly used PISA for already easy-to-access spherical templates, or were motivated by
applications in catalysis and biomedicine.

We propose the use of PISA to generate difficult-to-access nanoparticles, and to employ them as

versatile and scalable nanoreactor templates to synthesize mesoporous carbon-coated anatase TiO2

(Ti02/C) nanostructures (Figure 1). As TiO: remains a desirable component for battery



research,**® with carbon-coated TiO2 as a promising anode material in lithium-ion batteries
(LIBs),"”47*8 we seek to highlight the potential of nanostructuring and morphology control in
anatase hybrids to enhance their performance. Our PISA nanoparticles were prepared via
reversible addition-fragmentation chain transfer (RAFT) dispersion polymerization and consisted
of poly(2-(dimethylamino)ethyl methacrylate)-block-poly(benzyl methacrylate) (PDMAEMA-b-
PBzMA) diblock copolymers. PISA allowed for a straightforward, high solid content production
of worm-like and vesicular templates with identical polycationic shell dimensions.
Nanostructuring was subsequently achieved by selectively loading a negatively charged and water-
soluble anatase precursor, namely titanium(IV) bis(ammonium lactate) dihydroxide (TALH), into
the PDMAEMA shell. No crosslinking of the polymer templates was required during TALH
loading, even for the charged worm-like templates. Upon pyrolysis of the as-synthesised hybrids
(at 650 °C), two simultaneous processes occurred: TALH converted to anatase TiO: nano-
crystallites, while the polymer template containing sp’-hybridized PBzMA carbonized and
encased the nanocrystallites in a carbon framework that suppressed their growth and sintering. The
ability to produce carbon-coated TiO2 hybrids from worm-like and vesicular templates further
enabled a controllable adjustment of the overall morphology and mesoporosity of the
nanomaterials. Accessing different morphologies of the hybrid material has proved beneficial in
elucidating the effect of template and hybrid morphology on their use as an anode material in LIBs,
whereby the small crystallite size and carbon framework improved the overall electrochemical

performance, while a worm-like morphology guaranteed an increased lithium storage capacity.
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Figure 1. Template-directed synthesis of hollow, worm-like and vesicular anatase TiO2/C using
PISA nanostructures. (a) PISA templates for the worm-like and vesicular morphologies, with the
composition of PDMAEMAu40-b-PBzMA. diblock copolymer (where n = 100 and 200,
respectively). (b) Loading of TALH (TiO2 precursor) to the PDMAEMA domain of the PISA
template. (c¢) Pyrolysis or (d) calcination at 650 °C to convert TALH to anatase TiO2 and either
simultaneously carbonize the PISA template to create a carbon framework or burn it off to yield a

purely inorganic nanomaterial.



Experimental Section

Synthesis of PDMAEMA4 macroCTA. A Schlenk flask containing 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTPA, 100 mg, 0.248 mmol,
DMAEMA (1947.3 mg, 12.4 mmol) and azobisisobutyronitrile (AIBN, 8.1 mg, 0.05 mmol) in
isopropanol (12.4 mL) was degassed through three cycles of freeze-pump-thaw, then immersed
into an oil bath heated to 70 °C for 5 h. The polymerization was terminated by exposure to
atmospheric air, followed by immersion into liquid nitrogen to completely cool the reaction. The
monomer conversion was 79% as determined by *H NMR spectroscopy in CDClz. PDMAEMAuo
was purified by dialysis (MWCO = 2 kDa) in ethanol. The solvent was removed under reduced
pressure, followed by drying under high vacuum at room temperature overnight, yielding a yellow
product. The product was characterized using *H NMR spectroscopy and size exclusion
chromatography.

Synthesis of PDMAEMA-b-PBzMA, (PDB) diblock copolymers. In a typical RAFT PISA
procedure, PDMAEMA4 macroCTA (350 mg, 0.06 mmol), BzMA (835.4 mg, 4.7 mmol) and
AIBN (1.95 mg, 0.12 mmol) were dissolved in anhydrous ethanol (6 mL) at 20 wt% solid content
in a glass vial. The reaction was degassed under nitrogen flow for 15 min before it was immersed
into an oil bath heated to 70 °C for 24 h. The polymerization was terminated by exposure to
atmospheric air, followed by immersion into liquid nitrogen to completely cool the reaction. The
monomer conversion was determined by *H NMR spectroscopy in CDCls. The purified product
was characterized using *H NMR spectroscopy and DMAc SEC.

Preparation of hybrid PDB:-TALH and PDB>-TALH. For the preparation of PDB1-TALH,
PDB: (3500 mg, 20 wt% solid content) was immersed in an ethanol/water solution (80% v/v)

containing TALH (1933 mg, 6.57 mmol). For the preparation of PDB2-TALH, PDB:2 (5000 mL,



20 wt% solid content) was added to an ethanol/water solution (50 % v/v) in water containing
TALH (1491 mg, 5.07 mmol). The PDB/TALH solutions were left at room temperature for 24 h
for TALH infiltration. Excess TALH was removed by dialysis (MWCO = 14 kDa) in ethanol. The
residual ethanol was removed by centrifugation and the product was freeze-dried from water to
yield a white powder.

Preparation of PDB:-TiO,/C, PDB;-TiO2, PDB,-TiO2/C and PDB,-TiO,. PDB1-TiO2/C and
PDB2-TiO2/C were prepared by pyrolysing the corresponding hybrid materials at 650 °C in a tube
furnace under flowing stream of argon for 2 h, with a heating rate of 3 °C min™. PDB:1-TiO2 and
PDB2-TiO2 were fabricated by calcination of the corresponding hybrid materials in a muffle

furnace at 650 °C in air for 2 h, with a heating rate of 3 °C min™.



Results and Discussion

Synthesis of polymeric templates via polymerization-induced self-assembly
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Figure 2. (a) RAFT polymerization of PDMAEMAuo in isopropanol at 70 °C, followed by RAFT
dispersion polymerization of BzMA in anhydrous ethanol at 70 °C with 20 wt% solid content to
produce PDMAEMA-b-PBzMA diblock copolymers. (b) Size exclusion chromatograms of
PDMAEMA« (PD, black), PDMAEMA0-b-PBzMA1wo (PDBs1, blue) and PDMAEMAa0-b-
PBzMA20o (PDBs1, red), measured using dimethylacetamide (DMAc) as the eluent. (c)
Representative *H NMR spectral assignment of PDMAEMA-b-PBzMA diblock copolymer using

PDB1, measured in CDCls.

PISA by RAFT dispersion polymerization was used to prepare worm-like and vesicular polymer
nanostructures from PDMAEMA-b-PBzMA diblock copolymers in a one-pot system (Figure 2a).
The diblock copolymer synthesis firstly involved the polymerization of linear PDMAEMA with
low dispersity (P) of 1.17 (Table 1). *H NMR confirmed the formation of PDMAEMA (Figure
S1). PDMAEMA with a degree of polymerization (DP) of 40 was specifically targeted as it is
sufficiently long to maintain colloidal stability without impeding the fusion of nanoparticles. This
is essential to avoid the formation of kinetically trapped spheres.*® Subsequently, the solvophilic
PDMAEMA was chain-extended with BzZMA via RAFT dispersion polymerization at 70 °C in
anhydrous ethanol with 20 wt% solid content to prepare two well-defined diblock copolymers:
PDMAEMA0-b-PBzMA100 (PDB1) and PDMAEMA40-b-PBzMA:200 (PDB2). While styrene has
been well-explored in many PISA systems, solvophobic PBzMA was selected as the core-forming
polymer due to its relatively faster polymerization kinetics in which quantitative conversion can
be achieved within 24 h. Under well-controlled polymerization conditions, diblock copolymers
with low dispersity (Figure 2b) and quantitative conversions were yielded (Table 1). The

representative *H NMR spectrum of a PDB diblock copolymer is shown in Figure 2c. PISA
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nanostructures in worm-like and vesicular morphologies were produced with PDB1 and PDB:,
respectively (Figures 3a and 3c, Figure S2). The as-prepared PDB1 and PDB:2 templates are
composed of a PDMAEMA shell and a PBzMA core, as shown in the transmission electron
microscopy (TEM) images in Figures 3c and 3d. The worm-like PDB:1 have an average diameter
of 24 nm while the vesicular PDB: are polydisperse in diameter, ranging from 100-200 nm. By
manipulating the length of the PBzMA block, diverse morphologies were achieved ranging from
spheres, worms to vesicles, underlining the versatility of PISA in producing nanostructures with
various morphologies (Table S1, Figure S2, Figure S3). A change in reaction mixture opacity
across these PISA dispersion polymerizations was observed after the polymerization (Figure S4).
Particularly, free-standing gels were obtained for samples containing only worm-like
nanostructures. This can be explained in terms of percolation theory that attributed this gelation
behaviour to the multiple inter-worm contacts, as postulated by Lovett et al.>® However, some
studies attributed this to the physical entanglement of the anisotropic worms.>%%2

Table 1. Characterization of polymers and PISA templates

Samples Polymer composition CO”V(i/'LS)ion : (ganq:l-i) (gx’\:quocl'i) DiSP(gityd Morphology ©
PD PDMAEMA, 79 6700 5700 117
PDB, PDMAEMA -b-PBzMA g0 >98 24300 24200 1.20 Worms
PDB, PDMAEMA 4-b-PBzMA g >98 41900 38400 1.25 Vesicles

a Monomer conversion determined from changes in characteristic *H NMR integrals. ® Theoretical
molecular weight of the polymers determined from monomer conversion and initial feed ratio. ¢
Number-average molecular weight and dispersity (P = Mw/Mn) determined from size exclusion
chromatography (SEC) in DMACc calibrated using PMMA standards. © Morphologies observed
using TEM and SEM at 0.2 wt% concentration.
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Fabrication and characterization of TiO, nanostructures

We demonstrated the use of PDB1 and PDB: as nanoreactors to structure TiO2 into hybrids while
maintaining the worm-like and vesicular template morphology. TALH was selected as the TiO2
precursor as it is more stable in aqueous solution at room temperature than other commonly used
titania precursors, such as titanium(lV) butoxide which is easily hydrolyzed when exposed to
moisture in air. In addition, TALH has been shown to preferentially form anatase TiOz in earlier
studies.” %354 In battery research, anatase TiO2 is specifically targeted due to its faster ion
insertion kinetics and higher storage capacity compared to other TiO2 polymorphs such as rutile
and brookite.>>>® More importantly, the negative charge on TALH allows selective coordination
to the templates through its electrostatic interaction with the partially protonated PDMAEMA shell
(pKa ~7.4) while the PBzMA core remains unloaded.

Worm-like PISA nanostructures are typically vulnerable to the presence of water due to same
charge repulsion.*® Many groups have studied the stabilization of worm-like nanostructures by
either core or shell-crosslinking to allow further processing without disrupting the morphology.>’-
€ However, our worm-like morphology was easily preserved by tuning the composition
(ethanol/water solution) of the infiltration solution without needing any postpolymerization
crosslinking. The TALH infiltration process of PDB1 was carried out in an 80% v/v ethanol/water
solution to ensure both the solubility of TALH and the integrity of worm-like nanostructure. A
50% v/v ethanol/water solution was initially used but we observed the formation of irregular
morphologies that resulted from the morphological transition in the presence of high-water content
(Figure S5). A 50% v/v ethanol/water solution was sufficient for infiltrating PBD2 with TALH
since vesicular PISA nanostructures were more resilient in an aqueous environment. The SEM

images of the PDB hybrids, worm-like PDB1/TALH and vesicular PDB2/TALH are presented in
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Figure S6, evidencing that TALH was only complexed to the PDMAEMA shells in both samples
and that the infiltration process did not disrupt the delicate worm structure.

Previous studies employing TALH as a TiO2 precursor have used the thermal hydrolysis process
under reflux conditions to form anatase before performing further heat treatments, such as
calcination.”~°%34 We avoided the additional reflux step to prevent the in-solution phase transition
of the polymer template and produced PDB1-TiO2/C and PDB2-TiO2/C directly through pyrolysis.
During pyrolysis, the sp?-hybridized polymeric template is carbonized to a thin carbon framework
atop the TiO2 nanocrystallites. The formation of such carbon framework has been proven to
provide additional stability to well-defined nanostructures and improve the conductivity of
anatase.?>2361-64 This leads to an enhancement of their electrochemical activity and stability when
incorporated into LIBs as an anode. The calcination procedure can also be conducted in air to burn
off the polymeric template, yielding pure (sans carbon) TiO2 nanostructures, namely PDB1-TiO2

and PDB2-TiOs2.
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Figure 3. TEM images of as-prepared (a) PDB1 and (d) PDB2 polymers (0.2 wt%) negatively
stained with 2% uranyl acetate solution. TEM images of the carbonized analogues; (b) PDB1-
TiO2/C and (e) PDB2-TiO2/C, insets are the corresponding HRTEM images showing the carbon
layer. TEM images of the calcined analogues; (¢c) PDB1-TiOz and (f) PDB2-TiOz2, insets show the
corresponding HRTEM images. See Figures S7 and S8, for the full HRTEM micrographs of the

insets in (b,e) and (c,f), respectively.

To characterize the as-synthesized PDB:1-TiO2/C, PDB2-TiO2/C, PDB:1-TiO2 and PDB2-TiOz,
transmission  electron microscopy (TEM), scanning electron microscopy (SEM),
thermogravimetry analysis (TGA), powder X-ray diffraction (PXRD) as well as N2 physisorption
measurements, were performed. The characterization results are summarized in Table 2. Figures

3b and 3e show the TEM images of PDB1-TiO2/C and PDB2-TiO2/C, respectively, in which a
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hollow core structure was observed within a TiO2/C shell. An amorphous carbon layer as shown
in the insets of Figures 3b and 3f, with a thickness of approximately 3 nm, was discernibly present
surrounding the worm-like and vesicular TiO2 (Figure S7). The SEM image in Figure 4a revealed
that the normally fragile worm-like morphology of PDB1 was successfully preserved in PDB1/C
after the heat treatment. In contrast, a bowl-shaped morphology was observed in PDB2/C, creating
a TiO2 nanostructure with a wrinkled surface (Figure 4c). This is likely ascribed to the thin TiO2
layer that resulted from the relatively short PDMAEMA stabilizing block shrinking during the loss
of polymeric core in the carbonization process. Addition of more TALH or the use of a longer
PDMAEMA stabilizing block may circumvent such shrinkage by thickening the shell layer.

The essence of our templating method also lies in the in situ generation of a carbon framework
that provided a spatial confinement around the TiO2, which suppressed the crystallite growth.®®
This was evidenced by the TEM images of the carbonized PDB1-TiO2/C (Figure 3b) and calcined
PDB:-TiO2 (Figure 3c), revealing the loss of hollow core-shell structure after calcination in air as
aresult of TiOz crystallite overgrowth that eventually obstructed the hollow tube. While the hollow
core of PDB2-TiOz still remained, crystallite growth was similarly observed in the TEM image
(Figure 3f). Nevertheless, the worm-like and vesicular morphologies of PDB1-TiO2 and PDB2-
TiO2 were still preserved, as shown in the SEM images in Figures 4b and 4d. The corresponding
PXRD patterns confirmed that crystalline anatase TiO2 was produced in all TiO2/C and TiO2
analogues, with space group I4/amd and lattice parameters a = 0.3785 nm and ¢ = 0.9515 nm
(Figures 5a and 5b). The peak-broadening in the XRD patterns of the TiO2/C analogues is ascribed
to the small size of crystallites within the amorphous carbon matrix (5.1 nm for PDB1-TiO2/C, and
5.4 nm for PDB2-TiO2/C). Relatively sharp peaks were observed in the XRD patterns of bare

(calcined) TiO2 analogues due to the presence of larger-sized crystallites (30.9 nm and 35.9 nm,

15



respectively), as verified with their high-resolution TEM (HRTEM) images clearly showing
crystal lattices (Figures 3d and 3f insets, Figure S8). By applying the Debye-Scherrer equation,®®

their average crystallite sizes were estimated and summarized in Table 2.

200_nm e ¥

Figure 4. SEM images of (a) PDB1-TiO2/C, (b) PDB1-TiOz2, (c) PDB2-TiO2/C and (d) PDB2-TiOz,

sputtered with gold (15 nm).

TGA measurements were used to obtain the thermal decomposition profiles of the pristine PDB
templates and the hybrid analogues (Figure 5c). Both worm-like and vesicular templates began
their decomposition at approximately 180 °C and finished slightly above 550 °C. Hence,

calcination temperature of the hybrid analogues at 650 °C was selected to ensure complete removal
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of the organic matter simultaneously with the crystallization of anatase. The TiO2 weight contents
in both PDB1 and PDB: templates were determined to be 24%. The carbon contents in PDB:-
TiO2/C and PDB2-TiO2/C were 23 wt% and 30 wt%, respectively (Figures S9a and S9b). The
carbon content was expected to be larger for PDB: as it contains a much longer PBzMA block.
Raman spectroscopy was performed to further study the structure of the carbon component of
PDB-TiO2/C samples (Figure S9c). In the spectra of both PDB-TiO2/C samples, two peaks were
observed at around 1360 cm™ (D-band, disordered amorphous carbon) and 1580 cm™ (G-band,
ordered graphitic carbon). The peak intensity ratios of D-band and G-band (lo/lc) of PDB:1-TiO2/C
and PDB2-TiO2/C were calculated to be 1.25 and 1.19, respectively. These results indicate that the
carbon species in the samples are in the form of a combined disordered amorphous and ordered
graphical structure but dominated by the amorphous.

The porosities of the as-prepared TiO2 nanostructures were analyzed using N2 physisorption
measurements at 77 K to evaluate their Brunauer-Emmett-Teller (BET)®' surface areas (Figures
5d and 5e) and pore size distributions (Figure S10).°® As-synthesized PDB1/TALH and
PDB2/TALH showed low specific surface areas (15 m? gt and 7 m? g2, respectively) and small
pore volumes (0.029 cm® gt and 0.005 cm? g2, respectively); consistent for organic/inorganic
hybrid materials with remaining polymer occupying pores. After heat treatment to remove the
templating agent, more accessible surfaces can be created. Despite having an increase in the pore
volumes of PDB1-TiO2 (0.055 cm?® g ) and PDB2-TiO2 (0.030 cm? g 1), both materials recorded
similarly low BET surface areas of 12 m? gt and 14 m? g, respectively. All four materials
exhibited Type Il isotherm behaviour with an H3 hysteresis loop, which are characteristic of

nonporous or macroporous materials. We ascribed this to the formation of larger crystallites, which
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is especially apparent for PDB1-TiOz, in which the loss of tube-like cavity in the worm-like
structure was clearly shown in the TEM image (Figure 3c).

Carbonizing the templates has resulted in a significant increase in both the BET surface areas and
the pore volumes of PDB1-TiO2/C (89 m? g1; 0.061 cm® g) and PDB2-TiO2/C (86 m? g%; 0.051
cm? g ). Despite exhibiting Type |1 isotherm behaviour, the observation of an H4 hysteresis loop
indicates that mesoporous and macropores were formed during the carbonization process. The
uptake of N2 at lower relative pressures increased from 0.1 to 1.0 mmol g2, indicating higher
porosity of the material, including micropores. The higher porosity was also accompanied by an
increase in the pore-size distributions (Figure S10). After carbonization, the small uniform pore

widths of 1.5 nm became less uniform and ranged from 2.5-35 nm.
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Figure 5. (a—b) Powder XRD patterns (Cu Kq, A = 1.5406 A) of the hybrid PDB/TALH, carbonized
(PDB-Ti02/C) and calcined (PDB-TiO2) analogues templated using PDB1 and PDB2. The purple
ticks mark the positions of the characteristic peaks of anatase TiO2. (c) TGA of the pristine PDB1
(blue, dashed line), PDB:2 (red, dashed line) and their hybrid analogues (red, blue, solid lines),
respectively. (d—e) The N2 physisorption isotherms, measured at 77 K, of the hybrid PDB/TALH,
carbonized PDB-TiO2/C and calcined PDB-TiO2 analogues templated using PDB1 and PDB..

Table 2. Summary of characterization data and electrochemical performance of the
templated TiO2 nanostructures

Samples Specific surface area Pore volume ° Crystallite size® Stabilized Capacity ¢ Capacity loss ©
(m*g™) (em*g™) (hm) (mAhg™) (%)
PDB./TALH 15 0.029 n/a n/a nfa
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PDB;-TiO,/C 89 0.061 54 370 9

PDB;-TiO, 12 0.055 35.9 215 26
PDB,/TALH 7 0.005 n/a n/a n/a
PDB,-TiO,/C 86 0.051 51 285 1

PDB,-TiO, 15 0.030 30.9 224 37

aSpecific surface area estimated from the BET theory. ? Estimated total pore volume based on DFT.
° Average crystallite size estimated from PXRD using the Debye-Scherrer equation. ¢ The
stabilized discharge capacity based on the cycle 5. € Capacity loss was determined by the discharge
capacity loss at cycle 100 based on cycle 5. The cycling performance was recorded up to 100
cycles as the cycling stability was already established for the carbonized analogues.

Electrochemical performances as anode components

The mesoporous nanostructured carbon-coated anatase samples, namely, PDB1-TiO2/C and PDB:-
TiO2/C, demonstrated an excellent electrochemical performance as anodes in LIBs. Detailed
discussion on the discharge-charge voltage profiles can be found in Section S3 of the Supporting

Information S3.
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Figure 6. Charge/discharge voltage profiles of (a) PDB1-TiO2/C and (b) PDB2-TiO2/C in the
cycles 2, 5, 50 and 100 at 0.1C. (c) The cycling performance of PDB1-TiO2/C (blue) and PDB.-
TiO2/C (red) up to 100 cycles at 0.1 C (the plot fluctuation is caused by the room temperature

change). (d) Rate performance at various C-rates.

PDB:-TiO2/C delivered a reversibly high discharge and charge capacities of 424 mAh g* and 426
mAh g2, respectively in the second cycle (Figure 6a), while those of PDB2-TiO2/C were 341 mAh
g ! and 342 mAh g (Figure 6b). Higher capacities than the theoretical value of anatase (335 mAh
g1) were achieved due to the carbon formed in situ during pyrolysis. This favourably contributed
to Li* reactions as part of the absorption (on surfaces)/deposition (into nano-pores) mechanism
(for amorphous carbon) and the intercalation mechanism (for graphitic carbon). Noticeable

capacity losses for discharge/charge cycles were observed over five cycles for PDB1-TiO2/C (55
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mAh g1/68 mAh g1) and for PDB2-TiO2/C (58 mAh g /60 mAh g1). We ascribed these capacity
losses to the electrolyte decomposition products blocking the micropores inside the amorphous
carbon, leading to a progressive inability for Li-deposition over the short-term. This is evidenced
by the higher capacity loss for discharge (Li*-insertion) than for charge (Li*-extraction) which
indicates Li* ions get trapped in the cycled PDB1-TiO2/C and PDB2-TiO2/C electrodes. The
electrolyte decomposition is a dominant side reaction in the initial discharge of an anode material,
by which a protective passivation solid electrolyte interphase (SEI) film is formed on the surface
of the anode.®® Since both our carbon-coated anatase materials showed high specific surface areas
(Table 2), the electrolyte decomposition in their batteries should be significant. As is expected,
extremely high specific capacities of 842 mAh g and 596 mAh g-‘for PDB1-TiO2/C and PDB:-
Ti02/C, respectively, were observed in their initial discharge processes (Figure S12). The SEI film
usually becomes stabilized chemically and morphologically in the first few cycles but may take
more cycles for anodes with very large surface areas.’® This SEI stabilization process is related to
the above-mentioned relatively-major capacity loss in the first five cycles, and to the minor loss in
cycles 5 to 50, namely, ~38 mAh g (9%) for PDB1-TiO2/C and ~5 mAh g* (1%) for PDB2-TiO2/C.
The 50" and 100" cycles voltage profiles of PDB1-TiO2/C (Figure 6a) and PDB2-TiO2/C (Figure
6b) are fully overlapped, and as can be seen from the cycling performance results in Figure 6c,
where almost no capacity fading was observed for both materials. PDB1-TiO2/C delivered a
reversibly stable capacity of 331 mAh g* on average in cycles 50-100, and 271 mAh g for PDBa-
TiO2/C. Figure 6¢ shows that a high Coulombic Efficiency of nearly 100% was achieved by both
materials from the fifth cycle onwards; demonstrating their lithiation-delithiation reactions were

reversible in long-term cycling. In comparison to bare (sans carbon) PDB1-TiO2 and PDB2-TiO2
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(Figure S11 c), and commercial nano-sized anatase (Figure S13), the cycling performances of our
carbon-coated anatase nanomaterials were much superior.

Both PDB1-TiO2/C and PDB2-TiO2/C exhibited a good rate capability. As shown in Figure 6d, at
large current densities of 0.5 C,1 C, 2 C, 3 C and 5 C, PDB1-TiO2/C delivered high capacities of
363 mAh g, 241 mAh g%, 196 mAh g%, 115 mAh gt and 97 mAh g. PDB2-TiO2/C delivered
respective capacities of 264 mAh g1, 118 mAh g%, 79 mAh g%, 67 mAh g and 49 mAh g
When the current density returned to 0.1 C, both materials completely recovered their higher
capacities achieved at the low current density. Note that the capacity decline for both materials in
the first five cycles at 0.1 C before the rate capability tests was caused by the SEI stabilization as
discussed earlier. In contrast, PDB1-TiO2 and PDB2-TiO2 presented unsatisfying rate performances
(see Figure S11d). The capacities of PDB1-TiOz2 fell below 100 mAh g at current densities larger
than 1 C, while those of PDB2-TiO2 dropped to ~0 mAh g*. We attribute the superior attenuation
on rate capability of the carbon-coated anatase materials to their finer TiOz2 crystallite size (see
Table 2) and porous carbon framework, which better facilitate faster kinetics with Li* at high
current densities.

The excellent electrochemical performances of our mesoporous carbon-coated anatase, i.e.,
reversibly high capacities of 331 and 271 mAh g2, and superior cycling stability and rate capability,
stem from the material morphologies accessible through the PISA templates. Firstly, the
homogeneous distribution of anatase TiO2 precursor in the polymer nanoreactors guaranteed the
retention of nanostructure and morphology in the hybrid nanomaterial. Secondly, on pyrolysis, the
self-inhibited growth of primary anatase particle by the in situ formed pyrolytic carbon framework
led to an electrochemically favoured fine crystallite size of ~5 nm, and the formation of

mesoporous nanomaterials with large surface area. The small crystallite size ensured a short Li*
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and electron diffusion pathway across the anatase bulk, while the large surface area provided a
sufficient contact/reaction interface between the electrode and the electrolyte for Li* diffusion.
Overall, these properties facilitated faster Li* kinetics within the mesoporous carbon-coated
anatase nanomaterials. Lastly, the well-built mesoporous nanostructure can absorb the
crystallographic stress generated by the volume change of the anatase unit cell during the Li*-
insertion and -extraction processes, maintaining the integrity of the TiO2/C hybrids. The
accumulated stress-induced electrode particle breakdown during cycling (e.g., cracking) can be
problematic, as new surfaces are continually generated which cause the electrolyte to decompose.
PDB:1-TiO2/C showed a higher capacity and better rate performance than PDB2-TiO2/C, despite
their comparative anatase crystallite sizes of ~ 5 nm and specific surface areas of ~90 m? gX. We
ascribe this result to the higher carbon content of PDB2-TiO2/C (30 wt%) vs. PDB1-TiO2/C (23
wt%) and smaller pore volume (0.051 vs. 0.061 cm?® g'), which both cause less amounts of Li*
ions to be stored in the amorphous carbon of PDB2-TiO2/C. The former factor decreases the Li-
storability of the graphitic carbon due to slower diffusion kinetics of Li* in thicker carbon film,
and the later reduces the Li-deposition capacity in carbon nanopores. The lower Li* diffusion
kinetics of PDB2-TiO2/C can be clearly seen from its rate performance in Figure 6d. Differences
in diffusion may further be attributed to morphological differences of the TiO2/C anode
components. A difference in charge-discharge capacity suggests that available net surface area has
not been the sole influencer of lithium diffusion. Worm-like PDB1-TiO2/C exhibited an average
pore width < 3 nm (Figure S10c), however also contained larger pore widths between 7-15 nm.
These larger pore widths may be more suitable for the diffusion of Li* ions, which can readily
permeate through the material. Worm-like PDB:1-TiO2/C also showed greater accessible pore

volume up to 0.12 cm3®g L. By extension, the vesicular PDB2TiO2/C had its average pore width
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reduced to < 2 nm, with only a small distribution of pores above 10 nm (Figure S10d). The pore
volumes ranged from 0.025 to 0.09 cm3g~%, which were also smaller than those of the worm-like
PDB1TiO2/C.

Conclusions

We successfully demonstrated PISA as a versatile method to synthesise mesoporous carbon-coated
anatase with worm-like and vesicular morphologies using PDMAEMA-b-PBzMA diblock
copolymer templates. The fabrication of carbon-coated anatase was achieved by leveraging the
electrostatic interaction between TALH and the PDMAEMA shell in ethanolic aqueous solution,
without the further need of chemical stabilization, such as crosslinking. The PISA nanoreactors in
this work served both as guiding templates, but also as in situ carbon sources during pyrolysis to
minimise nanocrystal sizes and further coat them with a carbon framework of tuneable morphology.
When incorporated as anode materials into LIBs, the synergistic effects of the carbon framework
around the mesoporous and nanocrystalline nanostructures resulted in the increased cycling
stability and rate performance, especially compared to purely inorganic nanomaterials derived by
calcination or from commercially sourced titania nanocrystals. We anticipate that the soft-
templating method developed in this work can be widely applied in the synthesis of other carbon-

coated metal oxides for a wide range of applications, not limited to battery research.
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