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Extraordinary Performance of Carbon-Coated Anatase TiO,

as Sodium-lon Anode

Muhammad Nawaz Tahir, Bernd Oschmann, Daniel Buchholz, Xinwei Dou, Ingo Lieberwirth,

Martin Panthdfer, Wolfgang Tremel, Rudolf Zentel,*

The synthesis of in situ polymer-functionalized anatase TiO, particles using
an anchoring block copolymer with hydroxamate as coordinating species is
reported, which yields nanoparticles (=11 nm) in multigram scale. Thermal
annealing converts the polymer brushes into a uniform and homogeneous
carbon coating as proven by high resolution transmission electron micros-
copy and Raman spectroscopy. The strong impact of particle size as well as
carbon coating on the electrochemical performance of anatase TiO, is dem-
onstrated. Downsizing the particles leads to higher reversible uptake/release
of sodium cations per formula unit TiO, (e.g., 0.72 eq. Na* (11 nm) vs only

and Stefano Passerini*

1. Introduction

Lithium-ion batteries (LIBs) are considered
to be the most promising battery tech-
nology for the combination with renewable
energy sources and for future large scale
and high-energy applications such as elec-
tric vehicles.!!l However, driven by the con-
cern over the limited availability of lithium
and other state-of-art-materials in LIBs,?
the development of postlithium battery
technologies has attracted more and more

0.56 eq. Na* (40 nm)) while the carbon coating improves rate performance.
The combination of small particle size and homogeneous carbon coating
allows for the excellent electrochemical performance of anatase TiO, at high
(134 mAh g1 at 10 C (3.35 A g ")) and low (=227 mAh g" at 0.1 C) current
rates, high cycling stability (full capacity retention between 2nd and 300th

cycle at 1 C) and improved coulombic efficiency (=99.8%).
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researchers. In this regard, the sodium-ion
battery (SIB) technology takes the privilege
over other promising stationary energy
storage devices, including LIBs, for cost
effective energy storage technology based
on naturally abundant materials, which is a
key parameter for stationary energy storage.
In order to enable Na-based energy storage
suitable electrode materials are being devel-
oped, capable of accommodating the larger Na-ions and enabling
highly reversible (de-)sodiation as well as stable long-term cycling.

With respect to the negative electrode, materials undergoing
conversion-alloying type reactions are rather challenging as they
suffer of very large volume changes upon cycling due to the large
Na'*-cation size,! but encouraging results, e.g., for FeSe, have
been published recently by Zhang et al.’! Instead, alloying based
materials such as Snl*# and SbP'! as well as insertion/intercala-
tion based materials such as hard carbon,!'>*l recently graphitel'’]
and titania and titanates like Na,Ti;O,!'%!”) and TiO,["® appear to
be very promising anode materials. Different polymorphs of TiO,
like TiO,(B),11>2% amorphous TiO,?!?2 as well as anatase TiO,?3
%] have attracted much attention due to their low cost, environ-
mental friendliness, attractive theoretical specific capacity of 335
mAh g and good electrochemical performance.

Challenges of pristine anatase TiO, are its low electric con-
ductivity and the slow ion diffusion.?”! However, we recently
reported the formation of metallic titanium upon initial sodia-
tion, which explains the good rate capability of the pristine
material after the initial activation process at low potentials.[*!

Downsizing the active material particles to nanoscale, which
has already proven successful for active materials in lithium-
ion batteries,[’®37] is another approach to further improve the
electrochemical performance. In addition, various other strat-
egies including doping of TiO,,2*33% carbon coatings, or the
use of graphene as a conductive additive have been proposed
to improve the performance of TiO, as negative electrode mate-
rial.l'82834 Nevertheless, the use of graphene on industrial scale
is still challenging as a cost effective and up-scaled synthesis
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still needs to be established.! Instead, carbon coatings are
known to be a promising method and successful strategy to
improve the electrochemical performance of various mate-
rials.[?72%3% Common strategies to obtain carbon-coated nano-
particles often involve at least three steps, starting with the
synthesis of the inorganic particle followed by mixing of parti-
cles with a carbon precursor (for example glucose) and, finally,
the pyrolysis of the latter at elevated temperature.[26:3041:42] The
major drawback related to this method is the solvent incompat-
ibility of the oxide and carbon precursor components which
often leads to phase separation (i.e., agglomeration) of the
nanoparticles and ultimately in a rather inhomogeneous dis-
tribution of the carbon coating. Advanced strategies based on
postfunctionalization include the binding of a carbon precursor
polymer onto the nanoparticle which leads to the formation
homogeneously coated particles.**4 This, consequently, leads
to improved electrochemical performance. However, as it relies
on a postfunctionalization strategy, it requires several synthetic
steps for obtaining the final carbon-coated material, which
leads to increasing cost and aggravated scale up.

To resolve these problems, we developed the synthesis of a
carbon precursor, polymeric ligand coated TiO, nanoparticles
using an in situ surface functionalization approach, which can
Dbe scaled up to the multigram range very easily. The carbon pre-
cursor block copolymer used as surface ligand consists of a well-
graphitizable polyacrylonitrile (PAN) block and a hydroxamic
acid anchor block, as hydroxamate units are reported to bind
tightly to transition metals.>*l The block copolymer plays a
dual role: (i) the surface chelating block (hydroxamate) controls
the growth, size, and crystallinity of nanoparticles at the nuclea-
tion stage and ensures the binding of carbon precursor polymer
to every nucleus and (i) the graphitizable block shields the
nanoparticles, controls their porosity and provides sufficiently
extended electron pathways after pyrolysis. This synthetic
strategy reduces the number of synthesis steps and yields TiO,
nanoparticles with very small particle size (=11 nm). This allows
for smaller diffusion lengths while the carbon network main-
tains sufficient electrical conductivity. The impact of the particle
size and the importance of the carbon coating are demonstrated
by comparing the obtained carbon-coated TiO, anatase nano-
particles with uncoated material having comparable particle size
(=15 nm) and large carbon-coated particles (=40 nm).

We believe that this work provides insight on the role of
particle size and carbon-coating on the electrochemical perfor-
mance of anatase TiO, (and metal oxide particles in general).
The in situ surface functionalization method described here
may be highly relevant for materials optimization and future
studies. Most importantly, the carbon-coated anatase TiO,
nanoparticles exhibit an extraordinary electrochemical perfor-
mance in SIBs, combining high capacity, coulombic efficiency,
capacity retention, and rate performance.

2. Results and Discussion

2.1. Synthesis and Characterization of Carbon-Coated TiO,
Particles

A schematic illustration for the synthesis of the carbon-coated
TiO, nanoparticles is shown in Figure 1. The block copolymer
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Figure 1. a) Schematic synthesis route for carbon-coated TiO, nano-

particles obtained by in situ polymer functionalization and b) synthesis
route of the block copolymer.

P(AN-HA) P(AN-NAS)

contains an acrylonitrile block as carbon precursor moiety and
a hydroxamic acid group as in situ chelating ligand to control
the nucleation and growth process of the TiO, nanoparticles.
Hydroxamic acid was chosen as coordinating surface anchor, as
it is known to coordinate the transition metals cations on thin
films.>*] However, to the best of our knowledge, it has not
been used as an in situ anchor group to synthesize well crystal-
line metal oxide nanoparticles. Moreover, hydroxamate appears
more attractive compared to the well-established catechol coor-
dination chemistry applied previouslyl3>#3484 as it is not sus-
ceptible to oxidation.

The hydroxamic acid containing block copolymer was syn-
thesized by reversible addition-fragmentation chain transfer
(RAFT) polymerization. The synthesis scheme is illustrated
in Figure 1b. As reported previously!*] the carbon precursor
block consisting of polyacrylonitrile was synthesized in the first
step. The average block length contained 80 repeat units as
determined by NMR spectroscopy (see Figure S1, Supporting
Information). In the next step, the hydroxamic acid anchor
group was introduced using reactive ester chemistry. Therefore,
N-acryloxysuccinimide (NAS) was used as a second monomer
for the block copolymerization and PAN was used as macro-
RAFT agent to obtain P(AN-b-NAS). The block length of the
reactive ester was =31 repeat units, as estimated by NMR spec-
troscopy (see Figure S2, Supporting Information). Aminolysis
of the reactive ester with hydroxylamine yielded the hydroxamic
acid containing polymer poly(acrylonitrile-b-hydroxamic acid)
(P(AN-b-HA) as confirmed by IR-spectroscopy (Figure S3a,
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Supporting Information) and NMR spectroscopy (Figure S4,
Supporting Information). As shown in Figure S3a (Supporting
Information) the reactive ester band (1732 cm™!) of NAS,
observable prior to the aminolysis, is absent after aminolysis.
An amide band (1648 cm™) and a hydroxyl band indicated the
successful conversion. Furthermore, the polymer was charac-
terized by size exclusion chromatography (SEC). Figure S3b
(Supporting Information) shows the elugrams of polyacrylo-
nitrile (Polydispersity Index (PDI): 1.20) and of P(AN-b-HA)
(PDI: 1.28). After aminolysis the polymer still shows a rather
low polydispersity, suggesting that no cross-linking occurred.
The clean reaction was also demonstrated by the absence of
ester bands, which might occur due to the alcoholysis of the
hydroxyl group of hydroxylamine.

The resulting polymeric ligand was used as in situ func-
tionalizing ligand to synthesize the carbon-coated TiO, nano-
particles using benzyl alcohol route. The synthesis of anatase
TiO, nanocrystal using TiCl, as titanium precursor and benzyl
alcohol both as solvent and oxygen donating molecules is a
well established procedure.’*>?l However, in this present study
hydroxamic acid (used as anchor group) binds to TiO, nuclei
surfaces via bidentate chelation, which helps in stabilizing the
phase pure anatase structure orienting the TiOg octahedron in
a position to result in anatase instead of rutile formation.?3
Zhang and co-workers, for example, reported that bulky ligands
capable of bidentate chelation resulted in anatase structure.>’
The acrylonitrile block can be graphitized by pyrolysis. The
overall TiO, synthesis is based on a modified benzyl alcohol
methodology reported by Niederberger et al.’>** As shown
in Figure la, TiCl, and P(AN-b-HA) were solved in a benzyl
alcohol/N,N-dimethylformamide (DMF) mixture, and the reac-
tion mixture was stirred at 80 °C under inert conditions to
obtain gram amounts of polymer-coated TiO, (see Figure S5,
Supporting Information). The resulting particles were charac-
terized by high resolution transmission electron microscopy
(HRTEM), and corresponding images are shown in Figure 2a.
The crystallinity of the TiO, anatase nanoparticles is apparent
from the fast Fourier transform (FFT) and by the fringe spacing
(=0.35 nm). This is close to 0.352 nm, the reported value of the
(101) lattice spacing for anatase TiO, (ICDD 00-001-5062). The
average particle diameter is =11 nm. As mentioned above, the
hydroxamate blocks, acting as bulky bidentate chelating ligands,
bind to TiO, controlling the crystal growth. The powder X-ray
diffraction (PXRD) (Figure 2b), in fact, confirms that the syn-
thesized product is composed of pure, anatase phase crystals.
In order to estimate the organic content of the as-synthesized
particles, thermogravimetric analysis (TGA) was conducted.
The total weight loss is 40 wt%, whereby two shoulders can be
observed in the TGA data as shown in Figure S6a (Supporting
Information). The first shoulder at around 250 °C is assigned
to the presence of benzyl alcohol,>! and the second shoulder
at around 500 °C to the bound polymer.*¥ The estimated
polymer/TiO, weight ratio is 23:77. Furthermore, the IR spec-
trum of the hybrid material includes typical polymer bands,
especially the nitrile group at 2246 cm™! (see Figure S6b, Sup-
porting Information). The hydroxyl band at 3200 cm™! indicates
the presence of benzyl alcohol, which is in agreement with the
observation of the TGA data. Upon heat treatment at 650 °C, the
polymer surrounding the particles can be transformed into a
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Figure 2. a) HRTEM image of as-synthesized TiO, particles with the FFT
(inset) indicating a lattice spacing of 0.35 nm corresponding to the (101)
reflection. b) PXRD pattern of as-synthesized TiO, particles (black) and
carbon-coated TiO, particles (gray) with the JCPDS 01-071-1167 reference
for anatase TiO, at the bottom.

carbonaceous shell. The content of organic material remaining
from the carbonaceous residue, containing mainly carbon and
nitrogen after pyrolysis, decreases to 12 wt% as shown by TGA
(see Figure 3a). This is in good agreement with the results of a
CHN elemental analysis, where a carbon content of 10.4 wt%
and a nitrogen content of 1.4 wt% were determined. The pres-
ence of nitrogen can be attributed to an incomplete removal of
nitrogen from the polyacrylonitrile. Raman spectroscopy (see
Figure 3b) indicates the presence of carbonaceous material after
pyrolysis due to the appearance of the D band at 1349 cm™! and
the G band at 1601 cm™. As demonstrated by PXRD (shown in
Figure 2b) the anatase crystal structure remained after pyrolysis
at 650 °C and no phase transformation was observed. Quantita-
tive phase analysis based on the PXRD data (Figure S7, Sup-
porting Information) for a bulk sample revealed the sizes of
the individual crystalline domains within these particles to be
3.0 nm (as determined by full pattern profile fits) according to
established structure models (“Rietveld refinement”), thus indi-
cating a polycrystalline nature of the single particles. Reflection
profiles were generated by applying the fundamental parameter
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Figure 3. a) TGA data of 11 nm sized carbon-coated TiO, particles measured under oxygen atmosphere. b) Raman spectrum of carbon-coated TiO,
particles. ¢) HRTEM image and d) EDX data corresponding to the area scan indicated in Figure S7 (Supporting Information) of carbon-coated TiO,

particles.

approach as implemented in TOPAS Academic V5 program.
The specific surface area was determined after pyrolysis by the
Brunauer-Emmet-Teller (BET) method, revealing a value of
119.8 m? gt. HRTEM images show a thin amorphous layer
(=1-2 nm thickness) around the inorganic particles (Figure 3c).
Finally, an energy dispersive X-ray (EDX) area scan shows the
presence of a surface carbon layer on the inorganic particles
(Figure 3d and Figure S8, Supporting Information).

It should be pointed out that in this section only the carbon-
coated TiO, particles, not containing any additional carbon addi-
tive (Super C65), were investigated in order to allow a reason-
able characterization of the TiO, particles as well as the carbon
coating. However, for the application and investigation of this
material in SIBs the conductive carbon particles were added
prior to the thermal annealing of the hybrid material (see the
Experimental Section) according to our previous procedures.*’!

2.2. Electrochemical Characterization of Carbon-Coated TiO,
Nanopatrticles

The electrochemical behavior of the carbon-coated TiO, parti-
cles with a diameter of 11 nm (abbreviated as C-TiO, (11 nm)
in the sequel) was investigated initially by cyclic voltammetry
in the voltage range from 0.05 to 2.0 V at a scan rate of
0.1 mV s7! (Figure 4). The cathodic peak of the first scan at
~0.8 V can be attributed to the formation of the solid elec-
trolyte interface due to reductive electrolyte decomposition.
For nanocrystalline anatase TiO, the current flowing at lower
voltages of 0.3 V can be assigned to the partial conversion of

wileyonlinelibrary.com

TiO, to metallic titanium and sodium peroxide as well as to
the reversible sodiation of TiO, resulting in the formation of
sodium titanate.?!l During the first anodic sweep a broad peak
in the range of 0.5-1.1 V is observed, which can be assigned
to the Ti**/Ti* redox couple.?*! In the following sweeps, broad
but highly reversible cathodic and anodic peaks, with slightly
increasing intensities, are observed in the range from 0.55 to
1.2 V and 0.6 to 1.3 V, respectively. Such a (de-)sodiation mecha-
nism is in accordance with other worksl®*”l although it should
be noted that it is also discussed controversially. The preserva-
tion of anatase TiO, structure throughout complete cycling,
e.g., has been observed for nanorods and nanofibers of anatase
TiO,. The (de-)sodiation process of other TiO, polymorphs
may, of course, also differ. For example, Usui et al. observed
unchanged phase throughout cycling for rutile TiO,.138

To investigate the effect of particle size as well as the pres-
ence of the carbon coating on the electrochemical performance,
the C-TiO, (11 nm) was subjected to a C-rate test and com-
pared with two reference materials: (i) carbon-coated anatase
TiO, particles with diameters of 40 nm (see the Experimental
Section and scanning electron microscopy (SEM) image
in Figure S9, Supporting Information, BET surface area:
41.4 m? g7!) (C-TiO, (40 nm)) and (ii) uncoated TiO, particles
with a particle diameter of 15 nm, as determined by SEM and
HRTEM (Figures S9a and S10a, Supporting Information, BET
surface area: 91.7 m? g!), abbreviated as TiO, (15 nm). Indi-
vidual crystallite domain sizes were obtained by Rietveld refine-
ment and are determined to be =5.3 nm corresponding to a
polycrystalline nature as also observed for C-TiO, (11 nm).>%>
The crystallite size of C-TiO, (40 nm) is 36 nm (see Rietveld

© 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  Adv. Energy Mater. 2016, 6, 1501489
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Figure 4. Cyclic voltammogram of C-TiO, (11 nm) with a scan rate of
0.1 mV s7'. Shown cycles: 1, 2, 5, 10, 15, and 20. Reversing potentials:
0.05 and 2.0 V (vs Na/Na™).

refinement in Figure S11, Supporting Information). Thus, the
trend of crystallite size correlates with the one of particle size.

Electrochemical impedance spectroscopy (EIS) was per-
formed for all three samples (Figure S12, Supporting Informa-
tion, EIS data after first charge at 0.1 C). Obviously, the carbon-
coated samples exhibit a lower charge transfer resistance due
to the increased conductivity in the presence of the carbon
coating.

The results of the C-rate test are reported in Figure 5. We
note that the specific capacities for C-TiO, (40 nm) and C-TiO,
(11 nm) reported in Figures 5 and 6 and Figure S11 (Sup-
porting Information) are based on the weight of TiO, only and

Coulombic Eff. of » C-TiO,(11 nm) 4 C-TiO,(40 nm)

<Et 3004 ’“.m e C-TiO,(11 nm) F90
> 1% 0.02C o C-Ti0,(40 nm) =
S o , Lo ©
§ °’1°c/5 TiO,(15 nm) 5
© *n c/z 1c m_70 .Q
S 2004 09000 asis 2C cHo &
g RO Pl ToRIE o K]
& 20000 =*0c 60 5
5 W 5
2 1004 F50 S
& RN 8
o
4 \ w00 40
(2]

0 T T T T T 30

Cycle Number

10C +—————— 0.1C
2.0

(¢}

1.5

1.0

Potential vs. Na/Na*/ V

0.5

Y T ) T
0 50 100 150 200 250
Specific Capacity / mAh g

TiO,(15 nm)

www.advenergymat.de

do not include the weight of carbon from the carbon coating
and conductive additive.

In the first cycle a lower specific current of 0.02C (6.7 mA g™})
was applied to ensure the complete activation of the TiO,
anatase nanoparticles, which, in turn, improves the electro-
chemical performance in terms of specific capacity and cou-
lombic efficiency according to our previous results.l'24 In fact,
lower specific capacities were obtained when the first cycle was
performed at 0.1 C (Figure S13, Supporting Information). The
specific charge capacity for the smaller particles, i.e., for C-TiO,
(11 nm) and TiO, (15 nm) are 267 and 233 mAh g}, respec-
tively, and thus significantly higher compared to the specific
charge capacity of C-TiO, (40 nm) (209 mAh g!). Considering
the weight percent (see the Experimental Section) and capacity
contribution of the additionally added conductive carbon parti-
cles (75 mAh g™!) as well as the carbon coating (125 mAh g)
reported in our previous studies!**32 enables the determina-
tion of the specific capacities related to electrochemical redox
activity of TiO, only. This implies that electrolyte decomposi-
tion and possible side reactions during the desodiation process
are neglected. For C-TiO, (40 nm) only ~189 mAh g! (0.56 eq.
Na* per formula unit TiO,) can be attributed to the titanium
redox process during the first charge, whereas higher capacities
can be obtained for uncoated TiO, (15 nm) (214 mAh g™!, 0.64
eq. Na*) and C-TiO, (11 nm) with (242 mAh g1, 0.72 eq. Na%).
This, indeed, nicely illustrates that higher degrees of reversible
sodium (de-)insertion are possible if the active material parti-
cles are downsized to small particles with even small crystallite
size, which is in accordance with the reported effect of particle
size on the electrochemical behavior of anatase TiO, as negative
electrode material in LIBs.¥) Most importantly, the presence
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Figure 5. a) Cycling performance of TiO; (15 nm), C-TiO, (40 nm), and C-TiO, (11 nm) at various C-rates and corresponding selected potential profiles
of b) TiO, (15 nm), ¢) C-TiO, (40 nm), and d) C-TiO, (11 nm) at 0.1 C (4th cycle), 0.2 C (9th cycle), 0.5 C (14th cycle), 1 C (19th cycle), 2 C (24th cycle),

5 C (29th cycle), and 10 C (34th cycle). Cut-off potentials: 0.05 and 2.0 V.
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Figure 6. a) Long-term cycling performance of C-TiO, (11 nm) at 1 C and b) selected potential profiles of cycle 5, 50, 100, 200, and 300 at 1 C. Cycle
205 at 0.1 C (fingerprint) is shown in gray color. ¢) Long-term cycling of C-TiO, (11 nm) at 5 C and d) corresponding potential profiles of cycle 5, 50,
100, 300, and 500 at 5 C. Cycle 405 at 0.1 C (fingerprint) is shown in gray color. Cut-off potentials: 0.05 and 2.0 V.

of the carbon coating increases the ability for the reversible
uptake/release of large contents of Na* upon cycling. It should
be pointed out that the degree of reversible (de-)sodiation
(0.72 eq. of Na* per formula unit TiO,) is limited by the activa-
tion process in the initial sodiation of nanocrystalline anatase
TiO,, which leads to the partial and irreversible decomposi-
tion of TiO, and reduction of Ti** to metallic titanium, which
no longer participates in the electrochemical redox process.**
As a consequence of the above irreversible processes, the first
cycle coulombic efficiency for all three materials is rather low
and only =38.2%, 32.6%, and 30.6% for C-TiO, (11 nm), C-TiO,
(40 nm), and TiO, (15 nm), respectively. Identifying methods
to compensate for such high inefficiency represents a major
challenge to allow the application of this material class in
Na—ion cells, which are presently under development in our
laboratories.

Further cycling at different current rates reveals a strong
capacity fading for the uncoated TiO, (15 nm) (Figure 5a),
which can be explained by continuous solid electrolyte inter-
phase (SEI) formation. The low average coulombic efficiency
of 94.7%, indeed, indicates for the presence of a parasitic side
reaction, e.g., continuous electrolyte decomposition. In con-
trast, the larger carbon-coated nanoparticles C-TiO, (40 nm)
show a more stable cycling performance. As a matter of fact,
higher specific capacities compared to uncoated TiO, (15 nm)
material were delivered from the fifth cycle onward.

Most impressive is, however, the electrochemical perfor-
mance of C-TiO, (11 nm) in comparison with C-TiO, (40 nm)
and TiO, (15 nm). In fact, C-TiO, (11 nm) former delivers
the highest capacity at all applied C-rates as well as the most
stable cycling performance. For instance, reversible charge
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capacities of 227, 196, and 134 mAh g! can be obtained at
0.1 C (33.5 mA g7!), 1C (335 mA g!), and 10C (3.35 A g}),
respectively. At the same rates, C-TiO, (40 nm) delivers only
180, 134, and 51 mAh g and uncoated TiO, (15 nm) delivers
only 157, 52, and 17 mAh g! at the corresponding current
rates. Besides the extraordinary C-rate performance, C-TiO, (11
nm) also exhibits the highest capacity retention of 96.9% after
70 cycles (vs 2nd cycle) compared to 94.2% for C-TiO, (40 nm)
and only 42.8% for TiO, (15 nm). The different capacity reten-
tion goes along with the trend of the average coulombic effi-
ciency, which at low (0.1 C) current rate, e.g., between cycle 40
and 70, ranges between 99.0% and 99.5%, 97.5% and 98.5%,
and 94.5% and 96.0% for C-TiO, (11 nm), C-TiO, (40 nm), and
TiO, (15 nm), respectively.

Selected potential profiles, obtained at different C-rates, are
shown in Figure 5b-d for TiO, (15 nm), C-TiO, (40 nm), and
C-TiO, (11 nm), respectively. Evaluation clearly reveals the
superior C-rate performance of C-TiO, (11 nm) as the potential
profiles are less sloping and shifting at elevated currents while
for the other two materials the evolution of large overpotentials
is apparent. This is additionally evidenced by the voltage region
from 0.75 to 1.25 V during desodiation, being much more pro-
nounced in case of C-TiO, (11 nm) for all applied C-rates.

The superior electrochemical performance of C-TiO, (11
nm) prompted a more detailed investigation with respect to
the long-term cyclability (Figure 6). After a certain number of
cycles at high current rate (1 C or 5 C), two “fingerprint” cycles
at 0.1 C were performed to verify the good electrode perfor-
mance and absence of active material degradation upon long-
term cycling as well as cycling at elevated current rates. As
shown in Figure S13 (Supporting Information) C-TiO, (11 nm)
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exhibits a very stable cycling performance when applied to an
extended cycling at several C-rates ranging from 0.1 C, 1 C to
5 C. Figure 6a shows the remarkably stable long-term cycling
performance of C-TiO, (11 nm) at 1 C, in which the capacity
even increases slightly (200 mAh g™! in the 2nd vs 204 mAh
g ! in the 300th cycle) as also visible in the potential profiles in
Figure 6b. Additionally, the coulombic efficiency increases from
86.5% (second cycle) to a very high average value of 99.8%.

A remarkable intrinsic feature of this material is the
improving energy efficiency upon cycling which is related to the
incomplete initial activation process at low potentials as shown
in our previous work but as also apparent in the long-term
cycling in Figure 6¢,d.?Y In fact, increasing the C-rate to 5 C
still results in highly reversible cycling, whereby the effect of
increasing capacity upon cycling is even more pronounced com-
pared to the cycling at 1 C. A charge capacity of 128 mAh g!
is delivered in the 2nd cycle which subsequently increases to
=180 mAh g! after 500 cycles. The capacity increase is observed
especially after the “fingerprint” cycles, which, indeed, indi-
cates an incomplete initial activation at low potential after the
first cycle at 0.02 C. In any case, it should be highlighted that
C-TiO, (11 nm) delivers an excellent electrochemical long-term
performance at low and very high current rates even under
demanding conditions like a C-rate test.

3. Conclusion

The synthesis of carbon-coated 11 nm TiO, nanoparticles via
an in situ functionalization approach is reported. This method
relies on the use of an anchoring block copolymer carbon pre-
cursor, which, after combustion, results in homogeneously
carbon-coated TiO, nanoparticles. The process can easily be
upscaled to the multigram range and readily be applied to other
materials.

The beneficial impact of small particle and crystallite sizes
and the herein developed carbon coating for the electrochem-
ical performance of anatase TiO, is clearly demonstrated by
comparison with reference materials. The final carbon-coated
TiO, is capable of reversibly accommodating 0.72 eq. Na* per
formula unit TiO, at low current rate (0.02 C), which certainly
is one of the highest values reported so far. In addition, the
material reveals an extraordinary electrochemical perfor-
mance in sodium-metal half cells with very high rate capability
(134 mAh gt at 10 C (3.35 A g!)), high reversible capacity at low
current rates (=227 mAh g! at 0.1 C), high average coulombic
efficiency (=99.5%) and full capacity retention between 2nd and
300th cycle at 1 C. Despite this excellent electrochemical perfor-
mance, the low first cycle coulombic efficiency still represents
the biggest challenge to be overcome (e.g., via appropriate elec-
trolyte additives, optimization of particle size and shape, or the
use of sacrificial saltsl®®? in order to allow for the application
such materials in powerful Na—ion cells.

4. Experimental Section

Synthetic and Structural Characterization: NMR spectroscopy was
conducted with a Bruker ARX 400. Fourier transform infrared (FTIR)
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spectroscopy was performed on a Jasco FT/IR 4100 spectrometer with
an attenuated total reflectance (ATR) unit. SEC was carried out using a
solution of 3 g L™' K*TFA™ in hexafluoroisopropanol as eluent at 40 °C.
The stationary phase in the columns consists of modified silica. The
utilized detector was a refractive index detector (JASCO G1362A RID)
and the calculation of the molecular weights was conducted using a
calibration with polymethylmethacrylate (PMMA) standards. HRTEM,
scanning transmission electron microscopy, and energy dispersive X-ray
spectroscopy was performed on a Tecnai F 20 (FEI). Scanning electron
microscopy was conducted using ZEISS Auriga. X-ray diffraction was
performed on a Siemens D 5000 (Cu-K-alpha radiation) for C-TiO,
(11 nm) and on a Bruker D8 Advance diffractometer equipped with
Cu-Ko radiation source (wavelength of 1.54056 A) for noncarbon-coated
TiO, (15 nm). TGA was conducted on a Perkin Elmer Pyris 6 instrument
under oxygen atmosphere. A Horiba Jobin Y LabRAM HR Spectrometer
with a frequency doubled neodymium- doped yttrium aluminum garnet
(Nd:YAG) laser was utilized to perform Raman spectroscopy. The specific
surface area was measured by nitrogen adsorption and calculated
according to the BET theory (Micrometrics ASAP 2020). EIS was carried
out by means of a Solartron 1250 Frequency Response Analyzer with
either an EG&G potentiostat/galvanostat model 273 or a Solartron 1286
electrochemical interface in a two-electrode configuration. The frequency
ranged from 1 MHz to 10 mHz. All EIS studies were carried out in the
charged (desodiated) state.

Synthesis of P(AN-b-HA): The reactive ester NAS and 2-dodecylsulfany
lthiocarbonylsulfanyl-2-methyl propionic acid (DMP), which was used as
a chain transfer agent, were synthesized following procedure described
already in literature.>®4 P(AN-b-NAS) was synthesized following a
previously reported method.[*}l Briefly, acrylonitrile (AN, Merck, purified
by destillation), DMP, and «,0/-azoisobutyronitrile (Sigma-Aldrich,
recrystallized from diethylether) were dissolved dry DMF 99.8% (Acros
Organics). After degassing by freeze—pump-thaw cycles, the reaction
mixture was stirred 7 h at 70 °C. After purification by precipitation
in methanol PAN was used as a macro-CTA, NAS as a monomer,
2,2-azobis (4-methoxy-2,4-dimethylvaleronitrile)  (Sigma-Aldrich) as an
initiator and dimethyl sulfoxide (DMSO 99.9%, Acros Organics) as a
solvent. After stirring for 48 h at room temperature the polymer was
worked up by precipitation in methanol.

IR: v = 2941 (w, CH), 2240 (w, -CN), 1731 (s, C=0O, reactive ester),
1203 (s), 1045 (s), 951 (w), 812 (w) cm™".

TH NMR (400 MHz, DMSO-ds, &) [ppm]: 3.19 (bs, 111, CH of
polymer backbone), 2.79 (bs, 125, CH,~CH, of N-Hydroxysuccinimide
(NHS)-group), 2.03 (bs, 279, CH, of polymer backbone), 1.23 (m, CTA
dodecyl chain), 0.85 (t, 3, dodecyl-CH; of CTA).

SEC (eluent: hexafluoroisopropanol, HFIP): 10 300 g mol™', PDI: 1.30

P(AN-b-NAS) (1 eq.), hydroxylamine hydrochloride (40 eq.), and
triethylamine (40 eq.) are dissolved in DMF and stirred over night
at room temperature. The polymer was purified by precipitation in
methanol to obtain P(AN-b-HA). The yield was =85 wt%.

IR: v = 3260 (w, —~OH), 2925 (w, CH), 2240 (w, —CN), 1648 (s, C=O,
amide), 1386 (m), 1096 (m) cm™".

TH NMR (400 MHz, DMSO-dg, 8) [ppm]: 3.34 (bs, CHCONHOH),
3.14 (bs, CHCN), 2.04 (bs, CH,-CHCN), 1.55 (CH,~CHCONHOH), 1.23
(m, CTA dodecyl chain), 0.85 (t, CTA-CH3).

SEC (eluent: HFIP): 14 300 g mol™', PDI: 1.29.

Synthesis of In Situ Functionalized TiO, Nanoparticles: 200 mg of
hydroxamic acid containing polymer ligand was dissolved in 10 mL
of DMF and added to 30 mL of benzyl alcohol (Sigma-Aldrich). The
polymer solution was heated to 80 °C and degassed under vacuum for
5 min. The flask was then filled with argon and kept at this temperature.
1.6 mL of TiCl, (Sigma-Aldrich) was slowly injected through the septum
into the hydroxamic acid containing polymer containing solution under
vigorous stirring at 80 °C. With continuous stirring the solution was kept
at 80 °C for 72 h. The resulting brown suspension was centrifuged and
the precipitate was thoroughly washed twice with CHCl;. The product
was dried under vacuum at room temperature.

Pyrolysis of Polymer-Coated TiO, Nanoparticles: Polymer-coated
TiO, nanoparticles were pyrolyzed in two steps. First, the powder was

wileyonlinelibrary.com (7 of 9) 1501489

b |
G
[
-
>
n )
m
o




-
™}
o
g
-l
md
=
4

1501489 (8 of 9)

ADVANCED
ENERGY
MATERIALS

Makies

www.advenergymat.de

heated up to 300 °C with 5 °C min~' as a heating rate and kept at this
temperature for 240 min. Afterward the temperature was increased to
650 °C with 5 °C min™' and kept at this temperature for 60 min. For
the synthetic characterization no carbon particles were added prior to
pyrolysis to enable a reasonable characterization of the coating.

However, for the samples subjected to electrochemical tests, the
conductive carbon particles (Super C 65) were added to the polymer-
coated particles and the mixture was manually ground for 30 min prior
pyrolysis (same temperature program), in accordance with our previous
reports.B743 The TiO, (pure, polymer coated): Super C65 weight ratio
was fixed to 84:16. After pyrolysis thermogravimetric analysis under
oxygen enabled the determination of the final weight percentage
share of TiO, (73 wt%) as well as carbon originating from the coating
(13 wt%, degradation at 450 °C) and from the conductive agent
(14 wt%, degradation at 650 °C) as shown in Figure S14 (Supporting
Information).

Synthesis of TiO, Reference Samples: TiO, particles with a size of
~40 nm (Sigma-Aldrich, used as received) were coated with P(AN-b-HA),
mixed with carbon particles and pyrolyzed under the same conditions as
described for the in situ functionalized particles. The resulting composite
had a weight percentage share of TiO,: carbon coating: carbon particle
of 73:9:16 as determined by TGA. Uncoated TiO, particles with a
size of =15 nm were synthesized by a method reported previously.*
Briefly, benzyl alcohol (20 mL) was sealed in a Schlenk flask (100 mL)
in a glovebox and was removed from the glovebox. TiCl, (0.8 mL) was
slowly injected through the septum to the solution of ligand in benzyl
alcohol under vigorous stirring at room temperature. With continuous
stirring the solution was heated to 80 °C for 24 h under Ar conditions.
The resulting white suspension was centrifuged, and the precipitate was
thoroughly washed twice with CHCl;. The product was dried in air at
room temperature.

Electrochemical ~ Characterization: ~ For  the  electrochemical
characterization, anatase TiO, electrodes were prepared having a final
composition of 65 wt% TiO,, 25 wt% carbon (accounting for the carbon
present in the TiO, particles and the conductive agent (SuperC65,
IMERYS, Switzerland)), and 10 wt% PVdF binder (Solef 5130) dissolved
in N-methyl-2-pyrrolidone (NMP). In consequence, with respect to the
weight ratio of TiO,: carbon coating: conductive agent: PVdF, electrodes
of C-TiO; (11 nm size) had a composition of 65:12:13:10; electrodes of
C-TiO, (40 nm size) a composition of 65:9:16:10, and the uncoated TiO,
(15 nm size) material a composition of 65:0:25:10. For C-TiO, (11 nm)
and C-TiO, (40 nm), the composite materials containing carbon-coated
TiO, and Super C65 particles (added prior to pyrolysis) were simply
mixed with 10 wt% PVdF (solution in NMP). In case of TiO, (15 nm), the
pristine TiO, particles were mixed with Super C65 (25 wt%) and 10 wt%
PVdF (solution in NMP) just before slurry fabrication. All slurries were
homogenized by means of ball milling (Vario Planetary Mill Pulverisette
4, Fritsch) and then cast on dendritic copper foil (Schlenk) with a wet
film thickness of 120 pm. After drying at ambient temperature overnight,
disc electrodes (& = 12 mm) were punched and further dried at 120 °C
under vacuum for 24 h. The average active material mass loading (of
TiO, only) of C-TiO, (11 nm diameter), C-TiO, (40 nm diameter), and
uncoated TiO, (15 nm diameter) was between 1.2 and 1.5, 1.8 and
1.2 mg cm™, respectively.

Three-electrode Swagelok cells were assembled in a glove box
(MBraun, Germany) with a water and oxygen content less than 0.1 ppm.
A sheet of Whatman glass fiber was used as separator which was
drenched with a 1 m solution of NaClO4 (98% Sigma-Aldrich) solved in
a 1:1 mixture (by volume) of ethylene carbonate (UBE) and propylene
carbonate (Sigma-Aldrich). Sodium metal (99.8%, ACROS ORGANICS)
was used as counter and reference electrode. Thus, all given potentials in
this paper refer to the Na/Na* reference couple. Cyclic voltammetry and
galvanostatic cycling were performed with a VMP3 Potentiostat in the
voltage range of 0.05 and 2.0 V at a scan rate of 0.1 mV s™' (BIOLOGIC)
and a Maccor Battery Tester 4300, respectively. All electrochemical
studies were performed at 20 £ 2 °C. An applied current rate of 1C
corresponds to a specific current of 335 mA g™' based on the weight of
TiO; only.
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