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ABSTRACT: Rechargeable sodium-ion batteries are becom-
ing a viable alternative to lithium-based technology in energy
storage strategies, due to the wide abundance of sodium raw
material. In the past decade, this has generated a boom of
research interest in such systems. Notwithstanding the large
number of research papers concerning sodium-ion battery
electrodes, the development of a low-cost, well-performing
anode material remains the largest obstacle to overcome.
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Although the well-known anatase, one of the allotropic forms

of natural TiO,, was recently proposed for such applications, the material generally suffers from reduced cyclability and limited
power, due to kinetic drawbacks and to its poor charge transport properties. A systematic approach in the morphological tuning
of the anatase nanocrystals is needed, to optimize its structural features toward the electrochemical properties and to promote the
material interaction with the conductive network and the electrolyte. Aiming to face with these issues, we were able to obtain a
fine tuning of the nanoparticle morphology and to expose the most favorable nanocrystal facets to the electrolyte and to the
conductive wrapping agent (graphene), thus overcoming the intrinsic limits of anatase transport properties. The result is a TiO,-
based composite electrode able to deliver an outstandingly stability over cycles (150 mA h g™" for more than 600 cycles in the
1.5—0.1 V potential range) never achieved with such a low content of carbonaceous substrate (5%). Moreover, it has been
demonstrated for the first time than these outstanding performances are not simply related to the overall surface area of the
different morphologies but have to be directly related to the peculiar surface characteristics of the crystals.

KEYWORDS: Sodium ion batteries, energy storage, anatase, TiO,, nanoparticle facets

flicient energy storage will be an essential asset in a society

increasingly starved of energy. If the economically and
industrially developed countries stick to their current policies,
the world’s energy needs will be 50% higher in 2030 than today,
with a suggested annual growth rate of 1.6%. Despite the
pivotal role of developed countries in paving the way toward a
more energetically sustainable and less fossil fuel dependent
future, two-thirds of the energy demand’s steady increase will
derive from currently developing countries. Leading parties of
the latter argue that, in a free market landscape, it is rather
unfair to intervene with strict international policies regarding
emission curbing and fossil fuel exploitation restraints, since
this would represent a violation of the legitimate right to
growth, experienced by developed countries in the past
centuries. The transition toward a more sustainable develop-
ment passes necessarily through a more efficient handling of
energy production and exploitation, whichever the energy
source might be. Energy storage, in particular, is of primary
importance in many fields, such as the effective integration of
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renewable energy sources (RES) and power quality and
reliability." Among the energy storage technologies today
available, such as pumping hydro, mechanical (flywheels),
electrical, chemical, and electrochemical,” secondary batteries
represent the more versatile and efficient choice. Lithium ion
batteries (LIB), in particular, have embodied for more than two
decades the role of the highest performing electric storage
facility, thanks to their high round trip efficiency, prominent
energy density, and notable power density.””> The massive
diffusion of lithium-ion battery technology in the last 20 years
contributed to the arise of concerns connected to the future
availability of battery-grade lithium compounds, especially
considering energy-intensive applications of the technology,
such as the electric vehicles market and on grid storage
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facilities.”” The picture gets grimmer if all other applications
that require a considerable amount of lithium are considered;
indeed, battery manufacturing accounts for only 30% of the
world lithium production (measured as LCE, namely, the unit
of lithium carbonate equivalent), and other applications include
glass, lubricant, and metallurgy industries.” Lastly, is the
implementation of lithium energy storage technology actually
heading for a curtailment of CO, emissions? The steady
increase of the utilization of LIB forecasted for the next few
decades casts a shadow on the actual environmental friendliness
of all of the phases of battery manufacturing. Life cycle
assessments (taking into account battery production, materials
processing, and recycling) have revealed that 400 kW h is
needed to make a 1 kW h Li-ion battery, with an associated
CO, emission of about 75 kg, equivalent to burning 35 L of
gasoline.”” Owing to these considerations, other battery
chemistries have begun to be investigated in the recent times.
Sodium ion battery technology (SIB) has recently known a
renaissance and a renovated interest thanks to the rather similar
chemistry to LIB and, above all, thanks to the unique
abundance of raw materials.'”"" Studies have revealed how
switching to SIB technology would reduce production costs
especially connected to materials manufacturing.'” Materials for
the SIB positive electrode have been extensively investigated:
easy-to-manufacture and environmentally friendly compounds
with promising features in terms of energy density and
cyclability have been proposed. Layered oxides of naturally
abundant transition metals,"”'* similar to those employed in
LIBs, showed interesting electrochemical properties in
intercalating Na™: for instance, gravimetric capacities well
above 150 mA h g™' have been measured for P2—
Na2/3[Fe1/2Mn1/2]02.15 Following the success of phospho-
olivines, introduced by Goodenough as a Co-free positive
material for lithium batteries,'® a large number of polyanion
compounds have been suggested as promising materials for
SIB, exploiting the benign effect of [PO,]*~ on working
potential tailoring. Fluorophosphate (Na,MnPO,F'”") and
pyrophosphate'*™*' have been extensively studied as well.
Among the latter, a Na,FeP,0,-carbon nanotube composite has
been reported to achieve outstanding stability and kinetic
properties.”” Despite all of these admirable efforts in designing
a robust positive cathode, the most demanding challenge is
represented by the negative electrode. Many exhaustive reviews
have been published providing an in-depth description of the
anode materials proposed along the years.'**~*> Fundamental
prerequisites for SIB anode materials are (i) a high capacity and
low operational potential, (i) chemical stability and high
Coulombic efficiency, and (iii) a natural abundance of
precursors and scalable synthetic routes. Concerning the
accessibility of synthetic routes and scalability of processes,
transition metal oxides represent a valid choice. Fe;0,”**” and
C0;0,”%” have been reported as valuable anode material
compounds for SIBs thanks to their easy preparation and high
theoretical capacity (~890 mA h g™'). The courageous
proposition of this kind of materials signs a complete paradigm
shift in the chemistry involved in alkaline metal-based batteries.
The classic rocking chair intercalation mechanism (core process
in the graphite-lithium metal oxide battery) is abandoned in
favor of compounds that interact with sodium via the
conversion reaction:”"

(bc)Na + M,0, < bNa,O + aM
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where M,0, is a general transition metal oxide. The reported
reaction relies just on an ideal behavior, while the actual
mechanism might include products other than Na,O
(thermodynamically stable in most cases) and the bare metal
M. For instance, Su et al.*® claimed that CoO is involved in the
reversible (de)lithiation of a Co;0, anode rather than Co,0,
itself, which has been demonstrated to undergo an irreversible
transformation during the first lithiation cycle. A well agreed-
upon flaw of this class of materials is the intrinsic poor
cyclability, due to excessive volume change experienced during
conversion reactions. The relevant stresses the active material
particles are exposed to, led to the sudden fracturing of particles
and rupturing of the SEI (solid electrolyte interface) layer and
drive the whole system toward a gradual deterioration of
capacity retention. A transition metal oxide that seems to
answer to this technological challenge is TiO,. TiO,
polymorphs have been extensively investigated as potential
anode materials for SIBs thanks to their exceptional stability,
nontoxicity, natural abundance, and low cost. Despite being
chemically active toward Li intercalation, anatase-TiO, does not
intercalate efficiently Na ions. Even though anatase polymorphs
present the least dense packing of TiO4 octahedra, Na' ion
dimensions appear to be a limiting factor for reversible
insertion in the lattice. Nevertheless, anatase-TiO, has been
demonstrated to give a decent capacity of 180 mA h g™" at 0.2
C and a considerable stability over cycles.”’ Recent studies by
Passerini on commercial anatase powders unveiled different
mechanisms contributing to the total capacity of TiO, in SIB.*”
In particular, after a pseudocapacitance behavior, accounting for
4% of the total capacity extracted during the first cycle (360 mA
h g™'), a considerable amount of charge is stored via what it has
been demonstrated to be, an insertion process of Na* in TiO,
lattice which occurs at intermediate potentials (1.0—0.3 V vs
Na/Na*). Below 0.3 V, a significative and progressive
deterioration of the crystallinity of the material, not recovered
in the following cycles, takes place. Despite the multiplicity of
anatase structures and morphologies analyzed so far, data
relative to capacities and, most of all, stability of the comé)ound
through cycling are still scattered and controversial.**~>

In this work we tried to shed light onto the general
mechanism underneath the interaction between sodium ions
and different TiO, morphologies, giving particular attention to
how different exposed crystal facet ratios might influence and
guide the intercalation and conversion mechanisms. Inspired by
the exploratory work by Dihn et al.”” and following outstanding
contributions to materials synthesis,”**” we have been able to
selectively obtain anatase-TiO, nanocrystals with three peculiar
surface characteristics by solvothermal route employing
tetrabutyl orthotitanate (TB) as a TiO, precursor and in the
presence of capping agents (oleic acid and oleylamine). Relative
ratios of oleic acid and oleylamine (OA:OM, see details in the
SI) and reaction temperature have been accordingly modulated
in order to express the growth of different crystalline facets. A
thorough decapping phase using an oxidizing compound
(nytrosil tetrafluoroborate) has been chosen in order to
prepare clean TiO, samples utilized as reference materials.
This phase has also served as a preparatory step for a further
functionalization of TiO, crystal surfaces by (3-aminopropyl)-
triethoxysilane (APTES). Aminic terminations of APTES
molecules grafted onto TiO, crystals have been eventually
utilized to induce a 5% by weight graphene oxide (GO,
synthesized using a modified Hummer’s method*’) wrapping,
exploited to improve the electronic conductivity of the material.
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Figure 1. (a) Schematic representation of the shape-controlled growth mechanism and synthesis condition of TiO, crystallites thanks to the selective
capping effect of oleic acid (OA) and oleylamine (OM); (b) 3D sketch of the investigated morphologies with the corresponding TEM magnification
on single particles and the relative amount of the three reactants employed in the synthetic routes; (c) X-ray diffractograms of anatase-TiO,
nanocrystals (RE black, R red, and NB blue lines) and PDF card 00-021-1272 peaks of tetragonal anatase (vertical black lines); (d) TEM images of
the as-synthesized anatase-TiO, morphologies. In the inset of each figure, the HRTEM image of a single particle is shown.

Graphene oxide impregnation of functionalized TiO, crystals
has been carried out in aqueous media by dropping a graphene
oxide stable water suspension. The final composite has been
subsequently subjected to a heat treatment in an inert
atmosphere to achieve a partial reduction of GO to reduced
graphene oxide (rGO). An accurate morphological and
electrochemical characterization has been subsequently per-
formed to clarify the sodium uptake mechanisms occurring in a
Na-ion half cell battery using the nanostructured composite as
an active anode material.

The TEM images of the three pristine powders (without
GO) after the decapping process are reported in Figure 1d: all
of the structures appear highly uniform in shape and in particle
dimensions. According to the reaction mechanism sketched in
Figure 1a, selective adsorption of oleic acid (OA) occurs onto
high energy crystalline facets (001), while oleylamine (OM)
molecules are adsorbed preferentially onto lower energy
(101).%%% Owing to these considerations, the modulation of
the TB:OA:OM ratio allows the crystal growth along specific
directions. Moreover, the concentration of titanium precursor
plays a key role in determining the final morphology. In detail,
for OA:OM ratio = 4:6, an increase of Ti concentration leads to
the particle elongation along the [001] direction, resulting in an
elongated rhombohedral morphology (RE) (Figure 1d).
Keeping constant the relative amount of OA and OM but
sensibly decreasing the TiO, precursor, small rhombic crystals
(R), outstandingly homogeneous in shape and dimensions,
have been obtained (Figure 1d). On the other hand, a large
excess of oleic acid sensibly limits the particles growth, due to
the strong adsorption of the carboxylic acid also onto crystalline
facets other than (001),”® and produces slightly smaller crystals
that resemble parallelepipeds (i.e., nanobars, NB) in shape
(Figure 1d). After the successful removal of the capping agents,
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no significant agglomeration nor a preferential orientation of
particles driven by high energy face to face interactions can be
spotted in TEM images. XRD diffractograms reported in Figure
Lc clearly support the high crystallinity of the samples as well as
the absence of interfering impurities, while from the diffraction
peaks width a quantitative insight on crystal dimensions, using
Scherrer’s relation, can be achieved. In agreement with the
TEM images, the largest particles belong to the RE sample, due
to the strong elongation along [001] and the high amount of
TB precursor employed in the synthesis. Switching to rhombic
(R) and consequently to nanobars (NB) morphology, a
progressive reduction in particle dimension occurs, as can be
seen also from the broadening of the X-ray diffraction peaks.
Exploiting Scherrer’s relation, lengths along specific crystalline
directions can be calculated (and values are reported in Table
S1); nonetheless due to cumulative effects contributing to XRD
peak broadening, such as instrumental factors, dimensions
directly measured from TEM images have been taken into
consideration for further calculations. The crystal dimensions
directly measured from TEM images according to criteria listed
in Table S2 have been thus collected in Table 1. RE particles
shows the highest anisotropy with a length (measured along
[001] direction) extending up to 40 nm and a width accounting

Table 1. BET Surface Area and Crystal Dimensions
Measured Manually from TEM Images along Two
Crystalline Direction Corresponding to the Length and
Width of Each Geometry

[004] Lygy (nm)

[200] Lygy (nm)  BET surface area (m” g™*)

RE 412 13.6 89.4
R 184 104 103.6
NB 21.3 10.8 122.3
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Figure 2. Charge/discharge potential profiles of RE (a), R (b), and NB (c) registered at 0.1 C (50 mA g™') after 5 preconditioning cycles at 1 C
(500 mA g"). (d) GCPL performance of RE, R, and NB electrodes (black, red, and blue curves, respectively) at different C-rates. (e) Stability test
performed on the RE electrode alone, over 600 cycles. In all of the electrochemical tests, cut-off potentials of 0.1 and 2.0 V vs Na/Na" were used

during the sodiation and desodiation steps, respectively.

for 13 nm. Conversely R and NB show comparable dimensions,
measuring ca. 20 nm in length and 10 nm in width. TGA
analysis of pristine TiO, were carried out (SI, Figure S2) before
and after the cleaning treatment to measure the residual
amount of organic species still adsorbed onto TiO, surfaces.
The NB sample showed the highest weight loss (—17.7% before
cleaning and —5.97% after cleaning), probably due to either the
large excess of oleic acid used in the synthesis either the
resulting decomposition of residual organic capping agents,
which is less effectively removed from NB crystal surfaces even
after a remarkable oxidative treatment. Conversely, RE and R
strongly benefit from the cleaning procedure, since only weight
losses of 0.32% and 1.19%, respectively, are observed. The
water content, adsorbed on crystal surfaces and causing the
sample weight loss below 200 °C, is limited to few percentage
points (<5%) for all of the morphologies.

The actual exposure of the hypothesized crystalline facets has
been confirmed also from HRTEM images (S, Figure S3a—f).
The RE crystals revealed the (101) and (002) exposed facets.
The distance referred to {200} planes can be measured along
the direction perpendicular to the middle rectangular section of
RE particles (dyo0 = 0.37 nm). This is a proof that, unlike R
crystals, RE exhibits also (200) and (010) facets exposed. In the
case of NB particles, only (101) and (011) facets, and the
corresponding plane spacing (0.35 and 0.34 nm, respectively),
can be clearly distinguished. In NB (101) are believed to be less
prominent relatively to (001), if compared to the R and RE
case. Angles between detectable crystalline planes have been
also measured, since their amplitude is a further confirmation of
the presence of specific lattice planes. The angle spanning
between the supposed {001} and {101} planes shows an
amplitude of 68.9°, close to the theoretical one (68.3°). The
evaluation of the percentage exposure of crystalline, essential to
elucidate the correlation between electrochemical performances
and crystal characteristics, has been done using relatively simple
geometric equations conveniently modified to fit different
crystal shapes and collected in the SIL
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The relative percentage of surfaces has been summarized in
Figure S3g, in the SI, in which also the energetic content of
each surface is intuitively sketched thanks to the color palette,
assigning the green color to the less energetic one, namely,
{101} with 0.44 ] m™ surface energy density, and the red color
to {001} facets with the highest value of surface energy density
(0.90 J m™2) according to literature.™ It is worth noticing how
the relative ratio between {101} and {001} exposure is kept
constant (about 19:1) for RE and R. This can be connected to
the relative amount of OA and OM used, which was the same
for the two morphologies, and which directed {001} and {101}
growth in similar fashion. This ratio decreases significantly
(4:1) in the case of NB, in which the contribution of {001} to
the total surface of the particles is higher. Growth along [001]
direction has been indeed hindered due to the relevant
absorption of oleic acid on {001}, driving crystal development
along other crystalline directions. To confirm the successful
graphene oxide wrapping of anatase particles, TEM images have
been taken after the wrapping procedure (SI, Figure S3h,i).
Graphene sheets, probably made of the stacking of multiple
single graphene layers, can be easily spotted and are highlighted
in the pictures with red arrows pointing at their edges. As it can
be furthermore noted, TiO, crystals have preserved their
morphologies despite the thermal treatment, without under-
going significant agglomeration, Ostwald ripening process, or
oriented attachment by specific surfaces as suggested in
literature,*' and appearing securely grafted onto the graphene
oxide sheets. Presumably, it has been the effective hooking itself
deriving from APTES functionalization that kept the particles
away from large agglomeration phenomena.

Galvanostatic tests, for the three materials investigated, are
reported in Figure 2d. The sequence of the currents used (C-
rate) has been chosen accordingly to the positive effect
experimented using a growing trend versus a decreasing one. In
the former case, the typical activation time required to achieve a
stable capacity at lower currents is strongly reduced as can be
seen from cycles performed at 1 C (500 mA g™'). Interestingly,
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Figure 3. (a) XRD diffractograms of the RE, R, and NB electrodes (black, red, and blue line, respectively), asterisks mark the peaks coming from Cu
current collector; (b) XRD diffractograms taken on a fresh RE electrode (black line) and on a cycled one (red line), after the 10th cycle of a GCPL
analysis, where the last current step was a desodiation one; asterisks refer to the diffraction peaks of the Cu current collector.

all of the morphologies investigated electrochemically show
increasing or steady capacities. The RE sample appeared to be
the one that allowed reaching the highest capacity values at all
of the three C-rates investigated. Indeed, a remarkable steady
capacity of 180 mA h g is achieved at 0.1 C after 70 cycles; for
NB and R this value is limited to 123 and 88 mA h g7,
respectively. An interesting aspect is that none of the three
morphologies shows a gradual decline toward lower capacities,
as reported in recent works investigating this material,”*** this
behavior represents a puzzling aspect about oxide-based anode
materials for SIBs. With the increase in the cycling current to
0.2 C (100 mA g™'), an almost negligible reduction in capacity
is obtained. A considerable drop in capacity is instead registered
for currents as high as 1 C (500 mA g~ '): only 4S mAh g’ can
be extracted from rhombic elongated crystals (RE), and even a
lower amount, 26 and 16 mA h ¢!, from NB and R
morphologies, respectively. Some may argue that the not so
impressive rate capabilities of the prepared materials might be a
severe limit, but we believe that a noteworthy improvement is
possible by optimizing the graphene oxide wrapping procedure
of TiO, nanoparticles. As illustrated by TEM images (SI, Figure
SS), the condition under which the graphene oxide wrapping is
obtained namely the not optimal fragmentation of TiO,
agglomerates when TiO, is suspended in water, leads to TiO,
conglomerates wrapping to be achieved, instead of single
particles grafting on graphene sheets. The core of these isolated
pomegranate-like structures is less available for electrochemical
processes, and the insulating nature of anatase-TiO, makes this
effect even worse at higher current rates. Nevertheless the
stability of the material over cycles is remarkable, and as can be
seen from the cycles performed at 1 C (500 mA g™') in Figure
2e, a capacity of 105 mAh g™ can still be obtained. To better
elucidate the motivation beyond the mild concentration of rGO
employed, compared to other works in which higher content
(10 wt %) is utilized,” a comparison between the electro-
chemical properties of RE, R, and NB nanocrystals with and
without the reduced graphene oxide wrapping, has been
provided (SI Figure S3). The results have been reported in
terms of specific capacities normalized over the specific BET
area of the samples (see Table 1), obtaining a parameter
expressed in mA h m™ of active material, plotted against the
cycles number. This allowed us to highlight that the pure
surface contact with the surroundings, namely, the specific
surface area of the sample, heavily affects the electrochemical
performances without the beneficial effect of an electronically
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connecting substrate capable of overcoming the conductive
limits of TiO, nanocrystals. Presumably the major reactivity
deriving from crystalline facets with high surface energies {001}
plays role in driving sodium uptake. As a matter of fact, in the
capacity density graphs of pristine TiO,, the NB sample,
provided with the higher percentage of high energy surfaces,
shows comparable performances to RE and R (SI, Figure S4a)
despite its high surface area. Nevertheless, the higher eneréetic
profile of NB is also accountable, as reported in literature,* for
a selective interaction with GO, this leads to the blockage of
{001} facets and to the consequent severe limitation in capacity
density. The case of RE morphology, instead, stresses the
importance of having intermediate energy density facets
available. It can be indeed assumed that low percentage of
{001} of RE guides TiO,—GO interactions as well, but instead
of witnessing a deterioration of electrochemical performances, a
considerable amount of capacity density is gained, together with
an improvement in performances at higher currents of the
material (SI, Figure S4b). It is then believed that $% by weight
graphene wrapping embodies a sensible trade-off, behaving as
an efficient electron conductive substrate without heavily
interfering with surface properties of the material. rGO
wrapped crystals illustrates how a great difference between
RE, R, and NB capacity densities is achieved (SI, Figure S3b).
Coulombic efficiencies give an important insight into the
reversibility of electrochemical processes. They hover around
99% for rGO wrapped RE, R, and NB as well, which is a
symptom of the electrochemical processes reversibility as well
as the stability of the formed SEI layer. An outstanding average
Coulombic efficiency value of 99.55% is achieved over more
than 500 cycle in the case of RE. An overall stability of the
morphological and structural properties of the active material is
thus suggested. Lower values of the Coulombic efficiencies are
often indicative of a recursive SEI formation mechanism,
occurring during each sodiation step; this is ascribed to severe
volume changes of material particles that produces the
detachment and fracturing of the present SEI layer. Potential
profiles, as illustrated in Figure 2a—c, resemble those of
extremely reversible processes. Operative potentials, similar for
RE, R, and NB, are as low as 0.83 V vs Na/Na*, and represent
an interesting starting point for the implementation of these
materials as low-cost anodes for SIBs. This value is sensibly
lower than that referred to Li intercalation in lithium titanates™*
(~1.8 V vs Li/Li"), an aspect that makes TiO, anodes in SIBs
notably more interesting for practical applications.

DOI: 10.1021/acs.nanolett.6b04347
Nano Lett. 2017, 17, 992—1000


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b04347/suppl_file/nl6b04347_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b04347/suppl_file/nl6b04347_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b04347/suppl_file/nl6b04347_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b04347/suppl_file/nl6b04347_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6b04347/suppl_file/nl6b04347_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.6b04347

Nano Letters

4.0x10°
Tm
< 2.0x10°
E
2
2
H 0.0
T
-
]
= —05mVs’
3 -2.0x10°4 — 10
—20
—50
-4.0x10° . . ._20'0 .
0.0 0.5 1.0 15 2.0
E (V vs. Na/Na")
4.0x10°
'<°’ 2.0x10°
E
2
@ 0.0
[
°
8 —05mVs’
5 -2.0x10°+ —10
o —20
—50
——20.0
-4.0x10° : : i i
0.0 05 15 2.0

1.0
E (V vs.Na/Na")

4.0x10°
:’ 2.0x10°
E
2
@ 0.0
ﬂ)
T
-
c
e
5 -2.0x10°+
[3)
-4.0x10° i i i 0.0 i
0.0 0.5 1.0 1.5 20
E (V vs. Na/Na®)
1.0 i o
d ‘ .
- i
< i 8 .
£ . [e]
o 054 b8
c 8 I
[ @
E
3 e ® i o
x o 8
S 0.0 i
=3 PY L] [o) i @® Anode peaki RE
o o () i O Cathode peak i RE
o : ® Anode peakiR
o ! O Cathode peakiR
054 @ ! @ Anode peakiNB
L) ! O Cathode peak i NB
T } T
-0.5 0.0 0.5 1.0 1.5

log (scan rate, mV s™)
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of log(i).

A considerably longer activation process is required for R
(Figure 2b): only after the 30th cycle a steady capacity close to
100 mA h ¢! can be achieved. On the other hand, RE and NB
reach a stable regime much sooner, and in the case of RE even a
slight decrease in the sloping character is obtained. Contrary to
what is reported in literature about the particle size and
electrochemical behavior of anatase TiO,, we observed that a
higher size, and particularly a higher aspect ratio, is beneficial to
the electrochemical performance of the material. This is here
attributed to the different morphological features of the
nanoparticles. In the works of Passerini”> and Mulder et al.,*
averagely spherical particles, with no predominance in
crystalline facets exposure, were taken into consideration.
Considering these systems, what might be a peculiar effect of
Na interaction with crystalline surface is dampened, and the
only significant factor heavily limiting the electrochemical
behavior, as capacity and rate capabilities, is the better
electronic conduction achieved with smaller TiO, particles, in
the nanometric range, compared to larger ones. A direct
confirm of the retained anatase phase and size properties during
the galvanostatic cycling was given by ex situ XRD analysis
taken on a cycled RE electrode (Figure 3b). After 10 cycles at
0.1 C, not only the anatase phase is preserved, without the
appearance of any notable impurity, but also the dimensions
computable from peaks full widths at half-maximum are
comparable with those of the pristine material. For
completeness, also the X-ray diffractograms for each electrode
material have been reported in Figure 3a.

The electrochemical reaction mechanism of sodium ions with
anatase TiO, has been the subject of several investigations.
Different mechanisms, depending on the charge state, particle
sizes and shape have been proposed and validated. Indeed,
submicrometric particles have shown a state of charge-
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dependent behavior with three different regimes: a pseuodo-
capacitive region at high potential (short capacity), the
structural intercalation in the particle bulk (up to 0.7 Na per
unit formula), and a further conversion reaction at low
potential.32 However, it has been also demonstrated that,
when using much smaller particles or nanostructures, the
pseudocapacitive domain is extended and the pseudocapacitive
capacity becomes dominant;” indeed, intercalation pseudoca-
pacitance has been already found to be the prevalent
capacitance harvesting mechanism in a 10 wt % graphene-
TiO, compound, due to the Na' fast intercalation in gaps
formed between TiO, surfaces and partially bonded graphene
sheets.*’ To elucidate the nature of the capacity extracted from
our TiO, nanocrystals, cyclic voltammetry tests were performed
on pure RE-TiO, electrodes (without graphene oxide
wrapping). We found out that also for naked TiO, nanocrystals
an intercalation psudocapacitance behavior can be highlighted:
from the log(i)—log(v) plot (Figure 4d), current values
collected from CV peaks at different scan rates (0.5, 1, 2, S,
20 mV s™') correlate linearly to the scan rates for values lower
or equal than 2 mV s™" (Figure 4d), while they slightly deviate
from the linear relation above this value. This hints for a
progressive shift from a capacitive behavior toward a diffusion-
controlled electrochemical process, with an increase in the scan
rate. Mathematically this coincides with a change in b-value,
calculated from the slope of the log(i)—log(v) curve, from 1 to
0.8, in the following equation:

izavb

where v is the scan rate used in the measurement. For this
reason, since the peak currents do not scale with 02, the
capacity must originate from a capacitive-like mechanism. This
feature together with the slight shifts in peak potentials at low
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scan rates support the hypothesis of a bulk intercalation
capacitance as it has been highlighted for other oxides such as
Nb,O;.*” It can be also argued that a percentage of the
observed capacity might be also related to a pure double-layer
capacitive mechanism. Typically, the amount of capacity
coming from this type of non-Faradaic process in nonaqueous
electrolyte lies between 10 and S0 uF cm™?, while
pseudocapacitive behaviors, including intercalation pseudoca-
pacitance, underpin values by 10—1000 times higher."® From
cyclic voltammetry curve integration of a non-Faradaic portion
of potential sweep and application of well-known equations
reported in literature,™ an esteem of the capacity density can be
made for RE. The calculated value sets 26 uF cm™?, which
perfectly agrees with the esteemed values for pure double-layer
capacitive behavior. Concerning the occurring Faradaic
processes, they accurately resemble the intercalation pseudoca-
pacitive voltammetric signals already highlighted for Li in TiO,
polymorphs,””*" namely, broad peaks with slight drifts at high
scan rates, and with peak currents progressively proportional to
scan rate.

In summary, three different nanostructured TiO, morphol-
ogies have been successfully synthesized using a solvothermal
method implying surfactants as capping agents to direct TiO,
crystal growth. Rhombic elongated (RE), rhombic (R), and
nanobar (NB)-like particles clearly show noticeable differences
in crystal face type exposition, as well as a substantial different
behavior for what concern the interaction with sodium ions
inside a Na-ion half cell. Introducing 5% of reduced graphene
oxide into the samples, we can effectively study and direct the
attention to the crystalline facets exposure excluding the
electrochemically limiting factors deriving from total surface
area and particle size. After a deep electrochemical inves-
tigation, we can conclude that an overcoordinated state of Ti
atoms on the crystal surface (low energy density (101) facets of
NB and R moieties) strongly inhibits the sodium uptake, while
a Goldilocks condition seems to occur for crystalline faces with
intermediate energy densities, like (100) in RE. These
experimental results are also backed up by recent theoretical
studies performed on conveniently cleaved TiO, anatase
crystals. Yang stressed the importance of the energy state of
the crystal surface in promoting sodium attachment, the
surfaces themselves being the gateways for the sodium atom
from the electrolyte into the lattice.”” The attachment energies
are identified by the equation reported below:

Ey = —(Eng—t — Epy — Exo)/n

Here Ejy and Ey,y are total energies of the crystalline
surfaces before and after sodium atoms attachment onto a
specific {hkl} surface. Ey, is the energy of sodium atoms, and n
is the number of sodium atoms linked to the surface per unit
area. E,, values have been calculated for (100), (001), and
(101) to be 1.51, 0.33, and 0.50 eV, respectively.sz’53 As can be
noted, this trend is in contrast with the one expressed by TiO,
surface energies alone (SI, Figure S3), from which the (001)
facets appeared to have the higher reactivity. The reason why
this order is twisted must be sought in the n parameter, specific
for each face and dependent on available sites for sodium
attachment. This parameter is higher for the (001) facets, due
to a higher concentration of oxygen octahedrons on it, and thus
the resulting E,, per sodium atom per unit area ends up to be
the lower among those considered. The surpassingly favored
energetic interaction with (100) facets must be furthermore
attributed to a better accommodation of Na atoms on the
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monatomic step on the facet, while the (001) planar surface
forces sodium atoms to pack with a higher density and thus
conveying lateral unfavorable interactions. For what concern
Na uptake mechanism, the change from a linear to a polinomial
dependence between peak currents and scan rate, in a double
logarithmic plot, clearly evidence an intercalation pseudocapa-
citance contribution to the total material capacity, at least for
what concerns moderate current densities. The reduced
graphene oxide—TiO, composite, allows to obtain outstand-
ingly stable capacities (~150 mA h g™ for more than 600
cycles) never achieved with such a low content of carbonaceous
substrate (S wt %), in literature at best of our knowledge. It has
been also proven than these notable performances are not
related to the overall surface area of the different morphologies
but have to be directly connected to the peculiar surface
characteristics of the crystals. Further efforts have to be directed
in overcoming the puzzling irreversible capacity connected to
the first cycle, particularly evident if low current are used.
Owing this, we believe that in the future design of oxide-based
and TiO,-based anode materials for SIBs special consideration
must be addressed to the crystalline characteristics of the
particles and to theoretical studies concerning the Na
interaction with surfaces with a different energetic content.
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