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Abstract

Lithium-ion batteries are increasingly important for providing energy storage solutions. In
the drive to improve the energy density at the cell level, optimizing the electrode
architecture is crucial in addition to researching new materials. Binder-free (BF) electrodes
include porous pellets only containing battery electroactive materials. These electrodes
can provide advantages with regard to mechanical stability and alleviated ion transport
limitations relative to composite approaches for very thick and energy-dense electrodes.
However, the absence of conductive additives often limits suitable material candidates for
BF battery electrodes. TiNb;O; (TNO) is a promising BF electrode material from a
gravimetric and volumetric capacity standpoint, but phase pure TNO has relatively low
electronic conductivity. Herein, a sucrose precursor coating method for TNO materials was
implemented to process the TNO materials into BF electrodes. The sucrose served as a
source to generate carbon in the electrodes, where the carbon coating resulted in an
increase in rate capability, discharge voltage, and cycle life.
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Introduction

Stimulated by rapid improvements in portable electronics energy storage solutions, batteries have
drawn extensive attention. Lithium-ion (Li-ion) batteries have dominated the portable electronics
market for years [1,2]. Towards further improvements in Li-ion battery energy and power density,
efforts have been directed towards both new materials and electrode architecture improve-
ments [3,4]. Increasing electrode thickness is a straightforward route to improve cell-level energy
density; however, with conventional composite electrodes, increased thickness results in very restrict-
ed ion transport, limiting power density and rate capability [5-9]. Delamination for composite electro-
des from the current collector at increasing thickness is also a consideration [10,11]. Several ap-
proaches have been investigated to mitigate ionic transport limitations originating from the polymer
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binder and conductive additives which occupy the interstitial microstructure in conventional compo-
site electrodes [12-14]. An alternative electrode architecture to mitigate some of the challenges of
processing/cycling thick electrodes is binder-free electrodes (referred to as BF electrodes in this paper,
and also “sintered electrodes”, or “all active material (AAM) electrodes” in some prior works with
similar processing), which is composed of only electroactive material and electrolyte-laden pores/vo-
ids [15-17]. BF electrodes are mechanically strengthened using a mild sintering treatment after
hydraulic compression of the electroactive material powder [18-25]. These electrodes have reported
thicknesses well over a half millimeter and areal loadings exceeding 150 mg cm2 [18-24].

In the absence of conductive additives, electron transport through the electrode matrix must occur
via the electroactive material itself rather than a percolated network of conductive carbon [18]. Prior
research has shown that when the electronic conductivity of the electrode matrix is greater than
1S m?, it no longer limits the electrochemical cell performance for typical Li-ion electrolyte ion
transport properties [8]. In a previous report from our group, BF full cells using LiCoO, (LCO) as
cathode and LisTisO12 (LTO) as anode were successfully charged/discharged over many cycles [19].
Although before cycling, the electronic conductivity of the materials in the LTO/LCO cell can be as
low as 10° S m%, over 95 % of the lithiation range of the electroactive materials during cycling have
electronic conductivities exceeding 10 S m, an electronic conductivity magnitude where the elec-
trochemical charge/discharge rate would be expected to be limited by ionic transport limitations
over electronic transport resistances [20-22,26-28]. Despite the excellent electronic conductivity
and stability of LTO, the volumetric and gravimetric energy densities are still relatively low [22,29].
An important note here is that the very common carbon-based Li-ion anodes, such as graphite, cannot
be used in the BF electrode architecture. This is because (i) at such high loading, even at relatively low
C-rate high areal current density results, which readily induces lithium plating [30]; (ii) the ~13 %
lattice volume change is too great to be accommodated in BF electrodes without the addition of elastic
polymer [31]; and (iii) with increased thickness, the solid electrolyte interface (SEl) formation can clog
pores, exacerbating ion transport restrictions [32]. To improve the energy density, an alternative
anode material, TiNb2O7 (TNO), will be investigated herein. TNO has relatively high gravimetric and
volumetric capacity but relatively low electronic conductivity (especially relative to LTO), which was
expected to be a challenge to implement TNO within the BF electrode architecture. TNO does have an
increasing electronic conductivity with lithiation of the material [33-38]; however, the increase has
still been reported to be well below the ionic conductivity of typical Li-ion electrolytes [39], suggesting
that matrix electronic conductivity would still be expected to limit the electrochemical outcomes of
cells with TNO electrodes.

There are different strategies to improve or overcome the inherent electronic conductivity
limitations of electroactive materials. One route is to dope the electroactive material with elements
that result in increased electronic conductivity, and this method has even been applied to BF
electrodes, an example being the material LiMn;04 (LMO) [18]. There are limits to the electronic
conductivity improvements via doping methods, and secondary phases can result in too high of a
doping level [40,41]. Another option is to coat the electroactive material with metal oxides, carbon,
and other materials, and this strategy has been attributed to improving the rate capability of low
electronic conductivity electroactive materials such as olivine-phase LiFePO4 and layered-phase
LiNip.6C00.2Mno20; [42-44]. Among coatings, carbon-based coating of electroactive materials has
been broadly reported for improved interfacial stability and electronic conductivity [42,45-50].
Sucrose is a common carbon source that also can serve as a particle binder material [46,51]. Herein,
we propose a facile method to fabricate carbon-coated BF electrodes using sucrose both as a

642 (ec) T



C.Caietal J. Electrochem. Sci. Eng. 13(4) (2023) 641-658

sacrificial binder necessary for BF electrode processing and as a carbon source, where the carbon
coating process does not require an extra step for treating the electroactive material powder or the
BF porous pellet relative to processing the electrodes without the coating.

The carbon coating processing targeted in this report has a schematic illustration in Figure 1. The
electroactive material, TNO, was initially synthesized via a sol-gel route. The TNO powder was then
coated with sucrose via mixing with an aqueous solution containing dissolved sucrose and drying of
the solvent. The sucrose-coated powder was hydraulically pressed into a porous pellet. Finally, the
pellet was heated in an inert atmosphere which converted the sucrose to carbon and resulted in a
porous BF pellet of TNO with remaining residual carbon from the sucrose source.

Electroactive Material Powder

1 Sucrose Coating

1 Hydraulic Pressing

l Heat Sintering

Carbon Coated AAM Electrode

Figure 1. Schematic of the process for fabricating carbon-coated BF TNO electrodes

Experimental

Electroactive material powder synthesis

TNO electroactive material powder was synthesized using a sol-gel method. Briefly, 0.5 M of
niobium chloride (NbCls, Sigma-Aldrich) and 0.25 M of titanium isopropoxide (Ti(OCsH7)s, Sigma-
Aldrich) were dissolved in 40 mL ethanol at 40 °C and stirred at 300 RPM to facilitate dissolution and
mixing. The solution was dried at room temperature overnight in air, then redissolved in 40 mL
deionized (DI) water and dried at 80 °C overnight in air within a fume hood. The resulting precursor
was then heated to 700 °C and held at that temperature for 2 hours, where the ramp rates for
heating and cooling were both 1 °C min.
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LCO electroactive material powder was synthesized via precipitation of a precursor followed by
a solid-state reaction [25]. 0.2 M of cobalt sulfate heptahydrate (CoSO4x7H;0, Acros Organics) and
0.2 M of sodium oxalate (Na2C,04, Fisher) were separately dissolved into 400 mL of DI water each
and heated to 60 °C. The solutions were mixed via pouring all at once, and the mixture was stirred
at 300 RPM. The reaction was allowed to proceed for 30 min before collection of the precipitate via
vacuum filtration. The filter cake was rinsed with 1.6 L of DI water. The resulting powder cake was
dried at 80 °C overnight in air and blended with lithium carbonate (LioCOs, Fisher Chemical) with a
molar ratio of 1.05:1 Li:Co using a mortar and a pestle by hand for 10 min. The blended powder was
then heated at a ramp rate of 1 °C min! to 800 °C without a hold at the top temperature and then
allowed to cool to room temperature without control over the cooling rate.

Material characterization

Thermogravimetric analysis (TGA) was conducted using a TA Instruments Q50. Heating initiated
from room temperature to 800 °C at a ramp rate of 10 °C min™! in air atmosphere. Scanning electron
micrographs (SEMs) were collected using a FEI Quantum 650. Powder X-ray diffraction (XRD) was
conducted using a PANalytical X'pert ProMPD.

The electronic conductivity of materials was measured using a direct current (DC) technique. The
as-prepared BF pellet electrodes were coated with silver paste (Sigma-Aldrich) by hand on each flat
side of the porous disc. The coated pellets were sandwiched between stainless steel and compres-
sed by a clamp. A constant voltage at 10 mV was applied and the current was recorded using a
Gamry Reference 600 to measure the DC resistance necessary to calculate the pellet material's
electronic conductivity.

BF electrode fabrication

During the fabrication of BF TNO electrodes, 4 concentrations of sucrose binder were prepared
in this work. The sucrose contents were 0.0, 2.5, 5.0, and 7.5 % by mass (denoted by 0.0, 2.5, 5.0
and 7.5 % sucrose). The content indicates the mass percent of sucrose relative to the total combined
mass of sucrose and TNO. For the 0.0 % sucrose sample, 1 g of TNO powder was blended with 2 mL
of 1 wt.% polyvinyl butyral (PVB) solution (Pfaltz & Bauer) in ethanol using a mortar and pestle by
hand until dry. For the other three samples containing sucrose, a total mass of 1 g consisting of TNO
and sucrose powder was blended with 0.5 mL of DI water and 1.5 mL of ethanol using a mortar and
a pestle by hand until dry. For all cases, the coated powder was next loaded into a circular pellet die
(Carver) with a diameter of 1.3 cm, followed by pressing at 420 MPa for 2 min using a hydraulic press
(Carver). The pressed pellet was sintered in an argon atmosphere at 800 °C for 1 hour at ramp-up
and down rates of 2 °C min™l. The as-prepared pellets had thicknesses ranging between 580 and
610 um (measured using digital calipers), areal loadings of 142-148 mg cm™2, and geometric pore/vo-
id fraction of 0.43-0.45 (calculated assuming the crystal density to be 4.3 g cm3) [52]. In addition,
thinner BF electrodes were fabricated to facilitate cycle life testing, with loadings of 18 to 20 mg cm™
and thicknesses ranging between 70 and 80 um. Note that carbon-coated (and carbon-free) TNO
powders were also used in composite electrodes, and for TNO powders used for composite elec-
trodes, all processing steps were the same as for BF electrodes except that there was no hydraulic
compression of the powder.

For BF LCO electrodes, 1 g of LCO powder was blended with 2 mL of 1 wt.% PVB solution in
ethanol using a mortar and a pestle by hand until dry. The pressing procedure was the same as
above for TNO materials. The pressed pellet was sintered in air at 600 °C for 1 hour at both ramp-
up and down rates of 1 °C min™. The as-prepared pellets had measured thicknesses ranging between
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810 and 850 um, areal loadings of 268 to 273 mg cm2, and geometric pore/void fractions of 0.32 to
0.34 (calculated assuming the crystal density to be 5.0 g cm=3) [22]. Thinner BF LCO electrodes were
also fabricated to facilitate cycle life testing at 37 to 38 mg cm2, with thicknesses of ~120 pm.
Detailed characterization of BF LCO electrodes can be found elsewhere for materials fabricated
using the same procedures [19-21].

Electrochemical evaluation

For composite electrode cells, the TNO powder was mixed with acetylene carbon black (CB, Alfa
Aesar) and 3.33 wt.% polyvinyl pyrrolidone (PVP, Sigma Aldrich, 360 kDa molecular weight) in
ethanol solution with a mass ratio TNO:PVP:CB of 8:1:1. The resulting slurry was coated onto an
aluminum foil current collector using a doctor blade, which resulted in final areal active material
loadings measured for punched electrodes to range between 2.0-3.5 mg cm2 after drying. Circular
electrodes with an area of 1.33 cm? were punched by hand using a die and transferred into a glove
box filled with argon. Punched lithium metal foil was used as anodes and Celgard 2325 was the
separator, and the electrodes were assembled into electrochemical cells using 2032-type coin cell
parts, with assembly all in the glove box. The electrolyte was 1.2 M LiPFe in 3:7 ethylene carbona-
te:ethyl methyl carbonate (Gotion). The as-prepared cells were evaluated using a multichannel
battery cycler (MACCOR) between 1.0-2.5 V at C/20, where 387.6 mAh g! was assumed to be the
TNO theoretical capacity used for adjusting the currents for the C rate determination [46]. For
Li/TNO cells, cycling starts on a discharge.

For BF electrode cells, the as-prepared BF cathode (LCO pellet) and BF anode (TNO pellet) were
attached to the bottom plate and the spacer of the 2032-type coin cell, respectively, with a custom
carbon paste applied between the BF electrode and stainless steel to reduce contact resistance. The
custom carbon paste was applied as a homogenous slurry consisting of 4.76 wt.% of CB, 4.76 wt.% of
PVP, and 90.48 wt.% of ethanol. Pellets adhered to the cell components with the paste were then
dried in a vacuum at 80 °C for 20 min before transferring into the glove box. It is noted that the carbon
paste amount was less than 1 mg cm?, which was <1 % of the mass of the thicker BF electrodes. 2032-
type coin cells were assembled with a single spacer attached to the anode, as the cathode was directly
attached to the bottom piece. The same electrolyte was used for the composite electrodes described
above. Glass fiber (Fisher, type G6 circles) was used as a separator. Although glass fiber has a relatively
large thickness compared to porous polymer options, this separator was used to minimize the pos-
sibility of a short between the relatively rough ceramic surfaces of the pellets. While not quantitatively
confirmed or estimated, the glass fiber would be expected to compress during cell assembly resulting
in a lower thickness. The compression on porous polymer separators has been previously speculated
to increase ion transport limitations in similarly constructed cells [23]. The BF cells were cycled
between 1.0-3.2 V, and as a reference point for C rates, 1.69 mA cm2 corresponded to a rate of C/20.

For thinner BF electrode cells, the cells were cycled between 1.0 and 3.2 V at 2 mA cm? (~C/2)
for 100 cycles. Electrochemical impedance spectroscopy (EIS) was conducted on the cycled cell using
a Gamry Reference 600.

Results and discussion

Electrochemical evaluation

The initial sol-gel synthesized powder with the targeted TNO composition had broad peaks in
collected XRD patterns, suggesting relatively low crystallinity. The XRD and relevant reference patterns
for titanium niobate phases can be found in Supplementary material, Figure S-1. The broad peaks may
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have partly been due to the relatively low calcination temperature and were consistent with previous
reports [53-55]. Explicit assignment of each individual peak was challenging to affirm unambiguously;
however, there were TixNb,O, phases that could be associated with all peaks [56,57]. SEM images of
the initial sol-gel synthesized powder can be found in Supplementary material, Figure S-2. These
micrographs suggested the morphology of the material was secondary aggregates that had length
dimensions of approximately 20 um, while the primary particles that formed the larger aggregates
were less than 1 um in length (with many primary particles in the size range of ~100 nm).

Figure 2a shows the estimated mass percentage of carbon on the TNO materials with the different
amounts of sucrose added before hydraulic compression and thermal treatment in an inert atmosphere.
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Figure 2. (a) Theoretical maximum carbon content (blue line) and actual (black dots) carbon content
determined from TGA for different initial added sucrose content to the TNO material before thermal
treatment. (b) Electronic conductivities of as-prepared pellet (black) and phase pure literature value (blue) [33]

The measured carbon mass percentage was estimated from the mass change during TGA
experiments at 800 °C relative to room temperature, and the more detailed TGA data can be found
in Supplementary material, Figure S-3. Carbon loss/oxidation was observed to occur between 400
and 500 °C, consistent with previous reports [54,58]. As the sucrose content added to the powder
increased, the relative mass content of the carbon coating increased as well. An additional note is
that based on the elemental C content of sucrose, theoretically, for the mass of sucrose, if all that C
was converted to a carbon coating 42 wt.% of the initial sucrose mass would be expected to remain.
The blue line in Figure 2a depicts the amount of carbon expected if all the C in the sucrose was
converted to a carbon coating. As can be seen, the carbon content for all samples was below these
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theoretical values, suggesting loss of carbon to other processes, such as reduction of the TNO
material at the interface. It is also noted that the difference between the theoretical maximum
carbon and carbon determined from TGA increased as the sucrose added increased, suggesting less
efficiency of sucrose conversion to a carbon coating as the sucrose content was increased.

The DC electronic conductivity measured using TNO porous pellets can be seen in Figure 2b. All
TNO materials exhibited higher electronic conductivity than reported for phase pure TiNb,O7 from
the literature [33]. Even with the 0.0 % sucrose sample, the conductivity was ~5 orders of magnitude
higher, and this higher conductivity was suspected to result in part from the presence of the TiNbO4
phase (consistent with XRD results discussed in the next paragraph), which has a much higher
electronic conductivity reported at ~150 S m™ [59]. Additionally, there may have been some
reduction of the TiNb,0O7 phase, which can have a large impact on the electronic conductivity of this
material [33]. For the materials processed with sucrose and subsequently coated with carbon, the
electronic conductivity also increased as the carbon coating content increased. The final measured
conductivities for the materials with the highest carbon content were over 1 S m™.

XRD patterns for the TNO pellets after hydraulic compression and heating in an argon atmo-
sphere can be found in Figure 3. All four amounts of sucrose addition resulted in similar XRD pat-
terns. The major phase was assigned as TiNb2O7, a monoclinic layered structure with a space group
of C2/m [46]. An impurity phase was also noted after thermal treatment, attributed to TiNbOg,
suggesting a partial reduction of some Nb>* to Nb*" in the pellet [59-61]. The peaks consistent with
arising due to a TiNbO4 impurity are marked in Figure 3. It is noted that to the naked eye, visually,

the 0.0 % sucrose exhibited dark blue color, while the carbon-coated samples were all dark grey,

consistent with previous literature [61].
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10

There was an additional small impurity peak at a 2 @ position of ~25°. Explicit assighnment of this
peak was difficult, although likely candidates could be other Nb-enriched oxide phases such as
TiNb240s2, Ti2Nb14039, and TizNb10029 based on bulk stoichiometry [57,62-64]. Since the bulk molar
ratio of Ti:Nb from sol-gel synthesis was 1:2, the presence of TiNbO. suggested the presence of one

or multiple of these Nb-enriched phases.
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SEM images of the 0.0, 2.5, 5.0 and 7.5 % sucrose can be found in Supplementary material,
Figure S-4. All samples had a similar appearance. Many of the primary particle sizes were still on the
order of ~100 nm, as was the case for the powder before hydraulic compression and thermal treat-
ment. The retention of the primary particle size was also consistent with the mild sintering process.
These primary particles were part of larger aggregates 10-20 um in size. Many of the aggregates
appeared flattened, which likely resulted from the hydraulic compression processing step.

Electrochemical evaluation

Initial electrochemical analysis on the TNO materials was conducted using composite electrodes
paired with Li metal anodes. The first charge and discharge cycles of all materials in composite half
cells paired with Li anodes can be found in Supplementary material, Figure S-5. As the sucrose
content added to the TNO before heat treatment increased, the gravimetric capacity of the resulting
TNO electroactive material decreased. The decrease in gravimetric capacity was likely due to
increasing inactive carbon content in the powder and increasing relative amounts of TiNbO4 phase.
The voltage where TiNbO4 has electrochemical capacity is between 1.0 and 2.0 V and thus overlaps
with TNO; however, TiNbO4 has a reported capacity of 200 mAh g and thus increase in its content
would lower the overall material gravimetric capacity relative to TNO [60].

Next, electrochemical characterization was done of cells containing the TNO BF electrodes
directly. The TNO materials were used as BF anodes paired with LCO BF cathodes in a full-cell con-
figuration. BF electrodes were not evaluated in half cells due to the limitations of using lithium metal
in such high areal capacity systems, where each cycle would have a significant amount of plating
and stripping that make the Li electrode the limiting factor [19]. As for BF cells paired with LCO,
when looking at the discharge voltage profiles (Figure 4), at a relatively slow rate of C/20, the 0.0 %
sucrose had the largest capacity as expected because at low rates the resistance due to that material
having the lowest matrix electronic conductivity did not impact the electrochemical capacity. At
higher rates of C/10 and C/5, the 2.5 % sucrose had the highest capacity among all materials
evaluated. This outcome was not explained simply by improvements in the electronic conductivity
of the electrode matrix. For such a thick BF electrode, the cell would be expected to be limited by
ion transport through the electrolyte-laden electrode microstructure at such rates due to Li deple-
tion in the cathode region [20,22]. As the sucrose content increased, the voltage decreased with a
steeper slope near the later discharge region (e.g.,>150 mAh g* anode) at both C/10 and C/5. This
outcome was attributed to ion transport in the microstructure being the limiting process once there
was sufficient carbon coverage to overcome the matrix electronic conductivity resistance in the TNO
electrode. Any excess carbon after achieving the electronic conductivity improvement would be
expected to further impede ion transport in the interstitial regions between electroactive material
particles, and excess carbon can also negatively impact the interfacial resistance of the electroactive
materials [8]. The discharge capacities resulting from the full rate capability evaluation of the BF
TNO anodes paired with BF LCO cathodes can be found in Supplementary material, Figure S-6.

While the rate capability analysis above reflected the retention of electrochemical capacity, the
average discharge voltage was another outcome that changed for the different TNO electrode cells.
The average discharge voltage as a function of the discharge C rate for the TNO BF anode cells can
be found in Figure 5. At the lowest discharge rate of C/20, all cells had a similar average discharge
voltage of 2.17 V. As the C-rates increased, for the 0.0 % sucrose, the average discharge voltage
dropped substantially and was 1.64 V at C/5. As the sucrose content increased, the drop in average
discharge voltage was mitigated with the 7.5 % sucrose TNO anode cell achieving 1.96 V at C/5.
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Figure 4. Voltage profiles of BF electrodes with 0.0 (green), 2.5 (orange), 5.0 (red), and 7.5 % sucrose (purple)
in full cells paired with LCO BF cathodes. LCO mass loading was ~1.9 times greater than TNO electrodes to
ensure an anode-limited cell. The charge and discharge rates were the same and corresponded to (a) C/20, (b)
C/10, and (c) C/5. C/20 corresponded to a current density of 1.7 mA cm?. All charge and discharge cycles used
the same voltage window of 1.0-3.2 V (cell). Note that in the plots, the orange curve generally overlaps with
the red and is thus difficult to distinguish
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Figure 5. Average discharge potential of 0.0 (green), 2.5 (orange), 5.0 (red) and 7.5 % sucrose (purple) as
the TNO BF cells paired with BF LCO cathodes were cycled at different C rates. All charge and discharge
cycles used the same rates, *last five cycles when the charge/discharge rate was reduced back to C/20. C/20
corresponded to ~1.7 mA cm™
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This outcome suggested the electronic conductivity improvement of the additional carbon
helped to increase the average discharge voltage, although the ion transport limitations and Li*
depletion in the electrolyte likely resulted in the reverse trend for the total capacity at an increasing
discharge rate. The average voltage for the last five cycles of the rate capability experiment, where
the rate was adjusted back to C/20, also increased as the sucrose content during TNO processing
was increased.

AdQ/dV peak shift analysis

According to the Butler-Volmer equation [65,66], for most Li-ion battery electroactive materials,
the current has an exponential dependence on the overpotential if only considering the interfacial
kinetics. Thus, in the ideal case, galvanic charge and discharge of thin composite electrode batteries
with low loadings would often primarily reflect the interfacial kinetics at different C rates. dQ/dV
plots show the voltage regions corresponding to the delivery of electrochemical capacity. An
additional use of dQ/dV is the AdQ/dV calculated for shifts in the peak positions between the charge
and discharge cycle at the same current density (shift in voltage location of peaks in differential
capacity), where the shift is the AdQ/dV values as a function of current densities. For batteries with
very thick electrodes, such as the BF electrode cells evaluated herein, the overpotential contribution
from interfacial compared to ionic and/or electronic overpotential is much smaller, according to
previous analysis [7]. For such thick electrodes, the electronic and ionic conductivity of the solid
electrode and liquid electrolyte phase can be reflected in the AdQ/dV peak position - where the
baseline is the dQ/dV peak at low cycling rates, and the AdQ/dV is the shift in the peak locations at
increasing C rates. For increasing C rates in a cell where the overpotential is primarily due to
electronic and/or ionic conductivity through the matrix, it would be expected that the AdQ/dV peak
positions would shift linearly as a function of increasing current density (or C-rate for identically
processed electrodes/cells). Similar analysis was previously reported for indirect evaluation of the
impact of the electronic conductivities of BF LiMn,0s-type (LMO) materials with different dopants
and lithiation states [18]. The prior analysis of LMO materials demonstrated that dQ/dV not only
serves well to analyze the redox potentials in thin composite electrodes with negligible electronic
and ionic overpotentials but also to analyze the electronic and ionic conductivities in thick BF
electrodes with relatively low contributions from interfacial overpotentials to the overall cell over-
potential [7]. When comparing electroactive materials with different compositions/dopants/treat-
ments, using AdQ/dV peak positions can exclude the impact of the difference in open circuit voltage
(OCV). In addition, with thicker electrodes where lithium depletion, in general, will occur, the peak
dQ/dV position well represents the voltage where the electrochemical reactions occur most
favorably well before lithium depletion in the cathode region. The Li* depletion likely resulted in a
more dramatic decrease in voltage, resulting in lower capacity for the TNO BF electrodes with the
highest sucrose content during processing.

Plots of the AdQ/dV peak positions as a function of areal current densities for all cells with BF
TNO anodes can be found in Supplementary material, Figure S-7. As expected for cells with ionic or
electronic electrode conductivity being the primary contributors to overpotential, all cells had a
linear dependence between the AdQ/dV peak positions and current density. As the sucrose content
increased, the slope decreased, with these results summarized in Figure 6. In contrast to trans-
mission line models or models often assumed in pseudo-two-dimensional simulations [22,65,67],
where the current was distributed between the solid electrode and liquid electrolyte across the
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electrode depth, an overall conductivity (effectively a combination of both electronic conductivity
of the electrode and ionic conductivity of electrolyte) can be calculated as in Eq. 1:

o=AR? (1)
where o is the overall conductivity, A is the electrode area, L is the total battery thickness including
anode, cathode, and separator, and R is the resistance [68]. Furthermore, we approximate the slope
of the AdQ/dV peak position with a unit of V.cm? mA* as in Eq. 2:

2k =AR (2)
where k is the slope. Combining both equations, the approximate overall conductivity can be
calculated as in Eq. 3:

o=2k*L (3)

The overall conductivities of all TNO BF anode cells are shown in Figure 6, as the sucrose content
increased, the overall conductivity increased and matched the electronic conductivity trend
measured for the TNO BF anode pellets. Note that for the 2.5 % sucrose content and higher, the
overall conductivity approached and exceeded the ionic conductivity of the electrolyte used, which
further supported that the rate capabilities of 2.5 % sucrose and higher sucrose content TNO BF
anode cells were not limited by the electronic conductivities of the electrode matrix.
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Figure 6. Slope of AdQ/dV peak position (black) and overall conductivity (blue) of BF electrode with 0.0, 2.5,
5.0and 7.5 % sucrose. Lines added to guide the eye

Cycle life evaluation was conducted using cells with the relatively thinner BF electrodes at C/2
(2 mA cm2), and discharge capacity and average discharge voltage can be found in Figure 7. In the
first cycle, discharge capacity reached 224, 227, 229, and 235 mAh g* anode, and average discharge
voltages were 2.285, 2.262, 2.296, and 2.302 for 0.0, 2.5, 5.0 and 7.5 % sucrose. The increasing trend
in capacity/voltage was consistent with improvements in the electronic conductivity of the TNO
material electrode matrix. At the end of 100 cycles, all cells had similar capacity retentions above
60 %. However, the 5.0 % sucrose had the best retention of average discharge voltage, over 70 mV
higher than that of 0.0 % sucrose. When examining the Nyquist plots (Figure 8) extracted from EIS
on the cells after cycling, the charge transfer resistance of the 5.0 % sucrose was also significantly
lower than the 0.0 % sucrose cell. This outcome suggested the carbon coating improved interfacial
stability, contributing to improved voltage retention. SEM images of the surfaces of 0.0 % sucrose
and 5.0 % sucrose anodes after cycling can be found in Supplementary material, Figure S-8.
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Extensive cracks on the electrode are seen on both BF electrodes. Such observation could originate
from the large volume change upon cycling for the TNO materials [29,69,70], which supported the
similar capacity fade observed among the BF electrodes with varying amounts of carbon coating.
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Figure 7. (a) Discharge capacity and (b) average discharge voltage during cycle life evaluation of cells with
thinner BF electrodes for 0.0 % sucrose (green), 2.5 % sucrose (orange), 5.0 % sucrose (red), and 7.5 %
sucrose (purple). Charge and discharge cycling was at the same rate of C/2 (2 mA cm™) within a voltage
window of 1-3.2 V (cell)
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Future considerations

The electronic conductivity improvement from carbon coating was beneficial for electrochemical
energy storage outcomes for TNO materials, but only up until a certain threshold of carbon added.
More generally, many coating materials, including carbon, do not participate in the electrochemical
battery reaction and sometimes exacerbate the interfacial kinetics if the coating layer is too thick
[71,72]. In a thick electrode architecture, another disadvantage of excess carbon material is that the
excess material can potentially take up volume within the electroactive particle interstitial space of
the electrode. Additional material within the pore/void volume laden with electrolyte will decrease
effective ionic transport properties through the electrode [8,73]. As mentioned earlier, so long as the
effective electrode electronic conductivity exceeds approximately 1 S m™, or roughly the ionic
conductivity of the electrolyte (LiPFs in carbonates) [8,39], the matrix electronic conductivity of the BF
electrode no longer limits the capacity of the cell. In the case of higher conductivity electrolytes such
as those containing lithium bis(fluorosulfonyl)imide [7,24,74], the threshold for electronic conductivity
would be increased to match a value similar in conductivity of the relevant electrolyte.
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The carbon coating improved interfacial stability but had little impact on limiting capacity loss
during extended cycling. The capacity loss may have been due to volume change during cycling
which induced electrode fracturing, which would be consistent with the bulk TNO material
properties during lithiation/delithiation. BF electrode particle morphology control and particle
encapsulation to mitigate the negative impacts of volume change may provide future opportunities
to improve the cycle life of BF electrodes [75-77].

Conclusions

TiNb207 was successfully synthesized using a sol-gel method. Sucrose was incorporated into the
processing of the TNO material into porous BF electrodes, where the sucrose played a dual role of
the binder during powder processing and carbon source for generating carbon during thermal
treatment. As the relative weight fraction of sucrose was increased, the relative amount of carbon
in the electrode and the resulting initial measured electrode matrix electronic conductivity also
increased. The carbon addition resulted in improvements in rate capability, average discharge
voltage, and interfacial stability for cells that used BF anodes containing the TNO materials. This
report provides both a robust route for improving electrochemical outcomes when incorporating
relatively low electronic conductivity electroactive material in BF electrodes and supports general
guidelines for targeting a carbon amount that achieves comparable conductivity to the electrolyte
to avoid unnecessary ion transport restrictions from excessive carbon.
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