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ABSTRACT: The Wadsley—Roth shear phase compound
(W2Vi5)305 is a promising fast-charging electrode material with
the ability to engage in multielectron redox reactions and to sustain
high specific capacity under large currents. Here, solid-state
methods and sol—gel methods combined with freeze-drying were
used to synthesize (W,,V(z);0, microparticles and nanoparticles,
respectively. Cyclic voltammetry and galvanostatic cycling
demonstrated that electrodes made of (W,V,5);0; nanoparticles
have superior electrochemical performance compared to those
made of microparticles, but the origin of this difference was not
well understood. Here, entropic potential measurements per-
formed at slow C-rate indicated that both nanoparticles and
microparticles undergo a semiconductor to metal transition.
However, the nanoparticles display a two-phase coexistence over a narrower range of compositions than the microparticles.
Operando calorimetry measurements at high C-rate established that, regardless of particle size, the heat generation rate at the
(Wy2Vo5)30; electrode increased with lithiation due to an increase in charge transfer resistance. The time-averaged irreversible heat
generation rate was slightly but systematically smaller at the electrode made of nanoparticles. However, the specific dissipated energy
and the contribution from enthalpy of mixing caused by the lithium concentration gradient were notably smaller for the
(Wy2Vos)30, nanoparticles. These observations were attributed to the fact that nanoparticles were less ionically resistive and able to
accommodate more lithium while lithium-ion intercalation therein was more kinetically favorable.
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1. INTRODUCTION Wadsley—Roth shear phase materials have low activation
barriers favorable to fast lithium diffusion.”” Among materials
with Wadsley—Roth crystallographic shear structure, tungsten
vanadium oxide (Wy,V5);O; is a promising fast-charging
electrode material due to its ability to engage in multielectron
redox reactions and to sustain high specific capacity under
large currents.'® Moreover, vanadium is more abundant than
niobium. Thus, vanadium-based (W,,V,5);05 is an interesting
alternative to the niobium-based Wadsley—Roth shear phase
materials. '’

In addition to the new crystallographic framework offered by
Wadsley—Roth shear phase compounds, mesoscale and
nanoscale structuring of their particle morphology can further
enhance their fast-charging ability by decreasing the Li-ion

Since their initial commercialization in the 1990s, lithium-ion
batteries (LIBs) have served as the dominant energy source for
portable electronics and electric vehicles. In the past decades,
significant progress has been made in the development of LIB
electrode materials. Different crystallographic structures, such
as layered rocksalt-derived lithium cobalt oxide (LiCoO,),"
olivine lithium iron phosphate (LiFePO,),” and spinel lithium
manganese oxide (LiMn,0,),” have been developed as
electrode materials for commercial batteries. However, for
these materials, fast charging is often hindered by the highly
anisotropic solid-state diffusivity and by the notable ion path
tortuosity associated with some crystal structures.” Alter-
natively, Wadsley—Roth shear phase compounds have been
proposed as electrode materials for fast-charging LIBs. The
Wadsley—Roth shear phase compounds typically contain some
combination of edge- and corner-shared octahedral, creating
open tunnel-like regions through which Li* ions can rapidly
diffuse during lithiation and delithiation.>™” Furthermore,
nuclear magnetic resonance (NMR) as well as magnetism
and conductivity measurements have demonstrated that
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diffusion lengths within the particles. In our previous work, we
demonstrated that electrodes made from (W,,V,;);0-
nanoparticles showed better rate capabilities than those made
from microparticles of the same compounds.'’

Conventional electrochemical characterization methods,
such as galvanostatic cycling and cyclic voltammetry, can
give insight into the charging mechanisms taking place in
battery materials during cycling. However, those methods are
not able to identify subtle changes in bonding or structure
which can in turn have a dramatic effect on the material’s
electrical conductivity and thermodynamic properties. There-
fore, alternative or complementary characterization techniques
are desirable to further observe and understand the
physicochemical phenomena occurring in battery electrodes
upon cycling. One particularly useful method is potentiometric
entropy measurements which can shed light on the entropic
changes occurring in the electrode materials and thus provide a
window into structural changes including phase transition and
ion ordering.'' A second highly informative method is
operando calorimetry, which is capable of directly measuring
the instantaneous heat generation rate in each electrode of a
battery cell during charging/discharging and thus can provide
insights into the different phenomena contrlbutlng to energy
dissipation upon charging/discharging.'”"*

The present study aims to use potentiometric entropy and
calorimetric measurements to understand structural changes
and different physicochemical phenomena occurring in
(Wy2Vos)30; working electrodes made of particles with
different sizes during cycling. Potentiometric entropy measure-
ments at low C-rates were combined with other electro-
chemical characterization techniques to investigate the phase
transition occurring in the (W,V,35);0; electrodes. Further-
more, the instantaneous heat generation rates were measured
by operando isothermal calorimetry at high C-rate in the
electrode made of (Wy,V,4);0; microparticles or nano-
particles with lithium metal counter electrodes in 1 M of
LiPF4 in EC:DMC 1:1 v/v during cycling. These measure-
ments were used to gain insight into the dynamic interfacial
and transport phenomena responsible for any energy
dissipation upon cycling.

2. BACKGROUND

2.1. Entropic Potential Measurements. Entropic
potential measurement methods aim to measure the open-
circuit voltage U,.(x, T) and the entropic potential

0U,. (%, T)/0T for a given lithium composition x. Based on
the Nernst equation, the open-circuit voltage U, (x, T) of a
battery cell consisting of a (W,,V,5);05-based working

electrode and a metallic Li counter electrode can be expressed
11,14
as

ML, O(xl T) - MLI(T)
e (1)

Here, ¢ is the unit charge, and p1} °(x, T) and u{;(T) are the
Li chemical potentials in the (W,,V,5);0, working electrode
and at the metallic Li counter electrode, respectively. Our
previous study'' has demonstrated the relationships between

U,..(%, T) or dU,.(x, T)/0T and the materials’ thermody-
namic properties. We also provided an interpretative guide to

U,.(%, T) and 0U,,(x, T)/0T plotted as functions of lithium
composition x during lithiation or delithiation for intercalation
compounds cycled against a metallic Li counter electrode

OCV(x’ T)
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treated as an infinite lithium reservoir. Neglecting the
contributions from surface energy of the pure metallic Li
counter electrode, 0U, . (x, T)/0T can be written as''
oU,(x, T) _ 1 Osyyyolx, T)
aT e Ox

— (T
sLl( ) (2)

where syyo(x, T) and s{,(T) are the normalized entropy per
mole of (W,,V(4);0, or metallic Li, respectively. Here, s0;(T)
is independent of x at any given pressure and temperature and
was reported to be 29 J/(mol K) at room temperature."® Thus,
the trend of 0U,,(x, T)/dT is dependent on the partial molar
entropy of (W,,Vy5);05, denoted by dsyyo(x, T)/0x.
Therefore, measuring 0U,.(x, T)/0T during cycling can
provide insights into physicochemical phenomena occurring in
the (Wy,Vy5);0; particles of the working electrode that result
in entropy change during lithiation and delithiation.

2.2. Calorimetry. Several calorimetric measurement
techniques have been used to probe heat generation associated
with battery operation and electrical ener%y losses. For
instance, dlfferentlal scanning calorlmetry, 7 acceleratln
rate calorimetry,'®"” and operando isothermal calorimetry™”
have been used to develop therrnal management systems to
prevent thermal runaway'® and to investigate transport
processes as well as chemical reactions occurring during
battery cycling.”*° Furthermore, our previous operando
isothermal calorimetry studies using a custom-made calorim-
eter capable of measuring the instantaneous heat generation
rates'” have revealed thermal signatures associated with a
variety of physicochemical phenomena including ion adsorp-
tion/desorption in supercapacitors,”’ >* electrolyte decom-
position at high voltages and/or high temperatures,”””*> ion
intercalation,2 overscreening effects,zs’26 resistive losses,s’m_24
and insulator to metal transition.” In the present study, an
operando isothermal calorimeter was used to investigate the
energy dissipation mechanisms in (W,Vs);0, electrodes
during cycling and the effect of particle size on heat generation.

The total instantaneous heat generation rate Q (x, T) (in
W) in a two-electrode cell can be divided into four

contributions, namely, (1) Joule heating Qj(x, T), (2)

reversible entropic heat generation Q _ (x, T), (3) enthalpy
of mixing Q _ (x, T), and (4) heat generation due to side

reactions er(x, T). Thus, QT(x, T) can be expressed

a55,20,27,28

QT = Qj + Qrev + Q.mix + er (3)

where QT(x, T) is negative when the electrode absorbs heat
and positive when it releases heat.
Under isothermal conditions, the exothermic Joule heating

Qj(x, T) associated with irreversible resistive losses can be

5,20,27,28
written as

Qx T) = 1V(x, T) = U™(x, T))] @
Here, I is the applied current, and U¥(x, T) is the open-circuit
voltage evaluated at the volume-averaged concentration of
lithium 1ons in the cell, c0n51der1ng a single electrochemical
reaction.”” Specifically, U™8(x, T) is “the potentlal to which the
cell would relax if the current was interrupted”.”® In practice,
U™8(x, T) can be measured using GITT at the same C-rate as
that used for the calorimetric measurements, provided that the

https://doi.org/10.1021/acsaem.2c03150
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materials can cycle sufficiently fast. In addition, [V(x, T) —
U™8(x, T)] is the so-called battery overpotential corresponding
to the voltage drop due to internal resistance.

In addition, the reversible entropic heat generation rate
Qrev(x, T) associated with the changes in the entropy of the

battery upon cycling can be expressed g2027:28

oU™8(x, T)
oT Q)

Under extremely small current, Li is uniformly distributed
within the cell, and the operating voltage V(x, T) is equal to
the open-circuit voltage U,.,(x, T), i.e,, V(x, T) = U™8(x, T) =
U,.(x, T). Then, Qj(x, T)~ 0, and heat generation is solely

due to Q _(x, T).** However,

rev

Q. (x, T) =1IT

under high current, Qj(x, T)

dominates,® and Li concentration gradients form within the
working electrode and electrolyte due to mass transport
resistance.

The heat generation rate from enthalpy of mixing
Q_, (x, T) due to the ion concentration gradients in the

working electrode and electrolyte caused by diffusion
limitation in the LIB can be written as”**”*"

. _ N
Q6 T) = fvm;[h,.(x, 1) = K%, TSV
(©)

V. is the volume of the cell, and ¢ is the local

Here, V

concentration of ion species i. In addition, h,(x, T) and

h*®¥(x, T) are the local and volume-averaged partial molar
enthalpy of ion species i, respectively. The enthalpy of mixing
is mainly caused by four different ionic concentration
gradients: (i) across the electrolyte due to mass transfer
resistance, (ii) across the electrode caused by nonuniform
current distribution, (iii) within vacancies of the electrode, and
(iv) within intercalated Li in the electrode due to electro-
chemical reactions.””*' In general, the ionic concentration
gradient of the intercalated Li in the electrode is the dominant
contribution to the enthalpy of mixing in LIBs.”® Thus, if the
transport of a Li* ion in the electrode is fast, Q . (x, T) should
remain small.

Most calorimetry studies on LIBs have neglected the heat
generation caused by the side reaction er(x, T) because most

undesirable side reactions are prevented bgf cycling the device
: : . 20,27,28,52 :

in an appropriate potential range.” """ Then, the aging
process of LIBs occurs at relatively slow rates,”” and the
associated Q _(x, T) is negligible compared to Qj(x, T),

Qrev(x, T), and Qmix(x, T) early in the LIB’s life.”°

The total thermal energy Qp (in J) dissipated over a
charging/discharging cycle as well as the heat released in the
form of Joule heating Q; and enthalpy of mixing Q, can be
calculated as®®

Q= ¢‘ Q (x, T)dt withi=T, ], rev, or mix
cycle ! (7)
Note that integrating the reversible heat generation rate
Qrev(x, T) with respect to time over a cycle yields zero, i..,
Ql'eV = O'
Finally, the net electrical energy losses AE, (in J) over a
charging/discharging cycle is the difference between the
electrical energy delivered during charging and that recovered
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during discharging. Graphically, AE, is the area enclosed by
the hysteric voltage V(x, T) vs the charge transferred q and can
be written as™*°

AE, = 55
cycle (8)

Here, I is the current such that I = dgq/d¢t. Based on the first law
of thermodynamics, the total thermal energy Qr dissipated
during a cycle is equal to the net electrical energy loss AE,, i.e.

AEE = Q_] + Qmix = QT

V(x, T)dg = ‘¢‘ V(x, T)Idt

cycle

(9)

This relationship has been validated experimentally with LIBs
with electrodes made of TiNb,0,° PNbyO,,'* and
Ti,Nb,0,.*

3. MATERIALS AND METHODS

3.1. Synthesis of (W,,V,5);0; Powders. The solid-state
preparation of (W,,V,5);0, microparticles followed the synthesis
described in ref 10. In brief, the material was prepared by heating a
stoichiometric mixture of precursor oxide powders of WO3, V,0O5, and
V,0; to 700 °C for 24 h in a sealed vitreous silica tube backfilled with
a partial pressure of argon. After annealing, the tube was water
quenched to room temperature to obtain (W,,V5);0; micro-
particles.

The (W,,V(5);0, nanoparticles were prepared by combining sol—
gel synthesis with a freeze-drying method. First, 200 mg of NH,VO,
and 105 mg of (NH,),o(H,W,,0,,) were added to 4 mL of distilled
water and heated while stirring until the solids were fully dissolved.
The resulting yellow solution was added dropwise to liquid nitrogen.
After the removal of the remaining liquid nitrogen, the frozen solution
was subjected to vacaum (<100 mTorr) on a Schlenk line for 10—20
h to remove water. The dried powder was calcined in a tube furnace
with flowing Ar with a heat ramp of 30 °C/min followed by a 1 h hold
at 700 °C. The furnace was then cooled to room temperature. The
synthesized nanoparticles were stored under an inert atmosphere to
prevent unwanted surface oxidation.

Finally, the (W,,V,35);0; particles, synthesized by solid-state or
sol—gel syntheses, were characterized with an FEI Apreo C scanning
electron microscope (SEM) with a voltage of 15 kV and a current of
0.8 nA.

3.2. Electrode and Device Fabrication. The same procedure
was followed to fabricate working electrodes made of the
(Wy2Vi3)30, powders synthesized by either solid-state or freeze-
drying methods, as described previously. First, the synthesized
(Wy2Vo5)30, powder was ball-milled using a vortex mixer (Genie,
Vortex-Genine) for 20 min in a 2 cm’ canister with SuperP
(TIMCAL) and carbon nanotubes (CNTs). Then, the mixture was
combined with poly(vinylidene fluoride) (PVDF) dissolved in N-
methyl-2-pyrrolidone (NMP) to form a slurry with a mass ratio
8:0.5:0.5:1 of (Wj,Vjs);0,:Super P:CNT:PVDF. The slurry was
thoroughly mixed using the vortex mixer for 30 min before casting. A
doctor blade set to 250 pm was used to cast the slurry onto a copper
foil current collector. The electrode was dried in a vacuum oven at
110 °C overnight. Then, electrodes were punched into a 10 mm
diameter disc for coin cell fabrication. For calorimetry, the electrodes
were cut into a 1 X 1 cm” square shape with a 4 cm X 0.25 cm strip
current collector, as described previously.'> The mass loading of the
active material in electrodes made of (W,,V,);O; microparticles and
nanoparticles was in the range of 6—7 mg/cm? All coin cells were
fabricated in an Ar-filled glovebox using 2032 SS casings (MTI parts).
They consisted of a (W,,V,5);0; electrode with 1 M of LiPFy in
EC:DMC 1:1 v/v (Sigma-Aldrich) as the electrolyte, polished metallic
lithium (Sigma-Aldrich) ribbon as the counter electrode, and a 50 ym
thick Celgard C380 polypropylene/polyethylene separator. Cyclic
voltammetry, galvanostatic cycling, and potentiometric entropy
measurements were performed on the coin cells using a high accuracy
potentiostat (Biologic, VSP-300) in the voltage range of 1.0-3.0 V.

https://doi.org/10.1021/acsaem.2c03150
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(a) Microparticles

Figure 1. Scanning electron microscope images of (a) (Wy,V,3);O; microparticles synthesized by the solid-state method and (b) nanoparticles

made by sol—gel synthesis combined with the freeze-drying method.

3.3. Potentiometric Entropy Measurements. The open-circuit
voltage U,.,(x, T) and the entropic potential 0U,,(x, T)/dT of the
coin cells were measured as functions of lithium composition x using
the potentiometric entropy measurement technique and the apparatus
previously described in ref S. In brief, the measurements consisted of
imposing a series of constant current pulses at a C-rate of C/10 at 20
°C. Each current pulse lasted for 30 min followed by a relaxation
period of 90 min. During the relaxation period, the temperature of the
coin cell was varied from 15 to 25 °C in 5 °C increments using a
thermoelectric cold plate (TE technology, CP-121) in contact with
the coin cell. The corresponding coin cell voltage evolution was
recorded with a high accuracy potentiostat (Biologic, VSP-300). The
lithium composition x in Li,(W,,V5);0; can be estimated based on
the charging/discharging time ¢ (in s), ie,

It
x=——
3600MC

theo

(10)

where M is the mass loading of the active material in the electrode,
and Cy,, is the theoretical capacity of (W,,V,3);0, calculated as
Ciheo = 230 mAh/g based on one electron per transition metal. In
addition, U™8(x, T) and 0U"3(x, T)/0T were also measured using the
same procedure and the same relaxation time as that used for
measuring U, (x, T) but with current pulses corresponding to
different C-rates. In addition, the duration of the current pulses
changed with C-rates such that, at a C-rate of 1C, each current pulse
lasted 3 min, while it lasted 2 min at 2C, and 1 min at 3C. Regardless
of the C-rate, we verified that the coin cell had reached
thermodynamic equilibrium before imposing the next temperature
step during the relaxation period. To do so, we verified that (i) the
temperature difference between the cold plate and the top of the coin
cell surface was less than 0.1 °C and (ii) the time rate of change of the
open-circuit voltage 0U,,(x, T)/0t or OU*"8(x, T)/0t was less than S
mV/h.

3.4. Operando Isothermal Calorimetry. The instantaneous heat
generation rates at the (Wy,V,5);0, working electrode and at the
metallic lithium counter electrode were measured separately under
galvanostatic cycling using a custom-made isothermal calorimeter
described previously.'> The calorimetric cell consisted of (i) a 1 X 1
em? (Wy,Vys)305-based electrode, (i) two SO um thick Celgard
C380 polypropylene/polyethylene separator sheets, (iii) 1 M LiPF, in
EC:DMC 1:1 v/v (Sigma-Aldrich) as the electrolyte, and (iv)
polished metallic lithium (Sigma-Aldrich) as the counter electrode.
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Here, the mass loading of the active material in the electrode made of
(Wiy2V)30; microparticles and nanoparticles was 6.5 mg/cm* and
6.9 mg/cm?, respectively. As discussed in ref 12, the heat generation
rate Qi(t) (in mW) at each electrode was equal to the heat transfer
rate g/ (t) measured at the 1 X 1 cm?® thermoelectric heat flux sensor
(greenTEG, gSKIN-XP) placed in thermal contact with the back of
each electrode, i.e., '

AV(t) o .

A; withi = WVO or Li
S, (11)
Here, A, is the footprint area of the electrode (in cm?), AV; is the
voltage difference measured at each heat flux sensor, and §; is the
sensitivity of the heat flux sensor (in pV/(W/cm?)). The total
instantaneous heat generation rate in the entire calorimetric cell can
be expressed as the sum of the heat generation rate measured at each
electrode, i.e., QT(t) = QLi(t) + Qwvo(t)' The instantaneous heat

w.»

generation rate Q(t) at electrode “i

Q1) = q/ (A =

can be divided into an

irreversible Qim(t) and a reversible Qrev i(t) contribution, i.e.,

Qi(t) = ri,i(t) + Qrev’i(t) with i = WVO or Li (12)

Here, Qimi(t) may vary with time as the electrical and/or ionic
conductivities of the electrode may change upon charging/
discharging, for example.” However, Qrev’i(t) averaged over an entire

cycle should yield zero due to its reversible nature. Therefore, the

.9

time-averaged irreversible heat generation rate (j'irr i(t) at electrode “i
can be calculated according to

. 1
Qirr,i =

95. Q,(t)dt withi = WVO or Li
tcd cycle

(13)

where t.4 is the cycle period.

4. RESULTS AND DISCUSSION

4.1. Material and Electrochemical Characterization.
Figure 1 shows the SEM images of the two types of
(Wp,Vos)30, particles synthesized in this study. Both types
of particles featured a rod-like morphology consistent with
earlier observations.34Figure 1(a) indicates that the average
particle size of (W,Vy4);0- particles synthesized by the solid-

https://doi.org/10.1021/acsaem.2c03150
ACS Appl. Energy Mater. 2023, 6, 1355—1367


https://pubs.acs.org/doi/10.1021/acsaem.2c03150?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c03150?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c03150?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c03150?fig=fig1&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.2c03150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

05 T T T 10 T T T
(a) Microparticles (b) Nanoparticles

04+ 0.8+ 3

0.3 1 06+ ]
< 021 < 041
g 0.1 é
~ ~ 02
£ 0] g

0.0
g 0.1 2 :
S 024 8 -0.2 1
0.1 mV/s 04
034 ——02mVis 7
04+ ——0.3mV/s ] -0.6 +—— 0.3 mV/s b
——0.5mV/s ——0.5mV/s
-0.5 t t t -0.8 t t t
1.0 15 2.0 25 3.0 1.0 1.5 2.0 25 3.0
Potential vs. Li/Li* (V) Potential vs. Li/Li* (V)
3.0 T T T T T 350 T T et
et
(c) —_ (d) Nanoparticles I .'a.'°’.‘

281 1 Dano —— Delithiation
S26 i= Il Microparticles {+ Lithiation ]
<= < . P —— Delithiation
+_ i E 250 + "% i -

2.4

- [/

0227 1 &0+ | ]
n
@20 g ci5
T 154 is 150 + ]
= C-rate =C/5
c
@ 161 o 1 & 1004 ]
° " Nano- {— Lithiation 'S
@ 47 particles \- - - Delithiation 18 ,f 10C ]

1.2 X Micro- {— Lithiation E T

particles L~ - - Delithiation
1.0 t + t t } 0 + t t 1
0 50 100 150 200 250 300 0 5 10 15 20 25
Specific capacity (mAh/g) Cycle number
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state method and of (b) nanoparticles from sol—gel with the freeze-drying method cycled with a potential window ranging from 1.0 to 3.0 V vs Li/
Li* at different scan rates v, (c) galvanostatic charge—discharge potential profile at C-rate of C/S, and (d) specific capacity retention of the cell

cycled between 1.0 and 3.0 V vs Li/Li* at C-rates between C/S and

10C.

state method was around 1—2 um with lengths ranging from 1
to 10 ym. On the other hand, Figure 1(b) shows that the rods
synthesized by the freeze-drying method were about 100 nm
wide and 1-2 um in length. Furthermore, X-ray diffraction
(XRD) spectroscopy data of the two types of particles were
presented in our previous paper and confirmed that the desired
phase was obtained.'” These results were confirmed by X-ray
fluorescence (XRF) spectrometry measurements (see Table S1
of Supporting Information).

Figures 2(a) and 2(b) show cyclic voltammograms at scan
rates v between 0.1 and 0.5 mV/s for a potential window
between 1.0 and 3.0 V vs Li/Li* for electrodes made of
(Wy,Vos);0, microparticles and nanoparticles, respectively.
Both (W,,V5);0;-based electrodes showed 4 redox peaks at
similar potentials at the relatively low scan rate v = 0.1 mV/s.
As the scan rate increased, the redox peaks for the electrode
made of (W,,Vs);0, microparticles shifted significantly
compared to that of nanoparticles and were not as sharp.
This can be attributed to the fact that the redox reactions were
more kinetically limited in the microparticles than in the
nanoparticles. The b-values associated with each cathodic and
anodic peak were obtained by fitting the peak current I, vs
scan rate v with the power law I = ar® (see Supporting
Information).**Table 1 reports the potential and the associated
b-value corresponding to each redox peak for electrodes made
of (Wy,Vys);0, microparticles and nanoparticles. For both
types of electrodes, all cathodic and anodic peaks featured a b-
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Table 1. Potential and b-Values of Redox Peaks in the
Cyclic Voltammetry Curve for Electrodes Made of
(Wy.,V,5)30, Microparticles and Nanoparticles

Microparticles Nanoparticles
Potential (V)  b-value  Potential (V)  b-value
Oxidation peaks 2.26 0.5 2.19 0.62
2.58 0.56 2.52 0.64
Reduction peaks 2.08 0.57 2.01 0.63
2.46 0.52 247 0.58

value close to 0.5, suggesting that charging and discharging
were limited by diffusion. As such, (W,V,5);0, behaved as a
traditional battery material. > Interestingly, the calculated b-
values for the electrode made of (W,,V,3);0, nanoparticles
were systematically larger, albeit only slightly, than those of the
electrode made of microparticles, suggesting that redox
reactions were slightly less diffusion-limited in nanoparticles
than microparticles.*®

Figure 2(c) shows the galvanostatic charge—discharge
potential profile at a C-rate of C/5 of coin cells containing
electrodes composed of (W,,V;5);0; microparticles or
nanoparticles between 1.0 and 3.0 V vs Li/Li". The trends in
the voltage curves of both coin cells were similar during
lithiation and delithiation. However, the specific capacity of the
cell with the electrode made of (W,,V,4);0, nanoparticles
was 280 mAh/g compared with 230 mAh/g for that made of
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microparticles and (b,d) nanoparticles during (a,b) lithiation and (c,d) delithiation as functions of lithium composition x in Li,(Wy,V,5);0; at

temperature T = 20 °C.

microparticles. Note also that, in both cases, the capacity was
larger than the theoretical capacity calculated based on one
electron per transition metal. These results demonstrate the
ability of (Wy,Vy4);0, to engage in multielectron redox
reactions, as confirmed previously by X-ray photoelectron
spectrosccopy (XPS) measurements.mFigure 2(d) shows the
specific capacity as a function of cycle number for coin cells
with electrodes made of (W;,Vs);0, microparticles and
nanoparticles at different C-rates between C/5 and 10C for the
same potential window. Here also, the cell made with an
electrode consisting of (W,,V,5);0; nanoparticles featured a
larger capacity than that consisting of (W,,V,s);0; micro-
particles at any C-rate, as illustrated in Figure S2 of Supporting
Information plotting the galvanostatic charge—discharge
potential profile at different C-rates ranging between 1C and
10C. Moreover, both electrodes showed impressive fast-
charging ability. In fact, at C-rate of 10C, both types of
electrodes maintained about 50% of their specific capacity at
C/S. In addition, after 20 cycles, they maintained their specific
capacity and showed reversibility. Furthermore, for both
nanoparticles and microparticles, the charge transfer resistance
was not significantly affected by lithium intercalation and
remains at a reasonably consistent and low value for all states
of charge (see Figure S3 in Supporting Information). The
charge transfer resistance in fully lithiated (W,,V(4);0;
microparticles was found to be 103€2 through a Z-fit. This is
nearly identical with the charge transfer resistance of fully
lithiated (W,,V,35);0 nanoparticles.lo The charge transfer
resistance is correlated to the resistivity in both materials.
Because the crystal and electronic structure of both materials
are identical, and independent of particle morphology, we,
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therefore, expect the charge transfer resistance to be very
similar. Overall, the electrochemical testing was consistent with
that reported in our previous study.' It is presented here for
the sake of completeness and confirms that the samples used in
this study show the fast-charging abilities and the superior
performance of electrodes made of nanoparticles compared to
those made of microparticles.

4.2. U, (x, T) and 0U,,(x, T)/OT Measurements. Figure
3 plots the open-circuit voltage U,.(x, T) and entropic
potential 0U,(x, T)/0T measured at 20 °C as functions of x
composition in Li,(Wy,V,35);0; at a C-rate of C/10 during
lithiation [Figures 3(a,b)] and delithiation [Figures 3(c,d)] for
coin cells with electrodes consisting of (W,V,4);0; micro-
particles [Figures 3(a,c)] and nanoparticles [Figures 3(b,d)].
The trends of both U, (x, T) and 90U, (x, T)/dT were very
similar for both types of electrodes and were almost identical
during lithiation and delithiation. These results confirm that
the physicochemical phenomena occurring at the
(Wy,2Vos)30, electrodes were reversible. However, the
electrode made of (W;,V;35);0; nanoparticles was able to
accommodate more lithium and featured a larger range of x
compositions compared to that with microparticles, as also
observed in Figure 2(c).

Three different regions corresponding to different phys-
icochemical phenomena could be identified in Figure 3. In
Region I, Uy,(x, T) decreased monotonically indicating
lithium insertion in a homogeneous solid solution, as
confirmed by in situ XRD measurements.'® This regime was
observed for x < 1.5 in coin cells with the electrode made of
(Wy,Vos);0, microparticles and for x < 1.7 in that with the
electrode made of nanoparticles. In Region I, 0U,.(x, T)/0T
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Figure 4. Measured instantaneous heat generation rates Qwvo(t) at the (W(,V;5);0,-based electrodes and QLi(t) at the lithium metal electrode

averaged over S consecutive cycles as functions of lithium composition x in Li,(W,,V( )30, with potential window ranging from 1.0 to 3.0 V vs Li/
Li* at C-rates of (a,d) 1C, (be) 2C, and (c,f) 3C for (W,V,5)30; (a,b,c) microparticles and (d,e,f) nanoparticles.

increased first and then decreased with increasing x, resulting
in a local maximum. This behavior could be attributed to the
semiconductor to metal transition occurring in (Wo.2V05)30,
resulting in a large change in the partial molar electronic
entropy. Assuming (W,,V,3);0- as an ideal intercalation
compound, the total entropy swvo(x, T) of the (W,,Vy5);0,
can be expressed as the sum of individual contributions
according to'"

swyo(®, T) = scomt (x, T) + s o(x, T) + s%(x, T)

(14)

where sin (x,T), sivo(%,T), and siwso(x,T) are the configura-

tional, vibrational, and electronic entropy of the (W,,V,3);0;
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compound, respectively. Therefore, eq 2 can also be expressed
as

U, (x, T) 1 dsm%(x, T) N as‘V;,‘:,O(x, T)
aT e ox ox

N 05&1,6\;0(x, T)

— 50T
ax Ll( )

(15)

A previous study has demonstrated that 05590t (x,T) / 0
decreased monotonically with increasing x.'' In addition,
0svi% (%, T) /0x was independent of x based on the vibrational
spectrum of the Li ions approximated by the Einstein model."'
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Thus, the trend of AU, (x, T)/0T leading to a local maximum
in Region I was attributed to a change in partial molar
electronic entropy Osieco(x,T)/0x. For itinerant electrons, the

. 3
electronic entropy can be expressed as’’

Sy, T) = —ky f [F(e)n[F(e)] + [1 — F(e)]

In[1 — F(e)[1D"(e)de (16)
where F(€) is the Fermi—Dirac distribution and D®*(¢) is the
electronic density of states per unit cell. The electronic entropy
depends on the shape of the electronic density of states

DY (¢) and the position of the Fermi level e¢. The majority of
Wadsley—Roth materials begins as fully oxidized d° oxides.
Lithiation of these materials effectively serves to dope the
material by reducing the transition metals and putting
electrons into the d bands, thus lifting the Fermi level. With
sufficient lithiation, this is seen to manifest as an insulator to
metal transition in PNbyO,;, supported with both experimental
and computational results.”"* Here, (W,,Vy);O5 is unique in
that it does not begin fully oxidized and instead contains a
small amount of partially reduced V*. However, the material is
not metallic either and can be characterized as a type of
semiconductor. The electronic structure of unlithiated
(W2Vi35)305 is analogous to that of low lithiation levels in
PNbyO,s, with the charge density localized on the central
corner-connected octahedron.'® In both cases, more doping,
i.e., lithiation, is required to induce a transition to a metallic
state, with electron delocalization along the edge-sharing
features in both structures. Because of this localization,
stwco(x,T) was small initially at low x composition when the
material was a semiconductor due to the small density of state
at the Fermi level.*® However, it increased sharply upon
lithiation as the material became a metal and exhibited a large
density of state at the Fermi level. Therefore, the local
maximum in dU,.(x, T)/0T observed in Region I could be
attributed to the change in partial molar electronic entropy
Osiiee(x,T)/0x due to the semiconductor to metal transition
known to occur in this regime (see Supporting Information).
In Region II, both U, (x, T) and dU.,(x, T)/0T were
approximately constant, confirming a two-phase coexistence
region observed previously in in situ XRD measurements.'’
The range of x composition in this region was 1.5 < x < 2.3 for
the electrode composed of microparticles and 1.7 < x < 2.3 for
that made of nanoparticles. The shorter two-phase coexistence
region for the electrode made of nanoparticles can be
attributed to the fact that nucleation of a first-order phase
transition is often inhibited in smaller particles, and many of
these systems are observed to have suppressed phase
transition.>” ™" Moreover, upon two-phase coexistence, lattice
mismatch occurs within the particle due to the different lattice
parameters associated with two different phases. For a small
particle, the lattice mismatch accompanied by two-phase
coexistence cannot be compensated internally, thus inhibiting
the two-phase coexistence.”” For example, LiFePO, experi-
ences large volume expansion during two-phase coexistence,
leading to notable lattice mismatch within the particle.
However, LiFePO, particles with mean size less than 140
nm significantly shorten the two-phase coexistence region by
avoiding substantial lattice mismatch.*? Finally, in Region III,
both U, (x, T) and dU,,(x, T)/dT decreased monotonically,
indicating lithium insertion in a homogeneous solid solution.
This was consistent with observations from in situ XRD
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measurements.'® Region III prevails for x > 2.3 for both types
of electrodes consisting of (W,,Vs);0; microparticles or
nanoparticles.

4.3. Operando Isothermal Calorimetry. 4.3.1. Instanta-
neous Heat Generation Rates. Figures 4(a)—4(c) show the

instantaneous heat generation rates Q—wvo(t) measured at the

electrode made of (W,Vs);0; microparticles and Q(t)
measured at the lithium metal counter electrode and averaged
over 5 consecutive cycles as functions of lithium composition x
in Li,(Wy,Vo5)307 at 20 °C and at C-rate of (a) 1C, (b) 2C,
and (c) 3C, respectively. Similarly, Figures 4(d)—4(f) plot
Q,yvo(t) measured at the electrode consisting of (W,V( )30,
nanoparticles and QLi(t) at the lithium metal counter electrode
averaged over S consecutive cycles as functions of «x
composition at C-rate of (d) 1C, (e) 2C, and (f) 3C,
respectively, under the same conditions. The measurements at
each electrode were repeatable over many cycles (see Figure
SS in Supporting Information). In addition, the trend and
magnitude of Qwvo(t) for both electrodes made of
(Wy,V03)30; microparticles and nanoparticles were very
similar. In both cases, QWVO(t) was small at the beginning of
discharging at low x composition when (W,V,4);0; particles

. .10 :
were electrically conductive.” However, (t) increased

Quvo
rapidly due to the increase in charge transfer resistance with
increasing « composition in Li,(W,,V);0; upon discharging
(lithiation)."* In addition, Quwvo
(W5, Vy5);0; nanoparticles and microparticles featured a small
plateau-like region upon discharging at C-rates of 1C and 2C.
Interestingly, the x composition of the plateau region in the

(t) for electrodes composed of

Qwvo(t) ranged between 0.5 and 1.2, corresponding to the

end of Region I where 0U,,(x, T)/0T decreased with
increasing x identified in Figure 3. As previously discussed,
0U,.(x, T)/0T is directly related to the reversible heat
generation rate [eq S]. In fact, decreasing 0U,.(x, T)/0T
observed in this x composition could diminish the reversible
heat generation rate, thus resulting in a plateau in Qwvo(t)'

However, at C-rates of 3C, this feature was not apparent,
possibly due to the fact that the irreversible heat generation
was much larger than the reversible heat generation and
dominated the total heat generation rate.

4.3.2. Time-Averaged Heat Generation Rates. Figure S
shows the time-averaged irreversible heat generation rates and

Q,.1; (eq 13) averaged over S consecutive cycles. The error
bars represent two standard deviations or a 95% confidence

interval. Fitting of Q. ,. with respect to current I at the

metallic Li electrode yields Q « I”. In other words, the

irr, Li
irreversible heat generation was dominated by Joule heating

since the resistance of the metallic Li electrode was constant.
Q... wvo in the electrode made of (Wy,V();0;

microparticles became slightly but systematically larger than
that in the electrode made of nanoparticles at C-rates of 2C
and 3C, despite the fact that the applied current was larger for
the nanoparticle-based electrode. This behavior could be
attributed to the fact that an electrode with larger particles
generally features larger electrical resistivity, thus increasing
Joule heating.** The enthalpy of mixing also contributed to the
irreversible heat generation and increased with increasing
particle size due to diffusion limitation, particularly at high C-

Importantly,
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reduced the irreversible heat of mixing (eq 6).””°" Here,
QirrWVO at the (W,,Vyg)30,-based electrodes made of

microparticles and nanoparticles were similar at C-rate of
1C. This observation could possibly be attributed to the fact
that the contribution of enthalpy of mixing to the irreversible
heat generation rate is small at relatively low C-rates.
Furthermore, the mass loading of (W,V,4);O, nanoparticles
was larger than that of microparticles. Thus, the applied
current was also larger for the electrode consisting of
nanoparticles.

4.3.3. Heat Generation Rate of a Full Cell. Figure 6 plots

the total instantaneous heat generation rate given by QT(x) =

Q,,(x) + Qyo(x) measured in the entire cell with electrodes

made of (Wy,V4);05 in the form of (a,b) microparticles and
(c,d) nanoparticles as functions of lithium composition x at C-
rate of 1C during (ac) lithiation and (b,d) delithiation,
respectively. It also shows the contributions from Joule heating
Q_J(x) and the reversible entropic heat generation Qrev(x)

predicted by eqs 4 and S, respectively.”*”*”** Here, Qrev(x)

was exothermic during lithiation and endothermic during

delithiation, as expected from the sign of 0U,.(x, T)/0T
shown in Figure 3. The predictions of QJ(x) + Q. (x) from

rates.'>*® Decreasing the particle size reduced the lithium

concentration gradient formed within the particles and thus the measured current and voltage agreed well with the
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Figure 7. Measured total heat generation rate Q(x) = Q,(x) + Qwvo(x) and predictions of the heat generation rates QJ(x) and Qj(x) + Qrev(x)

calculated based on eqs 4 and S along with the measured voltage V(x) upon (a,c) lithiation and (b,d) delithiation at C-rate of 3C for a cell
containing electrodes consisting of (a,b) (W;,V,3);0, microparticles synthesized by the solid-state method and (c,d) (W,,V,4);0, nanoparticles
synthesized by sol—gel with a freeze-drying method at temperature T = 20 °C.

measured total heat generation rate QT(x) for lithiation. The

differences between the predictions of Qj(x) +Q,. (x) and the

measured Q,(x) were larger during delithiation than lithiation

possibly due to relatively slow kinetics of delithiation
compared to that of lithiation, as observed in the apparent
diffusion coefficient of Li* ions in the (W,,V3);0, electrode
(see Supporting Information).

To understand what happens when the cell is cycled faster,

Figure 7 plots the total instantaneous heat generation QT(x)
measured in the entire cell with electrodes consisting of
(Wy,Vos);0; in the form of (a,b) microparticles and (c,d)
nanoparticles as functions of lithium composition x at a C-rate
of 3C during (a,c) lithiation and (b,d) delithiation,
respectively. Again, at 3C the difference between the
predictions of Qj(x) + Qrev(x) and the measured QT(x) was
larger during delithiation than lithiation. Moreover, the
differences between the predictions of Qj(x) +Q,.,(x) and

the measurements of QT(x) were larger at a C-rate of 3C than
at 1C (Figure 6). This can be attributed to the enthalpy of

mixing Qm.lx, according to eq 3. The heat generation rate

lex(x) should increase with increasing C-rates due to an
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increase in the lithium concentration gradients developed
within the electrode due to diffusion limitation.””>"

4.3.4. Energy Balance. Figure 8 presents the electrical
energy losses AE./C,, (eq 9) at C-rates of 1C, 2C, and 3C
along with the predicted Joule heating Q;/C,, (eq 8) and the
total thermal energy Qr/C,, per specific capacity C,, dissipated
in the entire cell measured experimentally for electrodes made
of (Wy,Vs);0, (a) microparticles and (b) nanoparticles,
respectively. It is worth noting that the cell-specific capacity
was larger for the electrodes made of (W,,V5);0; nano-
particles than that made of microparticles. Indeed, specific
capacity C,, was measured to be 155 mAh/g at C-rate of 1C,
140 mAh/g at 2C, and 130 mAh/g at 3C for the electrodes
made of microparticles and 200 mAh/g at C-rate of 1C, 175
mAh/g at 2C, and 160 mAh/g at 3C for the electrodes made
of nanoparticles. In both cells, AE./C, increased with
increasing C-rate due to the associated increase in the
overpotential [V(x, T) — U™¥(x, T)].*>** Moreover, the
specific electrical energy losses AE./C,, due to the hysteretic
voltage profile were within 5% of the independently measured
total specific thermal energy, Qr/C,, dissipated over a cycle. In
other words, the electrical energy losses were dissipated
entirely in the form of heat so that AE.,/C, = Qg/C,.
Furthermore, the dissipated energy AE,/C,, per unit of specific
capacity was smaller for a cell with the electrode consisting of

https://doi.org/10.1021/acsaem.2c03150
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Figure 8. Measured specific net electrical energy losses AE,./C,, and
total specific thermal energy dissipated Qr/C,, averaged over the first
five charging—discharging cycles as well as predicted contributions
from Joule heating QJ/ C,, during lithiation and delithiation for a cell
made of an electrode consisting of (W,,V(5);0; (a) microparticles
synthesized by the solid-state method and (b) nanoparticles
synthesized by sol—gel with a freeze-drying method. The enthalpy
of mixing corresponds to Qu/C = Qr/C, — Q/C,, = AE/C,, —
Q/Cp

(Wy,Vo5);0, nanoparticles than that of microparticles. Thus,
the electrode made of nanoparticles was energetically more
efficient and dissipated less electrical energy than that made of
microparticles. Averaging Q..,/C,, over a cycle yields Q..,/C,
0. Thus, the difference between Qr/C,, and Q/C,
corresponded to the heat dissipated in the form of enthalpy
of mixing, i.e, Qui/Cn = Qr/Cy — Qj/C,y. In both cells, the
contribution of the enthalpy of mixing to the total energy
dissipated increased with increasing C-rate. For a cell with
electrodes consisting of (Wy,V,5);0; microparticles, Q/Crn
reached 19% at C-rate of 3C compared with 13% for an
electrode made of (W,V,3);0, nanoparticles. These calorim-
etry measurements thus demonstrated that using nanoparticles
instead of microparticles made it kinetically more favorable for
lithium ions to intercalate in (W,,V;5);0, and resulted in
smaller enthalpy of mixing and overall energy dissipation.
These two systems show nearly identical behavior in almost all
other respects, making this an ideal system for isolating the
effects of particle size on enthalpy of mixing and heat
dissipation.

~
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5. CONCLUSION

This study investigated the effect of particle size of the
Wadsley—Roth compound (W,,V4);0, on the thermody-
namic properties and heat generation of battery cells.
Galvanostatic cycling confirmed that the electrode made of
(Wy,Vo5)30, nanoparticles synthesized by the sol—gel method
combined with freeze-drying featured larger capacity and
better capacity retention at high C-rates than that made of
(Wp,Vos);0, microparticles synthesized by the solid-state
method. Entropic potential measurements confirmed the phase
transition identified previously from in situ XRD measure-
ments. They also identified the semiconductor to metal
transition occurring at low lithium composition.'’ Further-
more, entropic potential measurements showed that the
(Wp,Vos);0, nanoparticles underwent a two-phase coex-
istence region over a narrower range of x compositions
possibly due to inhibition of the phase transition caused by
their nanoscale size. Isothermal operando calorimetry measure-
ments demonstrated that the heat generation rate increased at
the (W,,V,3);05-based electrode upon lithiation due to an
increase in charge transfer resistance. Moreover, the time-
averaged irreversible heat generation rate and the enthalpy of
mixing were smaller at the electrode made of nanoparticles
than at that made of the microparticles particularly at high C-
rates. Similarly, the dissipated electrical energy per unit of
specific capacity was smaller for a cell with electrodes made of
(Wy,Vos)30, nanoparticles than those made of microparticles
due to reduced concentration gradients and thus reduced
enthalpy of mixing. These results demonstrate that using
electrodes consisting of nanoparticles is energetically more
efficient thanks to more kinetically favorable lithium-ion
intercalation.
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