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Lithium-ion batteries have become prevalent for portable energy storage. Towards continuing to increase
the energy density of batteries, engineering the electrode structure can provide improvements with re-
gards to energy and power density. Sintered electrodes, which have no inactive additives, can achieve
high areal loadings of over 150 mg electroactive material cm—2, however, they have electronic andfor
iomic transport resistance limitations as the electrode loadings and thicknesses increase. Herein, LiMna O,
was investigated as a sintered electrode cathode material. LiMn; 0y is attractive as a relacively low cost
and Co-free carthode oprion, bur its relatively low electronic conductivity and fading due tw Jahn-Teller
distortion andfor manganese dissolution pose challenges that are exacerbated in sintered electrodes rela-
tive to composites. Thus the incorporation of dopants LiMno My Oy, where M = Cu or Al {in isolation or
combination) and x ranged from 0 to 0.15, were investigated to understand how modifications to the ma-
terial electronic conductivity and structural stability would impact sintered electrodes comprised of these
materials. Improvement in sintered electrode electrochemical outcomes was observed for incorporation

of both dopants.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

One route to increase the energy density in lithium-ion (Li-ion)
batteries at the cell level is to increase the electrode thickness,
because thicker electrodes result in greater relative fractions of
the cell being electroactive material which stores/delivers energy
[1,2]. However, as electrodes are made thicker, one challenging
limitation is that ionic transport pathways become much longer
resulting in substantial polarization and reduced rate capability
due to depletion of ions in the electrode microstructure during
charge/discharge [1]. Transport restrictions are exacerbated in thick
composite electrodes which have conductive carbon and polymer
binder additives, because these inactive species occupy the inter-
stitial regions along with the electrolyte and make the ion path-
ways more tortuous. For example, relative to ideal hard sphere
packing, the increase in the exponent associated with tortuosity
(e.g., Bruggeman exponent) for composite electrodes with inactive
additives has been reported to be over a factor of 3 [3,4]. To re-
duce the tortuosity associated with the inactive compounds, routes
have been explored to process electrodes free of these additives
[5-7]. One such system is “sintered electrodes”, where solid elec-
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troactive Li-ion battery particles have been pressed together (e.g.,
via hydraulic compression} and undergo heat treatment resulting
in a porous ceramic structure [8-14]. Compared to conventional
composite electrodes, sintered electrodes typically have relatively
high thicknesses (> 500 pm), resulting in high areal loadings of
active material exceeding ~200 mg cm~2 [12]. Such electrodes re-
duce inactive mass dedicated to the electrode architecture, allevi-
ate the additional fon transport restrictions associated with these
additives, and with increased thickness decreases the relative al-
location of other cell components such as separators and current
collectors [2,8,9,11].

One important consideration with sintered electrodes is that
they do not contain the conductive additives that facilitate electron
transport through the electrode matrix in composite electrodes.
With the absence of conductive additives, electrons must traverse
to/from the current collector through the entire electrode thick-
ness via conduction through the electroactive material itself. Mare-
rials such as LiCo0; (LCO) are well suited as a cathode material for
sintered electrodes because the electronic conductivity is relatively
high across a wide range of degrees of lithiation {over 95% of the
lithiation range typically accessed in LCO has electronic conductiv-
ity over 10" § cm~') [11,15,16]. However, due to environmental
[17] and cost [18] challenges, consideration of alternative cathode
materials should be explored for sintered electrodes. One possibil-
ity, considered in this report, is the spinel-phase commercial Li-ion
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cathode marterial LiMn;04 (LMO). LMO has potential advantages of
earth-abundant transition metals, relatively low reported toxicity,
and much lower cost than alternatives such as LCO [19-21). How-
ever, the electronic conductivity of LMO (10~*-107% § cm™') [22-
25] is much lower than that of LCO, about 4 orders of magnitude
[11,15,16]. This low conductivity presents a challenge in its use as
a sintered Li-ion cathode material without restricting the operating
ratefcurrent density, unless the material can be modified to im-
prove the electronic conductivity [26-30].

One route previously reported to modify LMO materials for Li-
ion cathodes, targeted towards conventional composite electrodes,
is to dope the LMO structure with other metals [31-37]. Doping
has been pursued both to stabilize the LMO structure during cy-
cling and rowards attempting to improve the material electronic
conductivity [31,38-43]. Guided by previous studies of LMO dop-
ing, herein the impacts of doping were investigated on the elec-
trochemical properties of LMO sintered electrodes. While there al-
ready exists a literarure on doping of LMO and the impacts on elec-
tronic conductivity, structural stability, and electrochemical cycling,
the novelty in this manuscript is in applying these doping material
concepts to sintered electrodes. The lack of conductive additives
and the reliance on particle-particle contacts in sintered electrodes
means they are even more dependent on the electroactive mate-
rial to be structurally resilient and electronically conductive. Thus,
it was expected that sintered electrodes would especially benefit
from dopants that improved on the relatively low conductivity of
LMO material. In particular, the dopants Al and Cu into the LMO
were explored to understand the impact on the electrochemical
properties of the final sintered electrodes.

2. Methods and materials
2.1. Pristine and doped LiMnz04 synthesis

To synthesize LiMnp0s (LMO) first an Mn oxalate precursor
was prepared. 100 mM of sodium oxalate (NaxCy0s, Fisher Chem-
ical) and 10 mM of sodium citrate dihydrate (Na;CzO7Hs+2H20,
Sigma-Aldrich) were dissolved into 400 mL of deionized (DI) wa-
ter in a 1000 mL beaker, and separately 100 mM of manganese
sulfate monohydrate {MnSO,+H,0, Fisher Chemical) was dissolved
in 400 mL of DI water in another 1000 mL beaker. Both solutions
were preheated to 60 oC before adding the manganese sulfate solu-
tion into the oxalate/citrate solution all at once. The precipitation
reaction was kept at 60 oC using a stirred hot plate at 300 RPM,
and the reaction proceeded for 30 min. After the 30 mins of reac-
tion, the precipitate was collected by via vacuum filtration, rinsed
with 1.6 L of DI water, and dried at 80 «C overnight in an air atmo-
sphere. The resulting precipitate was MnC,04+2H-0, as has been
previously reported using similar methods [44,45].

To convert the precursor to electroactive LMO-type battery ma-
terial, the MnC,0,4+2H,0 was blended with Li;COy (Fisher Chem-
ical) for a target molar ratio of 1.05:2 Li:Mn. For cases where the
LMO was doped with Cu or Al, in addition to Li;CO5 the oxalate
precursor was also blended with CuO (Alfa Aesar, for Cu doping)
or Al,0; (Alfa Aesar, for Al doping) for a target molar ratio 1.05:2-
XX, where x = 0, 0.05, 0.1, and 0.15 (dopant level) and the molar
ratios represent Li:Mn:Cu or Li:Mn:Al (depending on whether Cu
or Al substitution for Mn was targeted). Mortar and pestle were
used to mix the powders by hand for 10 min before transfer into
a furnace (Carbolite CWF 1300). The temperature profile used for
calcination was to heat to 900 “C via ramping up the temperature
at 1 C min~!, holding the temperature at 900 C for 6 h, ramping
the temperature down at 1 ©C min—! to 700 °C, holding at 700 oC
for 10 h, and then ramping the temperature down to 30 ©C at a
rate of 1 ¢C min—'. The furnace atmosphere was air. The materi-
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als extracted from the furnace were the final electroactive material
powders.

2.2, Elearrochemical evaluation

For composite electrode cells, cathodes were processed by mix-
ing the electroactive material powder with acetylene carbon black
(CB, Alfa Aesar), and polyvinyl pyrrolidone (FVF, Sigma Aldrich,
360 kDa molecular weight) using ethanol (Fisher) as solvent with a
mass ratio of 8:1:1 active material:CB:PVP. Mixing was performed
in a slurry mixer (Thinky AR-100) at 2000 RPM for 4 min followed
by sonication for 5 min and then another 4 min at 2000 RPM in
the slurry mixer. The slurry was casted onto an aluminum foil us-
ing a doctor blade with a 400 pm gap height. The loadings for all
experiments ranged from 4.4 - 9.1 mg electroactive material cm—2.
The electrode was dried in air for 30 mins followed by vacuum
drying at 50 C for 1 h. Circular cathodes were punched from the
electrode film with an area of 1.33 cm? before transfer into a glove
box filled with argon (=1 ppm H20 and O3). Li foil was used as an
anode and Celgard 2325 as separator, where the anode and sep-
arator were punched into circles with an area of 1.60 cm® and
1.98 cm?, respectively. 1.2 M LiPFs in 3:7 ethylene carbonate:ethyl
methyl carbonate (Gotion) was used as the electrolyte. The compo-
nents were assembled into coin cells (2032-type) in the glove bax
and then evaluated electrochemically using a multichannel bartery
cycler (MACCOR) with a voltage range of 3.5V to 4.3 V (vs. LijLi*).
Charge/discharge rates used for cycling were on a C rate basis,
where 1C was calculated assuming 148 mA g—' of cathode active
material, and the indicated rate was used for both charge and dis-
charge for a given cycle.

For sintered electrode cells, electrodes were processed by first
mixing the electroactive material with a 1 wt% polyvinyl butyral
(PVB) solution (Pfalz & Bauer) in ethanol with a ratio of 1 g pow-
der per 2 mL solution. The suspension was rigorously blended by
hand using mortar and pestle and allowed to dry in air. Note that
for sintered cathodes LMO (pristine or doped with the various
amounts of Cu or Al) was used as the electroactive material, where
for the sintered anodes LiyTis0y; (LTO, NEI corporation) was used.
Detailed characterization of the LTO material, including in sintered
electrode electrochemical systems, can be found in previous re-
ports [8,10,11]. 0.2 g of PVB-coated powder was then loaded into
a circular pellet die (Carver) with an area of 1.33 cm? and pressed
at 420 MPa for 2 mins with a hydraulic press (Carver). The pressed
pellet was transferred into a box furnace and heated to 700 «C for
1 h for LMO (pristine or doped), and 600 «C for 1 h for LTO, where
the ramp rate to the set temperature was 1 ©C min—!. After the
hold, the furnace was cooled to 30 «C at a rate of 1 C min—!.
Final pellet loadings ranged from 140 - 150 mg cm~2 and geo-
metric void/porosity volume fractions were 0.31-0.35 for cathode
and 0.39-0.41 for anode after heat treatment. LMO and LTO pellets
were adhered to the bottom plate and the spacer of the 2032-type
cell, respectively, using a customized carbon paste with mass ratio
of 1:1 CB:PVP dissolved in ethanol, where the PVP was dissolved at
a 5 wi% concentration in ethanol. The pellets attached to the cell
components were dried in air for 30 mins followed by vacuum dry-
ing at 50 oC for 1 h before transfer to the glove box. 1.2 M LiPF; in
3.7 ethylene carbonate:ethyl methyl carbonate (Gotion) was used
as electrolyte, and glass fiber (Fisher, type G6 circles) was used as
separator. The coin cells containing sintered electrodes were eval-
uated electrochemically using a multichannel battery cycler (MAC-
COR) with a voltage range of 2.0 V to 2.8 V (cell voltage), where 1C
was calculated assuming 148 mA g — ! of cathode active material,
and the indicated rate was used for both charge and discharge for
a given cycle.
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2.3. Material characterization

Scanning electron micrographs (SEM) were conducted on pow-
ders and pellets using a FEI Quantum 650. Powder x-ray diffrac-
tion (XRD) patterns for powders were collected using a PANalyti-
cal X'pert ProMPD. Rietveld refinements on XRD patterns were per-
formed using FullProf Suite [46,47]. To determine geometric poros-
ity void volume fraction, the crystal density was determined from
XRD refined parameters which was combined with the measured
solid material mass to calculare the solid marterial volume, and ge-
ometric measurements of the pellets with calipers were used to
determine the total pellet volume.

For direct current (DC) conductivity measurements, the as-
sintered pellets were coated with silver paste (Sigma-aldrich) and
dried at 80 =C for 20 min. The coated pellets were sandwiched
between two stainless steel spacers with diameter of 16 mm and
thickness of 0.5 mm, with pressure applied via a clamp. Gamry
Reference 600 was used to provide a constant voltage at 10 mv
and currents were recorded to calculate the pellet conductivity.
The measured conductivities for the pellets were then adjusted by
the porosity and tortuosity of the pellet to calculate the material
conducrivity, where a Bruggeman exponent of 1.5 was assumed [4].

3. Results and discussions
3.1. Undoped and doped LMO material characterization

The precipitation process for producing the MnCp04+2H;0 has
been described previously in detail, and results in particles with
a secondary morphology with a platelet structure [45,48]. During
the calcination process, water was removed from the structure and
the oxalate decomposed to a metal oxide which subsequently re-
acted with lithium to produce the final active material [44,45,49].
The oxalate decomposition and water removal resulted in porous
aggregates of primary particles with polydisperse dimensions, al-
though most were between a few hundred nanometers and a cou-
ple of micrometers in length (for SEMs of the morphology of ac-
tive materials particles of pristine, Al-doped, and Cu-doped LMO
compositions, see Supporting Information, Figure 51). All the pris-
tine, Al-doped and Cu-doped LMO materials had similar primary
particle morphology. When processing into sintered electrodes, the
powders were hydraulically pressed, resulting in the secondary
particles being forced together and the loss of being able to dis-
tinguish secondary particle morphologies. The sintering treatment
was relatively mild, however, and the primary particle sizes did not
undergo noticeable increase in size - although the hydraulic press-
ing process makes distinguishing between primary particle bound-
aries more challenging (for SEMs of the active material powders
after hydraulic compression and thermal treatment see Support-
ing Information, Figure 52). Primary particle sizes based on the av-
erages of 20 randomly selected particles for each material can be
found in Supporting Information, Figure 53. The Al-doped samples
exhibited slightly smaller average particle sizes, but it is noted that
the standard deviations for the particle sizes were relatively large.
All materials had average primary particle sizes that fell within a
range of 0.5 pm to 1.5 pm, and it was not expected that variations
within this size range impacted the electrochemical outcomes for
the sintered electrodes, especially when cycling at relatively slow
C-rates.

The resulting solid electroactive materials, including pure LMO
and all Cu and Al doping levels investigated, had no noticeable im-
purities from the XRD patterns (patterns can be found in Support-
ing Information, Figure 54). All materials were consistent with the
Fd-3 m spinel structure [50]. Substitution of Mn with Al or Cu re-
sulted in a decrease in the refined lattice parameter a, as shown
in Fig. 1. In this report, the composition will be referred to as

Elecrrochimica Acra 401 (2022) 139484

£.235
— .
823 F o
)
L] L | |
o 8,225 -
EE; 822 + A
g 8215 | @ Limno,
o, A LMD ey
o | Lk, Al o
r'.li 8.2 Ak LMDy gL
= LM ot
{8205 I m L o .
B LiMn, oCikyss,
8:3 i i i
0 0.05 0.1 0.15 0.2

% in LiMn, M, 0O,

Fig. 1. Lawice parameters determined from refinement of powder XRD pamerns for
LiMn, . Mx 0y marterials, where x ranged from 0 w 015 The marerials evaluared
were LiMn, 0y (black circle), LiMnyg:Alpps 0y (light blue triangle). LiMnygpAlp 0y
(blue triangle), LiMn gzAly 50y (dark blue triangle). Lifny gz Cupgs0y (light orange
cube), LiMnyggCugn0y (orange cube), and LiMny gz Cug 504 (dark orange cube),

1

&
| @ LMz, A

E A LiMs, gofl,p0,

b A Livn, 00,0, A
F A Uit 00,00,
[ B LiMe, Oy,
[ W LiMs, o0y g0
B LMy ey 130

=
1

Conductivity (mS cm'!)

0 0.05 0.1 0.15 0.2
x in LiMn, M, 0,

Fig. 2. Elecrronic conductivities determined from DC measurements  for
LiMn, M, 0y marerials, where x ranged from 0 w 015 The marerials evaluared
were LiMn:0s (black circle). LiMmasAlonsOa (light blue rriangle). LiMnisoAlonOs
(blue triangle), LiMngsAlois0q (dark blue miangle), LiMmnss QuposOy (light orange
cube), LiMngaCunw0y (orange cube), and LiMnygsCupis0y (dark orange cube).

=
=
et

LiMnz. My 04, where x = 0 is pure LMO and for other x values that
is the stoichiometry of the dopant M, where M is either Al or Cu.
The ionic radii for AP+, Cu?*, Mn*t, and Mn** are 67.5, 73, 78.5,
and 67 pm, respectively [51,52]. For Al substituted samples, the Al
was expected to be Al** and directly replace Mn®* in the spinel
structure. Thus, the observed smaller lattice parameter for increas-
ing Al doping was consistent with the smaller size of AI** in the
structure relative to Mn*t. For Cu®t doped samples, every Cu®*
substituted into the structure would result in an additional Mn*+
from Mn** relative to the undoped LMO material. Thus, increased
Cu doping would also be expected to reduce the lattice parame-
ter, and this reduction was also observed - although at the higher
dopant extents the Al doping caused greater reductions in the lat-
tice parameter relative to the Cu substitutions. Both trends for the
lattice parameter with Al or Cu substitution were consistent with
previous reports [51,53,54].

Electronic conductivity for the sintered electrodes of all com-
positions using DC conductivity measurements can be found in
Fig. 2. The undoped LMO had a measured electronic conductivity
of 1.9 =« 10-* 5 cm!, which was within the range of previous re-
ports [22,23,2555-57]. For Al doping, with increasing Al concen-
tration from Al = 0 to Al = 0.15, the conductivity dropped by ~76%,
and this trend was consistent with previous literature as well [58].
The electronic conduction in LMO has been reported to be due
primarily to the hopping of charge carriers, via electrons in the
3d eg orbital of Mn*t between the Mn** and Mn** in the spinel
structure [57,59]. Even though doping contracted the lattice which
could be favorable for electron hopping, the vacant 3d orbitals due
to doping could have made electron hopping across the 16d sites
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more difficult [58]. In addition, A** replacement likely reduced
the amount of charge carriers in the 3d e; orbital, which could
have caused decreased electronic conductivity [57]. For Cu dop-
ing, the electronic conductivity increased by ~30% from Cu = 0 to
Cu = 0.15, with the increasing conductivity at increased Cu dopant
concentrations also consistent with previous reports [23,24]. Cu?+
has 9 electrons in the 3d orbital (with one more to fully fill the
orbital), making it an excellent receiver of electrons [23,24]. Since
LMO is a n-type semiconductor, Mn®* replacement by Cu®t with
lower 3d states than that of Mn could provide 3d valence e; holes
for e; electrons from Mn** to facilitate charge transport, enhanc-
ing electronic conductivity [23,24,60-52]. Another possible sup-
porting perspective is the total electron density of states [(DOS)
from first principle calculation by Liu et al. [60], which demon-
strated that the Cu substitution could effectively shift the 3d con-
tribution/partial DOS above the Fermi level to the lower energy re-
gion, and an additional peak appeared below the Fermi level. Thus,
the band gap between the conduction band and valence band was
shortened, improving the electronic conductivity.

3.2. LiMny, M. 04 electrochemical evaluation in composite elecirodes

Before analysis of sintered electrodes comprised of only the
electroactive materials, the cathode materials were evaluated in
composite electrodes. The composite electrodes contained carbon
black, and thus electronic conductivity through the electrode ma-
trix was not expected to have a major impact on electrochemical
properties and would enable evaluation of the intrinsic electro-
chemical capacity of the materials. The first discharge voltage pro-
files for composite electrodes containing the different active mare-
rials at a rate of C/20 can be found in Fig. 3. The dopant-free LMO
had the largest capacity of 130 mAh g-!, with two distinct voltage
plateaus at ~ 4.04 V and ~ 4.15 V associated with a single phase
reaction between LiMn,04 and LigsMn,0,4 and a two-phase reac-
tion between LipsMn;04 and A-MnO; [63,64)].

With increasing Al dopant concentration, the discharge capac-
ity decreased, which was consistent with previous reports [54,65].
The Al remained in the 3+ oxidation state and did not participate
in redox chemistry. Thus, every Mn*+ substituted for A+ was a
loss of a Mn?* that cannot be oxidized to Mn*+ during charge
{and reversibly reduced back to Mn?** during discharge). The ca-
pacity lost for each Mn?+ substitution may not exactly match ex-
perimental outcomes due to other factors such as defects in the
structure, however, the general trend of decreasing capacity with
increasing Al*+ was observed. Discharge capacity from rate capa-
bility testing of the composite electrodes can be found in Support-
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ing Information, Figure 55. The LMO had higher capacity retention
at increasing rates up to 1C compared to any of the Al-doped ma-
terials. However, there was capacity fade for the LMO cell, which
resulted in the LiMn,gAly, 04 sample having greater capacity than
the dopant-free LMO after returning to the slower C[20 rate af-
ter the tests at increasing rates. The capacity retention for the last
(40th) cycle increased as the Al dopant concentration increased
(Fig. 4a). It is noted that although Al has been reported to reduce
the electronic conductivity of LMO, it has also often been added
as a dopant in order to suppress the onset of Jahn-Teller distortion
which can result in capacity fade [36]. In some cases Al doping can
also mitigate Mn dissolution into the electrolyte [66,67]. In general,
Al doping was consistent with previous reports of LMO in compos-
ite electrodes where doping with Al reduces initial electrochemical
capacity but aids in retaining capacity with cycling [54,65].

With increasing Cu dopant concentration, the capacity de-
creased more than that of Al-doped materials. Due to the relatively
low concentration in this study, the majority of the Cu doped into
the LMO crystal was expected to have an oxidation state of 2+,
resulting in even less available Mn?+ than that of Al-doped mate-
rials [39,65-70]. Further oxidation of Cu?t t Cu®t at ~ 5 V was
not investigated in this study [31,38]. The capacity loss was not
strictly linear per Cu substitution, likely due to other factors such
as defects, tetrahedral sites (8a) occupied by Cu (ideally tetrahedral
sites (Ba) are occupied by Li and octahedral sites (16d) by Cu/Mn),
and the presence of other Cu oxidation states [52,68,69,71]. At high
charge/discharge rate, the capacity retention of LiMnyqsCup 504
was the best among all materials, but at even higher Cu concen-
tration rate capability declined. Due to the creation of Mn* by
Cu?* substitution, Jahn-teller may be suppressed as would be ex-
pected for Al dopants [72]. First principles calculations have also
suggested that Cu doping can alleviate Mn dissolution as well [73].
Both LiMnqCup 0y and LiMn, g5Cug 50, had almost complete ca-
pacity retention on the final cycle of the rate capability testing, al-
though the capacity retention for LiMn, g5Cug gs04 was not as high
as pristine LMO.

3.3. LiMn, M, 0y electrochemical evaluarion in sintered electrodes

Without the electronic conductivity from carbon black in the
composite, sintered electrodes comprised of LiMn;_,M,0, materi-
als relied on electronic conduction though the active material it-
self for transport of electrons through the electrode matrix. Note
that, for sintered electrodes, the C-rate was still based on the
mass of cathode material but with much larger areal loadings [~
150 mg cm~ '} compared to that of the composite electrodes |-
10 mg cm~!). Thus, the current densities at C/20 for composite
electrodes were more than one order of magnitude smaller than
those at C/20 for sintered electrodes. According to a prior model-
ing report, at C/50 and Cj20 cycle rates the electrolyte concentra-
tion gradient was mild and the ionic overpotential was too small
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to limit the electrochemical capacity of the cells with sintered elec-
trodes with similar dimensions to those in this study [11].

Pristine LMO: The voltage profiles for the first charge and dis-
charge cycles at C/50, and the first charge and discharge cycles
at /20 (the 6th cycle of a rate capability test where the first 5
charge/discharge cycles were at C/50) for pristine, Cu-doped, and
Al-doped materials can be found in Fig. 5. All cells were cathode
limited in capacity and paired with nominally identical sintered
LTO anodes. For pristine LMO at C/50, the first discharge capac-
ity was 86 mAh g! LMO, much less than composite electrodes
(130 mAh g~ ! LMO), and the capacity loss between the first charge
and discharge was quite large (29 mah g~' LMO for the sintered
electrode, and 4 mah g~' LMO for the composite electrode). Dur-
ing the charge cycle, two voltage plateaus were present, however
they had significant slopes and were not as flat as the composite
electrode profiles - even though with the LTO anode in the ab-
sence of polarization the charge profiles would still be expected to
have flat plateaus [66]. Moreover, during even the initial discharge
cycle at the low rate of C/50, an initial more plateaued voltage re-
gion at ~2.5 V was observable, but the second capacity plateau had
declined severely. At C/20, the capacity was less than 20 mAh g
LMO, and there was almost no capacity at a rate of C/10. The dis-
charge capacities during rate capability evaluation of pristine, Al-
doped, and Cu-doped LMO materials as sintered electrodes can be
found in Supporting Information, Figure S6.

Despite the low electronic conductivity of pristine LMO sin-
tered electrodes, previous reports have indicated that the elec-
tronic conductivity of LMO has dependence on the extent of lithi-
ation, and that LMO has increased conductivity when delithiated
[25,55,60,74,75]. The increased conductivity with oxidation of the

Mn and removal of Lit has been attributed to the amount of the
charge carrier (Mn** electrons) and the hopping distance between
the Mn-Mn [75,77]. Upon delithiation, Nishizawa et al. [57] pro-
posed that the net conductivity change was from the competition
between the shortened hopping distance (increasing conductivity)
between Mn-Mn and fewer charge carrier Mn** [decreasing con-
ductivity); the two-phase transition between LipsMn;04 and A-
MnO; provided a conduction path of shortened Mn-Mn from the
4-Mn0O; phase and charge carriers from the LipsMn; 04 phase. As
a result, qualitative analysis of an outcome of the electronic con-
ductivity change was performed by comparing the two A dQ/dv
peak positions of both sintered (vs LTO) and composite (vs Li foil)
cells. The initial charge cycles were used for the analysis o exclude
capacity fading issues (arising from Jahn-Teller distortion andfor
Mn dissolution [66,78-80]), and with an aim to reflect the over-
potential differences solely from the electrode electronic conduc-
tivity. The A d/dV peak positions were calculated as described
in the following. Composite dQjdV peak positions were extracted
from the initial C/20 charge |81], where it was assumed there was
minimal polarization at this low rate for composite electrodes and
any changes in open circuit voltages due to doping were accounted
for by only comparing the same materials used in composite and
sintered electrodes. Sintered electrode cell dQ/dV peak positions
were then extracted and had a value of 1.56 V added to them. This
addition accounted for the sintered electrode cells having LTO an-
odes, where 1.56 V was the difference between the LTO plateau re-
gion open circuit voltage (OCV) and LijLi+ [82]. Sintered LTO elec-
trodes have a flat OCV as a function of lithiation and high con-
ductivity above ~10% S m~! in the lithiation range during most of
the charge cycle (~95% of the LTO) [83]. The A dQdV value was
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Fig. 6. First (solid) and second (dashed) A d(} | dV peak positions of the first charge
cycle for Aldoped LMO (a) and Cu-doped LMO (b) in sintered electrode cells at
C/50.

then the difference between the composite material dQ/dV peak
position and the adjusted dQ/dV peak position (by LTO OCV) for a
sintered electrode of the same material. It was expected that de-
creased electronic conductivity for an electroactive material would
then result in an increase in the A dQ/dV value for a material.
The A dQjdv peak position associated with the first plateau dur-
ing charge (at the lower potential) was observed to be greater than
the second (Fig. 6). Assuming that this difference was due to the
electronic conductivity of the electroactive material (at the slow
charge/discharge rate the more common major contributor to po-
larization of ion transport through the microstructure was not ex-
pected to contribute significantly [9,11,84]), this result would indi-
cate that the single phase reaction transition {LiMnz 04 LipsMnzOy)
had a lower electronic conductivity than the two-phase transition
(LipsMnz04/3-Mn0O; ). Such observation was consistent with the
observed voltage curve polarization and the offsets between the
first charge and discharge capacities at Cj50.

Although direct comparison between the last cycle discharge
capacity retention between the composite and sintered cells would
be inappropriate because of the significant difference in relative
charge/discharge capacities, cycling rates, current densities, and
state of charge experienced by the cells, the last cycle retention of
capacity of sintered cells relative to the first cycle still may provide
insights into the conductivity changes during cycling. For dopant-
free LMO the capacity retention for the final cycle was 84% for the
composite electrode, but only 58% was achieved for the sintered
electrode. The first gycle coulombic efficiencies (CE) of sintered and
composite cells were ~75% and --97%, respectively (see Support-
ing Information, Figure 57). In examining the dQ/dv plots for the
first owo charge cycles (Fig. 7a), the lower voltage peak had de-
creased intensity on the second cycle, which likely originated due
to the undischarged capacity from previous discharge cycle, which
may have been due to the variable (and reduced) conductivity de-
scribed earlier. Both dQ/dV peak positions from the charge process
shifted towards higher voltage on the second cycle relative to the
first, suggesting an increased overall resistance in addition to the
lithiation-dependent electronic conductivity. It was speculated that
these results were caused by either: (i) the sintered electrode had
much greater active material surface area than that of composite
electrode, and thus Mn dissolution caused by HF attack [67] was
more severe, or (ii) during discharge, the Jahn-Teller distortion re-
sulted in tetragonal phase formation at the surface of the electrode
material in the operating voltage above ~ 3.5 V [78-80], which
would have orders of magnitude lower electronic conductivity than
the pristine spinel phase [35,43,72,85-87]. Thus, during discharge,
the electronic conductivity of LMO could be even lower, compared
to the charge process, collectively from both the Jahn-Teller dis-
tortion and lithiation dependent electronic conductivity mentioned
above [55].

Al-doped LMO: For all Al-doped LMO sintered electrodes, the
first C/50 discharge capacities were greater than that of pris-
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tine LMO, and the irreversible first cycle capacity loss between
charge and discharge was much smaller (Figs. 5b-d). At C/20
charge/discharge rate, the discharge capacities were slightly greater
than 20 mah g~!, which were slightly greater than that of the pris-
tine LMO. When looking at the A dQfdV peak positions, with in-
creasing Al concentration, both peaks, especially the second peak
associated with the higher voltage charging plateau, shifted to
lower differences (Fig. 5a), suggesting a lithiation dependent elec-
tronic conductivity where the Al-doped LMO became more elec-
tronically conductive during delithiation relative to pristine LMO.
It was possible that increased electronic conductivity during the
two-phase transition relative to pristine LMO originated from the
contracted crystal lattice resulting from the Al doping. Al-doped
LMO exhibits two-phase features {the presence of both Lip sMn,0,
phase to provide charge carriers and A-MnO, phase to provide
shortened electron hopping distance) during charge similar to pris-
tine LMO [23,24,42 57 60,88, and upon delithiation the Mn-Mn
distance would be further shortened compared to the pristine LMO
due to the lattice contraction from Al substitution. The competi-
tion between charge carriers and hopping distance was likely dom-
inated by the latter despite the reduced charge carriers due to the
replacement of Mn+ by Al*+. Thus, even though the original sin-
tered electrode Al-doped materials had lower electronic conductiv-
ity than that of pristine LMO, the higher capacity, first cycle CE,
capacity retention, and rate capability of the same Al-doped elec-
trodes may have resulted due to the increased electronic conduc-
tivity after the material started the delithiation process.

As the Al concentration was increased for the Al-doped LMO
sintered electrodes, the capacity retention for the last cycle in the
rate capability experiments increased (Fig. 4a). As mentioned be-
fore, it was speculated that the inhibited Jahn-Teller distortion and
Mn dissolution processes resulted in capacity retention increasing
from 58% to 89% for LiMn,04 compared to LiMnygsAlg504. The
first cycle CEs of the composite cells did not change much [+ 1%),
but the sintered cells had noticeable improvement and reached
87% first cycle coulombic efficiency for LiMn,gAly, 04 compared
to 75% without doping (Supporting Information, Figure 57). When
looking at the dQ/dV plots for the first two cycles (Figs. 7b-d), de-
creases in the intensity of the first (lower voltage) charge peak in-
tensity was mitigated with increasing Al concentration. This could
be explained by the increased electronic conductivity in the lower
voltage plateau region because during the previous discharge oy-
cle greater electronic conductivity would allow greater extents of
lithiation and more delivered capacity. The shifting of both dg/dv
charge peaks towards higher voltage, which was an indicator of
increased overall polarization discussed above, was slightly sup-
pressed possibly from the inhibition of Mn dissolution and Jahn-
Teller distortion [36,54,65-67].

Cu-doped LMO: The Cu-doped LMOs had the smallest irre-
versible first cycle capacity loss between the first charge and dis-
charge cycles among pristine, Al-doped, and Cu-doped samples
in this study (Figs. 5e-g). LiMnygsCupgs04 had the greatest ini-
tial C/50 discharge capacity of over 100 mah g~ and achieved
~ B0 mAh g! at C/20. When looking at the A dQ/dV peak po-
sitions (Fig. 6b), the first (lower voltage) peak shifted to increased
values while the second (higher voltage) peak shifted towards de-
creased values. This result indicated that as Cu concentration in-
creased the electronic conductivity of the single-phase transition
decreased while the two-phase transition increased. The conduc-
tivity decrease in the single-phase transition was contrary to the
pristine and Al-doped LMO, which may have been due to the re-
duction of charge carriers (two Mn*+ were lost for every one Cu?+
doped). Also, compared to substitution with Al*+ the cell con-
traction was not as pronounced suggesting the competition be-
tween expected factors that influenced the conductivity was dom-
inated by the number of charge carriers rather than the mildly
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reduced hopping distance. Thus, for the Cu-doped materials the
more electronically conductive pathways were not available until
the two-phase reaction. Once the reaction proceeded to the two-
phase transition, a strong decreasing trend of A dQJdv peak posi-
tions was observed with increasing Cu content. This indicated the
greatest electronic conductivity increase occurred in the two-phase
transition region. The increased electronic conductivity may be ex-
plained from the creation of pathways for electron hopping from
the contracted cell lattice, supported by DOS calculations from Liu
et al. using first principles [60] which found an even shorter band
gap between the conduction band and valence band after delithia-
tion [23,24,57 60].

In summary, the A dQ/dV analysis suggested the electronic
conductivity of Cu-doped LMO upon delithiation decreased until
the two-phase transition, and then increased relative to pristine
LMO. Such conductivity trends agreed with the charging voltage
profiles at C/20 (Fig. Se-g), where the lower voltage plateau re-
gions kept shifting upwards indicating increased polarization as
the Cu concentration increased. For LiMnggsCug g0y the low volt-
age plateau initiated at ~ 2.6 V, and two voltage plateaus were
observable; for the LiMnygCup;04 the charge process initiated at
~ 27 V and the higher voltage plateau was not as wide of a ca-
pacity region; for the LiMnygsCugy504 the charge processes inifi-
ated over ~ 2.7 V and there was not a clear higher voltage plateau.
Even though LiMn;gCup;04 already proceeded to the higher con-
ductivity region at the higher voltage plateau, the plateau capacity
was reduced and the curve was sloped. This was rationalized by
the observation that the A dQ/dV decreased at the higher voltage
plateau region (~ 10 mV), but the dQjdv higher voltage peak for
the composite electrode had increased (~ 35 mV, shown in Sup-
porting Information, Figure S8). Thus, although the A dQ/dV indi-
cated improved conductivity, the redox potential for the material
had shifted to a higher voltage and thus less capacity was acces-

sible for the same cutoff voltage at 2.8 V. The sharp increase in
the dQjdv peak positions at Cu = 0.10 could have resulted from
increased relative Cu substitution at the Mn site (16d) relative
the Li site (8a) for the increase in total Cu doping [52]. If that oc-
curred, it could account for the shift in the dQ/dV peak position in
the composite electrode. As a result, the LiMn g5 Cug gs0y delivered
the greatest capacity since it was least affected by the electronic
conductivity of the lower voltage plateau and because the voltage
for oxidizing the material was intrinsically lower compared to the
higher Cu substituted materials, enabling more capacity to be ex-
tracted during the charge cycle because the same cutoff voltage
was always applied.

When looking at the retention of capacity of the last cycle from
the rate capability analysis of the sintered electrodes (Fig. 4b), the
Cu-doped LMOs generally had improved stability relative to pris-
tine LMO. For example, the LiMn;gCupy04 retained over 96% of
its initial discharge capacity, the best retention among pristine, Al-
doped, and Cu-doped sintered electrodes. The LiMnyg5Cupps0s had
little improvement relative to pristine LMO possibly due to the Cu
being substituted into the 8a position at higher relative amounts
to 16d positions at that level of substitution. CuMn; 04 may not
have reduced the Jahn-Teller impacts and Mn dissolution which
was also likely the source of lower capacity retention for unsubsti-
tuted LiMn;04. Compared to Al-doped materials, the first cycle CEs
of Cu-doped materials improved notably and reached a maximum
at LiMny gCupy04 with 93% (Supporting Information, Figure 57). In
examining the dQ/dV of the first two cycles, the lower voltage peak
from dQ/dV during the charge cycle had less of a decrease in in-
tensity from the first to the second cycle for the Cu-doped materi-
als relative to the Al-doped materials (Fiz. 7). The retention of the
intensity of the first charge peak was despite the lower conduc-
tivity of the Cu-doped materials for the first plateau region during
charge (inferred from the results in Fig. 6). One explanation for this



C. Cai and G.M. Koenig Jr.

outcome was that the Al-doped materials were unable to fully dis-
charge their capacity. The dQ/dV plots (Fig. 7) suggested that the
differential capacity was approximately zero well before the lower
cutoff voltage for the Cu-doped materials, but had not reached zero
for the Al-doped materials. This may have been due to the lower
conductivity for Al-doped materials relative to Cu-doped materials
as they approach full lithiation (Fig. 2), which could be another
cause to the improvement in the first cycle CEs (Supporting In-
formartion, Figure S6). Also, compared to the Al-doped materials,
the dQ/dv peak shift between the first two cycles decreased sig-
nificantly with increasing Cu doping levels (Fig. 7e-g), which may
have been due to the suppression of Jahn-Teller distortion and/or
Mn dissolution with increasing Cu substitution [72,73].

3.4 Al and Cu co-doped LiMn g, Al,Cu, 0y characterization and
electrochemical evaluation

Motivated by combining the merits of both Al and Cu doping,
Al and Cu co-doped materials were also explored. Mo obvious im-
purity peaks appeared in the XRD patterns for these materials (see
Supporting Information, Figure S4). The refined lattice parameters
can be found in Supporting Information, Figure S9. All the co-
doped materials demonstrated smaller lattice parameters relative
to pristine LMO, similar to observations for the materials doped
with Al or Cu in isolation. LiMnygsAly0Cun0s04 had a slightly
smaller lattice parameter than that of LiMn gsAlp 55 Cug 1004, which
followed the trend where at the same level of dopant concentra-
tion, the Al doping had a smaller lattice parameter than Cu doping.
]]'It'OEIlES['l]'Ig]}f1 the LiMngopAlppsCup sy and LiMng gsAlg 10Cup o504
had the smallest lattice parameter among the materials with
dopant concentrations of 010 and 015, which may have been
due to other factors such as crystal defect densities or inhomoge-
neous distribution of two dopants. As for electronic conductivities,
a trend was observed where electronic conductivity increased with
additional Cu and decreased with additional Al All co-doped mate-
rials contained Cu, however, and correspondingly all co-doped ma-
terials had greater electronic conductivity than pristine LMO (see
Supporting Information, Figure S10).

For the composite electrode evaluations, as the total dop-
ing concentration increased for co-doped materials, the dis-
charge capacity decreased as expected and discussed earlier.
The first discharge wvoltage curves can be found in Support-
ing Information, Figure S11. All co-doped samples exhibited
more sloped voltage curves, which was more similar to the Cu-
doped materials, and consistent with previously reported Al and
Cu co-doped electrochemical data [289]. LiMnygpAlypsCupnsOs
reached 119 mAh g‘l, which was slightly lower than LiMn, gAlg; 04
(122 mAh g~ ') but higher than LiMnjoCupi04 (96 mah g~ ')
The LiMnygsAlgpCugps0s and  LiMny gsAlp psCup 04 reached
100 mAh g-! and 98 mAh g-!, respectively, and qualitatively fol-
lowed the trend seen for the individually doped samples that for
the same amount of doping concentration, Cu doping decreased
the capacity more than Al doping in composite electrodes. Rate
capability tests can also be found in Supporting Information,
Figure 512.

As for the sintered electrode cells, for the first discharge cycle at
C/50 (Fig. 8), LiMn, ggAlg gsCug ps04 reached 96 mah g-!, followed
by LiMnygsAly10Cuges04 (90 mAh g-') and LiMn, g5Alg g5 Cup 004
[BS m#Ah g_l :| At CFZU, LiMﬂ].WAID.US Cl.l.u_osoq_ delivered
65 mAh g!, the best among all materials evaluated, followed
by LiMnygsAly10Cuggs04 (64 mAh g') and LiMn, g5Alg g5Cup 1004
(57 mAh g!). Rate capability tests can also be found in Support-
ing Information, Figure 513. When looking at the A dQ/dVv (see
Supporting Information, Figure 514), the trend was similar to the
Cu-doped samples where the A dQjdv of second (high) voltage
plateau increased as the dopant concentration increased. However,
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the magnitude of the increase was smaller than that of Cu-doped
samples (Fig. 6), possibly originating from a combination between
the Cu and Al, where the Al had an opposite decreasing trend
for that peak with substitution (Fig. 6a). This improved electronic
conductivity, coupled with the much smaller increase in second
voltage plateau position (Supporting Information, Figure S15),
were likely the major contributors to the greatest capacity being
observed for LiMnyogAlpgsCugos0s and  LiMngasAlpigCupgs 04
sintered electrodes. When looking at the retention of capacity of
the last cycle from the rate capability analysis of the co-doped
samples (Supporting Information, Figure 516), all co-doped ma-
terials in composite electrodes had retentions over 95%, and in
the sintered electrodes had retentions over 93%. The first cycle CE
of the co-doped materials in composite electrodes all exceeded
98%, and in sintered electrodes all exceeded 94%, the best among
all materials evaluated (Supporting Information, Figure 517). In
examining the dQ/dv of the first two cycles of the co-doped
materials in sintered electrode, the dQ/dV change between the
first two cycles was mitigated (Supporting Information, Figure
S18). In summary, the co-doped materials had the most promising
electrochemical properties of any of the materials evaluated when
processed into sintered electrodes.

4. Conclusion

LiMn; 0, spinel materials, both undoped and doped with Al and
Cu dopants to varying extents, were prepared and investigated as
battery materials in sintered electrode architectures comprised of
only electroactive material. Substitution of Mn with either Cu or Al
decreased the lattice parameter of the crystal structure. For com-
posite electrodes, increasing the dopant concentration decreased
the available electrochemical capacity, which was attributed to the
loss of Mn®*+ in the structure. Consistent with previous reports in
composite electrodes, Al substitution was found to improve the
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material stability, while Cu substitution both improved stability
and increased electronic conductivity of the pristine synthesized
material. Sintered electrodes rely on electronic conduction through
the active material itself, and thus limitations in electronic con-
ductivity and stability were amplified in sintered electrodes rel-
ative to composite electrodes. The sintered electrodes were ob-
served to have increases in both capacity retention and rate ca-
pability when doped with Al, and improvements in these electro-
chemical properties were even greater for Cu doping. Analysis of
dQ/dv plots yielded insights into the impacts of the dopants on
electronic conductivity. This study provides insights into how to
improve the electrochemical cycling outcomes for materials with
relatively low electronic conductivity when used as sintered elec-
trodes comprised of only electroactive material. As alternatives to
relatively high electronic conductivity materials such as LiCoO, are
pursued, electronic conductivity andfor stability are likely to be a
general challenge. Methods and analysis to improve sintered elec-
trode material properties such as those reported herein will aid in
making progress with these electrode configurations.
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