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LiNi0.5Mn1.5O4 (LNMO), which has an operating voltage of 4.8 vs Li/Li+ and a theoretical capacity of 147 mAh g−1, is an interesting
cathode material for advanced lithium ion batteries. However, electrolyte decomposition at the electrode can gradually decrease
the capacity of the battery. In this study, the surface of the LNMO cathode has beenmodified with phosphoric acid (PA) to improve
the capacity of the LNMO/graphite full cell. Modification of LNMO cathodes by PA is confirmed by surface analysis. Additionally,
the presence of lithium bis-(oxalato) borate (LiBOB) as an electrolyte additive further enhances the performance of PA modified
LNMO/graphite cells. The improved performance of PA modified cathodes and electrolytes containing LiBOB can be attributed
to the suppressed Mn and Ni deposition on the anode. Elemental analysis suggests that the Mn and Ni dissolution is significantly
reduced compared to unmodified LNMO/graphite cells with standard electrolyte.

1. Introduction

Since the first introduction in 1990 [1], lithium ion batteries
(LIBs) have been of significant interest due to the high energy
density and applicability for a wide range of applications
from consumer electronics and electric vehicles (EV) [2, 3].
However, the use of LIBs is limited due to high cost, concerns
related to safety, power, and energy density. Increasing the
energy density and lowering the cost of LIBs is extremely
important for EV applications [4, 5]. One method to increase
the energy density of LIBs is to increase the operating voltage.
Most commercially available batteries with layered cathode
materials operate at around 4.2 V vs Li/Li+ [6]. Never-
theless, there is significant interest in cathode materials
operating at higher voltages, above 4.5 V vs Li/Li+, such as
LiNi1/3Co1/3Mn1/3O2, LiNi0.5Mn1.5O4 (LNMO), LiCoPO4,
and LiNiPO4 [7, 8]. Among these electrodes, high voltage
spinel LNMO is a promising cathode material that can

operate at voltages as high as 4.8 V vs Li/Li+. Moreover,
LNMO has no cobalt, but a rather high theoretical capacity
of 147 mAh g−1 [9–12]. The major drawbacks of LNMO are
electrolyte decomposition due to higher operating voltages
and transition metal ion dissolution from trace acidic impu-
rities in the electrolyte [13]. For example, the most commonly
used electrolyte, LiPF6 in organic solvents, is found to be
unstable at higher voltages and tends to decompose at the
LNMO electrode surface [9]. The Mn and Ni dissolved
during the charging and discharging process travel through
the electrolyte to the anode, where they are deposited, thus
damaging the anode solid electrolyte interphase (SEI) [14].
The continuous reaction of the electrolyte with the electrode
and transition metal ion dissolution during charging and
discharging eventually leads to rapid capacity fade of the
lithium ion cell [9, 15].

Several different methods have been developed to
inhibit electrolyte decomposition and transition metal ion
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Table 1: Percentage anode elemental concentrations from XPS.

C1s [%] O1s [%] F1s [%] P2p [%]
Fresh anode 86 14
STD with LNMO 25 19 38 5
1% LiBOB with LNMO 34 34 21 2
STD with PA-modified LNMO 48 23 14 4
1% LiBOB with PA-modified LNMO 43 40 5 2
STD – Standard electrolyte

dissolution during the cycling of high voltage cathodes. One
of the most promising methods is the use of electrolyte
additives. An additive sacrificially reacting with the surface of
the cathode to generate a passivation layer on the surface can
greatly enhance the stability of the electrode and increase the
overall performance of the battery [16, 17]. Previous investi-
gations revealed that lithium bis-(oxalato) borate (LiBOB) is
a good sacrificial additive which generates a stable cathode
passivation layer composed of oligoborates and improves the
performance of LNMO cathodes [14, 18, 19].

Another effective method of reducing the electrolyte
decomposition on the surface of LNMO is to protect the
surface with an inert metal oxide coating such as Al2O3 [20,
21]. One of the superior methods for generating thin surface
coatings is using atomic layer deposition (ALD). However,
ALD is not commercially practical due to the high cost
associated with generating ALD coatings. Recently, Passerini
and coworkers have developed a transition metal phosphate
coating approach, by which the coating occurs upon the
electrode slurry production by adding a small amount of
phosphoric acid [22–24].

Still, however, there is significant interest in developing
superior methods to mitigate electrolyte decomposition and
transition metal ion dissolution from LNMO cathodes. This
investigation focuses on the effect of inorganic modification
(phosphoric acid modification) of LNMO cathode particles
in the absence and presence of the electrolyte additive LiBOB.
The surface modification significantly improves the cycling
performance, which is further enhanced in the presence of
LiBOB. This investigation provides a novel demonstration
that a combination of surface modification and electrolyte
additives can act cooperatively to improve the performance
of LNMO cathodes [25].

2. Materials and Methods

Battery grade ethylene carbonate (EC), ethyl methyl carbon-
ate (EMC), lithium hexafluorophosphate (LiPF6), dimethyl
carbonate (DMC), and LiBOB were provided from a com-
mercial supplier with a water content of less than 50 ppm and
were used as received. Nitric acid was purchased from Sigma-
Aldrich. Coin cell parts, Celgard, and glass fiber separators
were purchased fromMTI Corp.

2.1. Electrode Preparation. Phosphoric acid (PA) modified
and unmodified LiNi0.5Mn1.5O4 electrodes containing 85%
(wt.) active material, 10% (wt.) conductive carbon (Super
C45), and 5% (wt.) binder (Carboxymethyl cellulose) were

fabricated as discussed in detail by Kuenzel et al. [24] In
brief, binder dissolved in deionized water and conductive
carbon was added to the slurry followed by active material
(LNMO). For PA modification, phosphoric acid was added
prior to the addition of conductive carbon. Graphite anodes
were prepared with 90% (wt.) graphite, 5% (wt.) conductive
carbon (Super C65 and SFG6), and 5% (wt.) binder (Styrene-
Butadiene Rubber/Carboxymethyl cellulose). The thickness
of the anode coatingwas controlled to balance the LNMOand
graphite electrodes with an anode to cathode capacity (n/p)
ratio of 1.1-1.3.

2.2. Preparation of Coin Cells. LNMO/graphite coin cells for
electrochemical performance investigations were assembled
in an argon filled glove-box in duplicate with a trilayer
polypropylene/polyethylene (PP/PE/PP) separator (Celgard)
and a glass fiber separator. 100𝜇L of 1.0M LiPF6 in EC/EMC
(ethylene carbonate/ethyl methyl carbonate; 3/7, w/w) with
and without 1% LiBOB (w/w) was used as the electrolyte.
Assembled cells were cycled at room temperature between 3.5
V and 4.8 V with an Arbin battery cycler as it follows: C/20
first cycle; C/10 second and third cycles; C/5 for the remaining
cycles for a total of 56 cycles.

2.3. Electrochemical Measurements. Princeton Instruments
(V3) was used to perform electrochemical impedance spec-
troscopy (EIS) on the coin cells after formation cycles and 56
cycles. State of charge was 0% for all the tested cells since they
were at the discharged state. The perturbation was 1mV with
the frequency range from 300 kHz to 10mHz.

2.4. Surface Characteristics and Composition Analysis. The
cathodes and anodes of the cycled cells were harvested
in an argon filled glove-box. Cells were disassembled and
washed with anhydrous dimethyl carbonate (DMC) three
times to remove residual electrolyte, followed by vacuum
drying at room temperature overnight. The electrodes were
transferred to the X-ray photoelectron spectroscopy (XPS)
chamber via an air free transfer vessel. A PHI 5500 system
with Al K𝛼 radiation (h] = 1486.6 eV) under ultrahigh
vacuum conditions was used for the measurements. The final
adjustmentswere done referring toC-CofC1s at 284.5 eV.The
percentage elemental concentrations in Tables 1 and 2 were
calculated using following equation:

𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛%

=
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡

𝑆𝑢𝑚𝑜𝑓 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑠 𝑜𝑓 𝑎𝑙𝑙 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠
100

(1)
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Table 2: Percentage cathode elemental concentrations from XPS.

C1s [%] O1s [%] F1s [%] P2p [%]
Fresh unmodified LNMO 53 39 < 1 < 1
STD with LNMO 36 34 12 4
1% LiBOB with LNMO 45 42 3 2
Fresh PA-modified LNMO 47 39 < 1 2
STD with PA-modified LNMO 46 31 9 2
1% LiBOB with PA-modified LNMO 32 60 2 1
STD – Standard electrolyte

0 10 20 30 40 50 60
20

40

60

80

100

120

 Unmodified with standard
 Modified with standard
 Unmodified with LiBOB
 Modified with LiBOB

Cycle index

D
is.

 C
ap

ac
ity

 (m
A

hＡ
−
1 )

(a)

0 10 20 30 40 50 60
40
50
60
70
80
90

100
110

 Unmodified with standard
 Modified with standard
 Unmodified with LiBOB
 Modified with LiBOB

Co
ul

om
bi

c e
ffi

ci
en

cy

Cycle index

(b)

0 20 40 60 80 100 120

3.5

4.0

4.5

5.0

 Unmodified with standard
 Modified with standard
 Unmodified with LiBOB
 Modified with LiBOB

Vo
lta

ge
 (V

)

Spec. cap. (mAh Ａ−1)

(c)

Figure 1: Comparison of (a) discharging capacities (based on the cathode active material), (b) coulombic efficiencies, and (c) 4th cycle
charge/discharge curves of phosphoric acid modified and unmodified LNMO/graphite full cells with and without LiBOB in 1.0M LiPF6
EC/EMC 3/7 (w/w).

2.5. Metal Ion Dissolution Analysis. Deposition of metal ions
on the anode was identified and quantified by inductively
coupled plasma-mass spectroscopy (ICP-MS). Cycled coin
cells were disassembled and the recovered anodeswere rinsed
with DMC to remove any residual electrolytes. Then 2%
HNO3 was added to dissolve the residual solids and diluted
to 10.00mL. After sonication these solutions were left for
digestion for 48 h and filtered before ICP-MS analysis.

3. Results and Discussion

3.1. Cycling Performance of LNMO/Graphite Full Cells. The
discharging capacities and the coulombic efficiencies were
calculated from the electrochemical cycling data. A compari-
son of cycling performance of phosphoric acid (PA)modified
and unmodified LNMO/graphite cells cycled with standard
electrolyte and electrolyte with added LiBOB (1 wt.%) at
25∘C is provided in Figure 1(a) and the coulombic efficiencies
(CEs) of the cells are provided in Figure 1(b). Starting from
the first discharge capacity there is a large improvement in the
cells with PAmodified electrodes.The first discharge capacity
for unmodified LNMOwith standard electrolyte is calculated
to be 81.6 mAh g−1. The battery with the PA modified
electrode with the standard electrolyte displays a capacity
of 110 mAh g−1. This is an increase of 27.8% in discharge

capacity. The performance of unmodified and PA modified
electrodes has also been investigated in the presence of LiBOB
electrolyte additive. The first discharging capacity increases
up to 104.3 mAh g−1 and 120.1 mAh g−1, respectively. For
the latter, this is a significant increase compared to the
unmodified electrode with the standard electrolyte, i.e., an
increase of the discharge capacity by 47.2% and about 10
mAh g−1 more compared to the PA modified electrode with
the standard electrolyte (110.0 mAh g−1). The unmodified
LNMO electrodes cycled with the standard electrolyte have
a first cycle CE of 47.3%whereas modified cells with standard
electrolyte have a first cycle CE of 68.6%. The addition of
LiBOB to cells containing both the PAmodified and unmodi-
fied LNMOprovides, moreover, a significant improvement in
Coulombic efficiency, which is above 80% for the PAmodified
electrodes in the first cycle and subsequently stabilizing near
100% (Figure 1(b)). The charge/discharge curves for the cycle
(4th cycle) after the formation cycles for LNMO/graphite full
cells are depicted in Figure 1(c). These curves clearly show
the increase in both charging and discharging capacities of
the PA modified cells as well as the LiBOB added cells. The
reversibility of PA modified cells are higher compared to
unmodified cells and the reversibility of PA modified cells
further increases with the addition of LiBOB electrolyte addi-
tive.
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Figure 2: Impedance measurements of PA modified and unmodified LNMO electrodes in graphite full cells with and without LiBOB (a)
after the formation cycle and (b) after 56 cycles.
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Figure 3: XPS surface analysis of fresh and cycled graphite in PA modified and unmodified LNMO electrodes in graphite full cells with and
without LiBOB in the electrolyte.

3.2. Impedance Measurements of the Cells. To further test the
electrochemical performance of the cells and to observe the
impedance change over time, EIS measurements were per-
formed. EIS of PAmodified and unmodified LNMO/graphite
full cells with and without LiBOB in the electrolyte (a)
after the first formation cycle and (b) after 56 cycles are
provided in Figure 2. The EIS spectra show that after the first
formation cycle the impedance of the batteries with standard
electrolyte is lower compared to the batteries with LiBOB
in the electrolyte (Figure 2(a)). However, after all 56 cycles
the situation is reversed and the impedance of the batteries
with standard electrolyte is higher compared to the LiBOB
added batteries (Figure 2(b)). During the formation cycle,

LiBOB decomposes on the positive electrode to generate a
surface film with oligoborates on it [14, 26, 27]. The increase
in impedance of batteries with LiBOB after the first cycle can
be attributed to this surface layer. EIS of the batteries with
phosphoric acid modified LNMO display lower impedance
compared to unmodified LNMO, consistent with the higher
discharge capacities observed for the cells with PA modified
LNMO cathodes.

3.3. Surface Analysis of Anodes and Cathodes. XPS spectra
of anodes obtained from cycled batteries (Figure 3) provide
additional information on the composition of the surface
films formed on the electrodes in presence or absence of



International Journal of Electrochemistry 5

P 2p

540 535 530 525
Binding Energy (eV)

C-O Metal oxide

695 690 685 680 140 135 130
Binding Energy (eV)

295 290 285 280
Binding Energy (eV)

C-CC-O

F 1s C 1s O 1s

Fresh unmodified
Cycled unmodified with 
standard
Cycled unmodified with LiBOB
Fresh modified 
Cycled modified with standard
Cycled modified with LiBOB

C-O Metal oxideC-CC-O

Binding Energy (eV)

，ＣＲ０＆Ｓ／2
＃／2-

3 ，ＣＲ０／Ｓ＆Ｔ P／3-
4

Figure 4: XPS surface analysis of fresh and cycled LNMO in PA modified and unmodified LNMO electrodes in graphite full cells with and
without LiBOB in the electrolyte.

LiBOB and also the effect of the PA modification. The F1s
spectra for anodes indicate that the intensity of the LiF
peak is decreased for anodes extracted from cells containing
PA modified cathodes and the intensity is further reduced
with the addition of LiBOB to the electrolyte (Table 1). This
is consistent with surface coated LNMO inhibiting LiPF6
decomposition [28]. The C1s XPS spectra of the cycled
anodes contain peaks at 286.8 and 290.3 eV correspond-
ing to C-O and CO3

2− consistent with the generation of
Li2CO3 and lithium alkyl carbonates in the SEI [29]. The
intensities of the C-O peak at 286.8 eV in C1s and the
C-O peak at 533.0 eV in O1s are higher when LiBOB is
present in the electrolyte consistent with the generation of
a passivation layer containing LiBOB reduction products
[28, 30].

XPS elemental spectra obtained for the (cycled) cathodes
are provided in Figure 4. The presence of phosphorus on the
surface is supported by the P2p spectra of the fresh electrodes,
which contain a peak at 134.0 eV characteristic of metal
phosphate (e.g., lithium, manganese, or nickel phosphate).
In the C1s spectra C-C peak intensities of cycled electrodes
are much lower compared to the fresh electrodes (see also
Table 2), which is assigned to the presence of a surface
film on the cycled electrodes. The peak at 688.0 eV in F1s
supports the presence of LixPFyOz (the binder for LNMO is
not PVDF) in the surface film. The intensity of the peak is
reduced in the presence of LiBOB (see also Table 2 for the
quantitative analysis). This is attributed to a reduced LiPF6
decomposition in the presence of LiBOB. The intensity of
the metal oxide peak at 529.5 eV in O1s is reduced after
cycling. The intensity of the metal oxide peak is higher
for the fresh electrodes, further supporting the formation
of a surface film during cycling. XPS data (mainly F1s)
suggests that the phosphoric acidmodification suppresses the
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Figure 5: Mn and Ni concentrations in the anode electrodes of the
cycled full cells, as from ICP-MS analysis.

decomposition of the electrolyte on the surface of the elec-
trodes.

3.4. Metal Ion Dissolution. A common problem for LNMO
cathodes is the transition metal ion dissolution during
cycling. ICP-MS of the cycled anodes was conducted to
quantify transition metal ion dissolution in cycled cells. The
ICP-MS data from the cycled LNMO/graphite full cells is
provided in Figure 5. The Mn and Ni concentrations for
the cells with unmodified LNMO with standard electrolyte
are found to be 5642 ppb and 2746 ppb, respectively. These
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are the highest transition metal concentrations observed for
all four types of cells, suggesting that transition metal ion
dissolution is higher for unmodified electrodes with standard
electrolyte. Addition of LiBOB to the cells containing the
unmodified LNMO suppresses Mn and Ni dissolution by a
factor of 10 and 14, respectively (Mn 454 ppb and Ni 383
ppb). The Mn and Ni concentrations for anodes extracted
from the cells containing the PA modified electrodes and the
standard electrolyte are 539 and 198 ppb, respectively. Also a
significant reduction is compared to unmodified LNMO cells
with standard electrolyte. Finally, PA modified LNMO in the
presence of LiBOB shows the highest reduction in transition
metal ion dissolution (Mn 170 ppb and Ni 46 ppb). Anodes
containing both modified cathode and LiBOB reduce the Mn
and Ni dissolution by a factor of 33 and 59, respectively. This
trend in reduction of transition metal ion dissolution is in
agreement with the trend in discharge capacity retention of
the LNMO/graphite full cells (Figure 1(a)); i.e., the reduction
of metal ion dissolution substantially contributes to the
improved cycling performance.

4. Conclusions

The cycling performance of phosphoric acid modified and
unmodified LNMO/graphite full cells with standard elec-
trolyte with and without LiBOB has been investigated. The
cycled cells exhibited enhanced performance upon phospho-
ric acid modification as well as the addition of LiBOB. The
cells with LiBOB also displayed a better Coulombic efficien-
cy.

Ex situ surface analysis of harvested cathodes and anodes
has been conducted with XPS and ICP-MS. The surface film
formed in the presence of LiBOB suppresses the decom-
position of LiPF6. Phosphoric acid modification of LNMO
electrodes drastically reduces the transition metal ion depo-
sition on anodes during the cycling and the surface film
formed by the decomposition of LiBOB further suppresses
the transition metal ion deposition. The increased cycling
performance of LNMO/graphite full cells can be attributed to
the reduced transition metal ion dissolution in the electrolyte
and deposition on anode due to phosphoric acidmodification
of the cathode and presence of LiBOB in the electro-
lyte.
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