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Experimental Section
Materials Synthesis: The Ni0.91Mn0.03Co0.06(OH)2 precursors were synthesized by a hydroxide
co-precipitation method with a continuously stirred tank reactor (CSTR). Sulfate precursors of
Ni, Co, and Mn (Ni:Co:Mn = 91:6:3 molar ratio) were dissolved in deionized water and stirred
to achieve a homogeneous solution. The concentrations of Ni, Co, and Mn in the aqueous
solution mixture were 1.0 M. Then, a stoichiometric amount of ammonium hydroxide
(NH4OH) and sodium hydroxide (NaOH) solutions were continuously fed while stirring to
form co-precipitated Ni0.91Mn0.03Co0.06(OH)2. The precursor was thoroughly washed with
distilled water, filtered several times, and dried overnight at 180 °C. The as-prepared precursors
were then thoroughly mixed with lithium raw materials, including lithium hydroxide
monohydrate (Alfa Aesar, Battery grade) and anhydrous lithium hydroxide (Alfa Aesar, 98%)
after different storage periods. The lithium hydroxide monohydrate and anhydrous lithium
hydroxide were, respectively, stored in air and in an inert glovebox for 1, 60, and 180 day(s).
Then, the mixtures were heated under O2 atmosphere at 670 oC for 10 h (heating and cooling
rates: 2 oC min-1). Also, cathode materials with high Li2CO3 contents were synthesized with a
mixed lithium raw material containing LiOH and Li2CO3 (molar ratio = 8:1). For dry cobalt
hydroxide coating, the as-prepared LiNi0.91Mn0.03Co0.06O2 (10 g) was physically mixed with
0.04 M cobalt hydroxide (0.4g, Alfa Aesar, 97%). Then, the mixture was calcined at 720 oC
for 6 h in pure O2 stream.

Characterization: The morphologies of the samples were examined with a SEM (FEI Quanta
650). XRD patterns were obtained with a Rigaku Miniflex 600 equipped with Cu Kα radiation
from a 2θ range of 10° to 80° with a step scan of 0.04°. Fullprof program was utilized to
perform the Rietveld refinement. Cross-sections of the cathode particles were obtained with
focused ion beam (FIB, Scios 2HiVac Dual beam FIB, Thermo Fisher Scientific). Structural
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and chemical analyses were performed with a HR-STEM (NEOARM Low kV STEM
Corrected, JEOL). Electrochemical impedance spectroscopy (EIS) of hyd-NMC91 and Cohyd-NMC91 after the formation cycle and 100 cycles at 3 V versus Li was performed with a
Biologic VMP3 potentiostat. The frequency was scanned between 1 mHz and 1 MHz. To
determine the reaction temperature during synthesis, thermogravimetric-differential thermal
analysis (TG-DTA) was performed with a NETZSCH STA 449 Jupiter thermal analysis system.
The mixtures were heated in an alumina crucible in air (N2:O2 = 80:20) from 30 to 800 °C with
a 5 °C min-1 heating rate. The residual lithium content in each sample was determined with an
acid-base titration. 2 g of sample was put into 100 mL of deionized water or anhydrous
methanol (99.9%, Alfa Aesar) for 10 min and then filtered to collect a clear solution. Storage
and preparation of the analyte in methanol solvent was performed in an inert glove box. In case
of filtered methanol solution, more water was added (methanol/water ratio of 2/3) to minimize
the pH error.1 Afterward, the filtered mixture was titrated with 0.1 M HCl (Easy pH, Mettler
Toledo) down to pH 3, and the residual lithium contents as well as individual LiOH and Li2CO3
contents were determined by 2-equivalence points. The residual lithium contents of all the
samples were determined within 10 minutes after synthesis to minimize the formation of
residual lithium in contact with air. A more detailed calculation equations for residual lithium
concentration and contents were reported by our group.2 2 g (W) of cathode material was added
to 100 ml (A1) of de-ionized water in a sealed container and then stirred for 10 minutes. The
resulting solution was filtered, and then 80 ml (A2) of the filtered analyte was titrated with 0.01
M (CHCl) HCl standard solution. The residual lithium concentration was calculated with the
obtained two equivalence points (V1 and V2 in the order of appearance, both in ml) by the
formula below:
1) Total residual lithium concentration (ppm) =
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1

𝐴

𝑉2 × 𝐶𝐻𝐶𝑙 × 𝑀𝐿𝑖 × 𝑊 × (𝐴1 ) × 1000 (ppm)
2

2) LiOH and Li2CO3 content (wt. %)
LiOH (wt. %) = [

(2𝑉1 −𝑉2 ) × 𝐶𝐻𝐶𝑙 × 𝑀𝐿𝑖𝑂𝐻

Li2CO3 (wt. %) = [

1000 × 𝑊

(𝑉2 −𝑉1 ) × 𝐶𝐻𝐶𝑙 × 𝑀𝐿𝑖2𝐶𝑂3
1000 × 𝑊

𝐴

] × (𝐴1 ) × 100 (wt. %)
2

𝐴

] × (𝐴1 ) × 100 (wt.%)
2

* MLi: 6.941, MLiOH: 23.94, and MLi2CO3: 73.89

Electrochemical Tests: A typical cathode slurry was prepared by mixing the electrode material,
carbon black (Super P), and poly(vinylidene fluoride) (PVdF) (weight ratio = 90:5:5) in Nmethyl-2-pyrrolidone (NMP). The slurry was casted onto an Al current collector and the mass
loading was ~ 5 mg cm-2. Galvanostatic tests were carried out with 2032 coin cells assembled
with a Li metal anode, an electrolyte consisting of 1.0 M LiPF6 in ethylene carbonate (EC)/ethyl
methyl carbonate (EMC) (weight ratio = 3:7) with 2 wt. % vinylene carbonate (VC) additive,
and the prepared cathode at 30 °C. For the formation cycle, all the cathodes were cycled
between 3 and 4.35 V (vs. Li/Li+) at C/10 rate for 3 cycles, followed by 100 cycles at C/2 rate
between 3 and 4.3 V (vs. Li/Li+) with a constant current–constant voltage charging mode (cutoff when the current equivalent to C/20 is reached).
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Supplementary Note 1 (Effect of Li2CO3 impurity in lithium raw materials)
Lithium hydroxide monohydrate (LiOH•H2O) is widely used as a lithium raw material for the
synthesis of high-Ni layered oxides due to its higher activity at the relatively low synthesis
temperatures than Li2CO3.3-7 Recently, Dahn‘s group reported that generation of (003) peak
and (10-8)/(110) peaks shift were observed at ~ 575 °C (LiOH) and 775 °C (Li2CO3) during
the synthesis of LiNiO2 with different lithium raw materials.4 Furthermore, an endothermic
peak near 721 °C as a result of fusion of Li2CO3 was clearly observed in the differential
scanning calorimetry (DSC) analysis from the mixture of Li2CO3 and Ni(OH)2,5 indicating that
Li2CO3 is still remaining at the melting point. Both phenomena revealed that a higher
temperature is required to prepare fully lithiated high-nickel cathode materials when using
Li2CO3 as the lithium source, instead of LiOH. Moreover, the surface of lithium hydroxide is
gradually converted to lithium carbonate when lithium hydroxide is stored in air, 8-10 which is
thermodynamically favorable (∆G < 0). Therefore, 670 oC is not high enough for Li2CO3
impurity in the lithium raw materials to react with NMC91 precursors completely to form highnickel NMC cathode materials (Ni contents: 91%).
Titration of anhydrous lithium hydroxide with different storage time in air can provide the
evidence for the formation of Li2CO3. Three anhydrous LiOH powder samples were stored in
air for 0 (anh-0), 10 (anh-10), and 20 (anh-20) days and their temperature and relative humidity
for 20 days are shown in Figure S1a. To enhance the reaction rate, anhydrous lithium
hydroxide was finely ground inside a glovebox. Figure S1b shows the titration curves of the
three samples. Two equivalence points can be determined in the mixed solution of LiOH and
Li2CO3 with differences in their base strengths when the titrant is an acid (e.g. 0.1 M HCl).2.
The first equivalent point EP (EP1) is a combination of two EPs corresponding the two reactions
below:
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LiOH + HCl → LiCl + H2O
Li2CO3 + HCl → LiHCO3 + LiCl
EP2 corresponds to the reaction below:
LiHCO3 + HCl → H2CO3 + LiCl
Difference in the volume between EP2 and EP1 (EP2 – EP1) reflects the conversion amount of
LiOH to Li2CO3, as shown in Figure S1c. The anh-0 showed only EP1, which means Li2CO3
impurity in anhydrous lithium hydroxide is extremely low. On the other hand, two equivalence
points of anh-10 and anh-20 are clearly observed and the volume of (EP2 – EP1) is significantly
increased with increasing storage periods. This indicates that Li2CO3 is gradually formed in
anhydrous LiOH and its content is increased with storage time during the storage of anhydrous
LiOH in air.
To demonstrate the effect of lithium carbonate impurity in the lithium raw materials during
synthesis of NMC91 without inaccuracy issues introduced by Li2CO3 impurity, we prepared a
mixture of anhydrous lithium hydroxide and Ni0.91Mn0.03Co0.06(OH)2 precursors to synthesize
anh-NMC91. The mixture was then stored in air for different storage times and fired at the
same condition. To avoid off-stoichiometry issues, all the mixtures of anhydrous lithium and
NMC precursors were prepared inside the glovebox. The anhydrous lithium hydroxide and
NMC precursors were thoroughly mixed in the molar ratio of 1.00 (anh-NMC91). A part of
those mixtures was stored in air for 10 (anh-NMC91-10) and 20 days (anh-NMC91-20). After
that, each mixture was fired at 670 oC for 10 hr in a pure stream of oxygen and titrated with an
auto-titrator. Figure S1d exhibits the residual lithium content in the as-prepared three cathode
materials. The Li2CO3 content is significantly increased with increasing storage period in air
(anh-NMC91 < anh-NMC91-10 < anh-NMC91-20). This is attributed to the fact that Li2CO3
impurity is gradually formed in anhydrous lithium hydroxide during air storage (Figure S1c),
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resulting in an accumulation of Li2CO3 on the surface after the synthesis of NMC91 cathode
materials.
We further investigated the anhydrous LiOH and Li2CO3 mixture as a lithium source for
NMC91 synthesis to verify the melting point effect of lithium raw materials. It is well known
that LiOH-Li2CO3 eutectic molten salt melting point can be significantly reduced (433 oC)
based on the phase diagram theory.11-13 Two NMC91 cathode materials with two different
lithium source mixtures (LiOH-Li2CO3 ratio: 0.84:0.16 and 0.92:0.08) were prepared, as
referred to CO3-NMC91-16 and CO3-NMC91-08. To avoid off-stoichiometry issues, all
mixtures were prepared inside the glovebox (Li/TM ratio: 1.00). Figure S1e and f show the
residual lithium contents and XRD of anh-NMC91, CO3-NMC91-16 and CO3-NMC91-08.
With increasing Li2CO3 molar ratio in the binary salt mixture, Li2CO3 content significantly
increased while the I(003)/I(104) ratio decreased. TG-DTA results revealed insufficient reaction
of Li2CO3 during NMC91 synthesis. The TG-DTA curves of the mixture of
Ni0.91Mn0.03Co0.06(OH)2 with molten Li salt ([1-x]LiOH∙H2O – xLi2CO3 with x = 0.16) and
anhydrous LiOH are shown in Figure S1g and h. When the Li source is a molten salt, an
endothermic peak of Li2CO3 (721 °C) was clearly observed.5 On the other hand, there were no
peaks near 721 oC when using anhydrous LiOH. Moreover, the melting point of eutectic molten
salt (422 oC) was lower than anhydrous LiOH (463 oC). This means that LiOH and Li2CO3 in
the molten salt were separately reacted with NMC hydroxide precursors during synthesis
despite lower melting point as well as Li2CO3 is not enough to fully react at the synthesis
temperature of NMC91 (670 oC). Consequently, the formation of inferior structure (I(003)/I(104)
< 1.2) and high Li2CO3 content on high-nickel cathode materials were observed when using
Li2CO3 as the lithium source, as shown in Figure S1e and f.
Based on these results, the possible formation mechanisms of Li2CO3 on the surface of highNi cathodes are proposed. (1) Unreactive Li2CO3 due to insufficient reaction at the synthesis
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temperature can be accumulated, which is further supported by Figure S1. (2) Residual lithium
in high-Ni layered oxide cathodes can be formed when exposed to air. Surface Li2O and/or
LiOH are converted to Li2CO3. This reaction is not only thermodynamically favorable (∆G <
0) but also one of the formation mechanisms of residual lithium. (3) Additional Li2CO3 on
high-Ni cathodes could be formed during cooling.14
Therefore, lithium raw materials for the synthesis of high-Ni cathode materials should be
stored in a moisture and/or CO2 controlled environment to avoid Li2CO3 impurity issue.
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Figure S1. (a) Temperature and relative humidity in the lab for 20 days, (b) titration curves
and (c) difference between the EP2 and EP1 values for the anh-0, anh-10, and anh-20 samples,
(d) residual lithium contents in mixture of anhydrous LiOH and NMC91 precursors in air with
increasing storage time, (e) residual lithium contents and (f) XRD patterns of NMC91 with
mixed LiOH anhydrous and Li2CO3 ([1-x]LiOH : xLi2CO3, molar ratio of x = 0, 0.08, and 0.16),
and TG-DTA curves of Ni0.91Mn0.03Co0.06(OH)2 with (g) mixed Li salt (([1-x]LiOH∙H2O –
xLi2CO3 with x = 0.16) and (h) anhydrous LiOH.
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Supplementary Note 2 (Investigation of interdiffusion with TEM)
Figure S2a shows the cross-sectional image of Co-hyd-NMC91. As shown, nanostructured
materials (~ 200 nm) are on the surface of NMC91. To further determine the fine structure of
the nanostructured coating materials, high-angle annular dark-field STEM (HAADF-STEM)
imaging and electron energy loss spectroscopy (EELS) were conducted, as shown in Figure
S2b and d. The well-defined layered structure of the corresponding red box in Figure S2a is
clearly observed as a stacking of each transition-metal layer along the c-axis (Figure S2b),
which is consistent with the primary particle of Co-hyd-NMC91 (blue box in Figure S2a)
shown in Figure S2c. This structure consists of Co, Ni and O, and the composition is revealed
to be LiCoxNi1-xO2 by the EEL spectra (Figure S2d). This indicates that transition-metal ions
between the coating layer and the bulk are cross-diffused.15-17 Lithium cobalt oxides, such as
layered LiCoO2 and lithium deficient spinel LixCoO2, can be formed by a reaction between
residual lithium and cobalt hydroxide.18 Hence, LiCoxNi1-xO2 is additionally formed from
interdiffusion between lithium cobalt oxide and hyd-NMC91 on the surface where both
particles are adjacent to each other. This interdiffusion can be observed in cobalt coated-anh
NMC91, as shown in Figure S3. Co-rich (78%) and Ni-poor (21%) concentration are also
clearly observed in the middle of the nanostructured material that is adjacent to the primary
particles of NMC91 (Figure S4).
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Figure S2. TEM analysis. (a) Cross-sectional image of the Co-hyd-NMC91 particle from
STEM, showing ~ 200 nm sized nanostructured coating material distributed on the surface of
the NMC91 particle (typical coating material marked with the red box) and primary particles
of Co-hyd-NMC91 (typical primary particle marked with the blue box). HAADF-STEM image
of the coating material (red box in (a)) on the (b) surface and (c) bulk of Co-hyd-NMC91,
showing the layered structure (red: oxygen, gray: transition metal, and green: lithium). (d) EEL
spectrum revealing that the coating material is the layered LiNixCo1-xO2.
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Figure S3. HR-TEM image and corresponding EDS elemental maps of Ni (yellow), Co (cyan),
and Mn (purple) in Co-anh-NMC91. All scale bars represent 100 nm.

Figure S4. Interdiffusion of Co and Ni ions in Co-hyd-NMC91: (a) HR-TEM image of Co-hydNMC91 and (b) EDS line scans of Ni (blue) and Co (red) distribution along the black arrow (~
80 nm).
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Supplementary Note 3 (Cell fading mechanism)
The phase transition from hexagonal (H1) to monoclinic (M), monoclinic (M) to hexagonal
(H2), and hexagonal (H2) to hexagonal (H3) are clearly observed during the charge and
discharge process.3, 19-21 Notably, the H2-H3 phase transition causes the ‘c’ axis to drastically
contract, resulting in microcrack. Cobalt hydroxide coated NMC91 showed a lower intensity
of the H2 – H3 phase transition peak than the uncoated NMC91 electrodes, which has
contributed to the improvement in cycle performance. Therefore, the intensity and reversibility
of the peaks corresponding to the H2 to H3 phase transition are critical indicators for the
structural stability of high Ni-cathodes.
To verify the microcrack after longterm cycling, morphologies of hyd-NMC91 and CoNMC91 after 100 cycles were examined with SEM (Figure S5). The microcrack of hydNMC91 (Figure S5a and b) is clearly observed compared to that in Co-hyd-NMC91 (Figure
S5c and d) in the cross-sectional images. Relatively bright particles (white circles) in low
magnitude images indicate cracked particles. The hyd-NMC91 has more brighter particle
region than Co-hyd-NMC91, illustrating a more widespread cracking (Figure S5e). Moreover,
the impedance growth of hyd-NMC91 and Co-hyd-NMC91 after 100 cycles was observed with
EIS (Figure S6). It is clear that the overall impedance growth of Co-hyd-NMC91 is
substantially lower than that of hyd-NMC91 after cycling. There is little difference in the
surface cathode-electrolyte interphase (CEI) and charge-transfer resistance after the formation
cycles. However, the CEI resistance of hyd-NMC91 (194 Ω) after 100 cycles is about three
times higher than that of Co-hyd-NMC91 (66 Ω), as shown in Figure S6c. This means that
additional electrolyte decomposition could be effectively reduced after cobalt hydroxide coaing
in NMC91 due to the removal of residual lithium and decreasing microcrack. Therefore, cobaltcoating on high nickel cathode materials contributes to less CEI resistance growth, resulting in
improvement in cycle performance.
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Figure S5. Cross-sectional SEM images of (a), (b) hyd-NMC91 and (c), (d) Co-hyd-NMC91
and SEM images at various magnifications (x200, x2000, and x4000) of (e) hyd-NMC91 and
(f) Co-hyd-NMC91 after 100 cycles. The white circles highlight the cracked particles.

Figure S6. Electrochemical impedance spectroscopy of hyd-NMC91 and Co-hyd-NMC91 (a)
after the formation cycle (the inset shows the equivalent circuit) and (b) 100 cycles; (c) CEI
resistance and charge-transfer resistance of hyd-NMC91 (black) and Co-hyd-NMC91(red)
after the formation cycle and 100 cycles.
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Figure S7. Morphologies of (a) hyd-NMC91, (b) anh-NMC91, (c) Co-hyd-NMC91, and (d)
Co-anh-NMC91.
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Figure S8. Refined powder diffraction patterns of (a) hyd-NMC91, (b) anh-NMC91, (c) Cohyd-NMC91, and (d) Co-anh-NMC91.

17

Figure S9. Titration curves of 0.025 M LiOH analytes prepared with water (black) and
methanol (red) as solvents.

18

Table S1 Refined cell parameters and statistics obtained from the Rietveld refinement of the
powder XRD patterns of hyd-NMC91, anh-NMC91, Co-hyd-NMC91, and Co-anh-NMC91
Parameter

hyd-NMC91 anh-NMC91 Co-hyd-NMC91 Co-anh-NMC91

a-axis (Å)

2.87597

2.87427

2.87540

2.87423

c-axis (Å)

14.19703

14.19796

14.19677

14.19781

Volume (Å3)

101.695

101.581

101.652

101.573

Ni2+ in Li site (%)

4.40

2.47

3.48

2.19

Rp (%)

4.02

4.38

4.63

4.29

Rwp (%)

5.73

6.03

6.58

5.91

ꭓ2

5.22

6.09

7.49

6.17
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