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Digesting lithium insertion materials in acid solutions is succeeded by into today’s discovery and
developments of lithium-ion batteries (LIBs), and has recently received significant attention as a leaching
process for recycling spent LIBs. To explore more effective and eco-friendly leaching conditions, we
elucidated the reaction mechanisms underlying the dissolution of LiNig ¢C0g2Mng 20, (NCM622) into an
HNO3 solution with or without H,O,. Without H,O,, delithiated NCM622 powder remained even after
24 h, whereas, with H,O,, NCM622 completely dissolved into the solution within 3 h. X-Ray diffraction
patterns, transmission electron microscopy, and X-ray Raman spectroscopy all indicated that the
residual NCM622 powder maintained the initial Li composition during the entire leaching process with
H,0O,. However, soft X-ray absorption spectroscopy, which provides information on the electronic and
oxidation states of a surface, revealed the presence of a delithiated NCM622 phase. Hence, successive
oxidation and dissolution reactions on the surface occur during the leaching process with H,O,,
enabling the rapid and complete dissolution of NCM622. The results of leaching with an eco-friendly
organic acid are also presented, along with comparative leaching experiments with other positive
electrode materials. These insights into the dissolution of lithium insertion materials in acid solutions
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rsc.li/energy-advances could pave the way to more effective and eco-friendly acid leaching and solvent extraction processes.

1 Introduction LiCoO, — Li* + e~ + CoO,. (1)

Then, in 1981, Hunter proposed applying LiMn,0, with a
spinel structure to LIBs by examining a residual compound
after digesting LiMn,O, in several acid solutions such as
HNO; and H,SO,.°> Specifically, this chemical reaction is
represented by

State-of-the-art technology and knowledge are not always estab-
lished only on brand-new information. Confucius, an ancient
Chinese thinker, preached the importance of attempting to
discover new things by scrutinizing the past." Lithium-ion
batteries (LIBs), which are essential for the information and

communication devices that our society relies on, have reached
a stage of maturation; thus, re-examining existing knowledge is
required to further develop LIBs.?

Conventional LIBs are based on a reversible electrochemical
reaction, wherein Li* ions move back and forth between positive
and negative electrodes. This is called a topotactic reaction, which
originated from a discovery by Goodenough and coworkers in
1980. They found that Li" ions could be extracted from LiCoO,
with a layered structure in a nonaqueous electrolyte through the
following reaction:**

Toyota Central Research & Development Laboratories Incorporated,

Yokomichi 41-1, Nagakute, Aichi 480-1192, Japan.

E-mail: e1089@mosk.tytlabs.co.jp; Tel: +81-561-71-7698

t Electronic supplementary information (ESI) available: Setup of the XRS mea-
surements; Rietveld analysis results and structural parameters of residual
NCM622 powders after HNOj; leaching with H,O, or without H,O,; original FFT
patterns from T, R1, R2, and R3; enlarged XANES spectra for the O K-edge, Ni L-
edge, Co L-edge, and Mn L-edge; and results of the HNO; leaching for NiO, Co;0,,
and MnO,. See DOI: https://doi.org/10.1039/d4ya00049h

© 2024 The Author(s). Published by the Royal Society of Chemistry

2LiMn,0, + 4H" — 2Li"(I) + 3A-MnO,(s) + Mn**(1) + 2H,0,
(2)

where A-MnO, also adopts a spinel structure that provides
three-dimensional channels for Li ion migration, and 1 and s
stand for liquid and solid phases, respectively.” Eqn (2) can be
understood as a disproportionation reaction:

2Mn** — Mn*'(s) + Mn**(l). (3)

Substituting LiCoO, into eqn (2), the electrochemical reac-
tion in eqn (1) becomes

2LiCo0, + 4H" — 2Li'(l) + Co0,(s) + Co™ (1) + 2H,0.  (4)

Eqn (2) and (4) correspond to the electrochemical oxidation
reactions in LIB, although the interface of the LiCoO, particles
should be continuously renewed to proceed the chemical
oxidation reaction. Particularly for layered LiNiO,, an insertion
of H' ions as well as the chemical oxidation reaction occur due
to a partial structural change in oxygen packing sequence;
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ie., from a cubic-closed packing to a hexagonal-closed
packing.®™® Details of differences between the electrochemical
and chemical oxidation reactions have remained a subject of
debate.

As the demand for LIBs has expanded rapidly, sustainable
and green recycling technologies for spent LIBs are increasingly
required to make efficient use of limited metal sources.”"’
Such technologies inevitably involve pyrometallurgy, which
consists of acid leaching (digestion) and solvent extraction
processes.'’ ™ Acid leaching agents include HNO;, H,SO,,
HC], and several organic acids,"*™"* which are almost the same
as those in Hunter’s original experiments.” A typical acid
leaching reaction for LiCoO, can be described by"*

2LiCo0, + 6H" + H,0, — 2Li"(I) + 2Co**(I) + 4H,0 + O,,

(5)

which differs from the chemical reaction in eqn (4). Meanwhile,
although H,0, is regarded as a reducing agent,"" ™ to our best
knowledge, the reaction mechanisms in which it participates
during the acid leaching process—in other words, the roles of
H,0,—have remained unclear.

We thus revisited this overlooked issue with LIBs by employ-
ing modern analysis methods such as high-angle annular dark
field scanning transmission electron microscopy (HAADF-
STEM), X-ray Raman spectroscopy (XRS), and soft X-ray absorp-
tion spectroscopy (XAS). XRS utilizes the inelastic scattering of
hard X-rays, providing information equivalent to that of soft
XAS under the dipole approximation.'*'® Because hard X-rays
penetrate deeper, XRS conveys information on X-ray absorption
edges in the bulk material, whereas soft XAS provides surface
information (within ~ 50 nm). We selected LiNiy ¢C0¢ M1 20,
(NCM622) as a model because of its increasing popularity as a
positive electrode material for high-energy-density LIBs.'” '
Then, we examined the particle morphologies, crystal struc-
tures, electronic states, and electrochemical properties of
NCM622 during the HNO; leaching process with and without
H,0, and compared the reaction schemes between the two
conditions. An in-depth understanding of the dissolution of
NCM622 into an HNOj; solution could unveil the appropriate
conditions for effective and eco-friendly acid leaching
and solvent extraction processes. Consequently, we revealed
the consecutive reactions of oxidation and dissolution on the
surface of NCM622 with H,0,.

2 Experimental
2.1 Characterization

NCM622 powder was purchased from Hosen Corp. and char-
acterized by synchrotron radiation X-ray diffraction (XRD),
electrochemical charge and discharge tests, inductively coupled
plasma atomic emission spectroscopy (ICP-AES; ICPS-8100,
Shimadzu), scanning electron microscopy (SEM; SU3500,
Hitachi High-Technologies), and transmission electron micro-
scopy (TEM; JEM-2100F, JEOL). Approximately 2 mg of NCM622
was packed into a borosilicate glass capillary with a diameter of
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0.3 mm (W. Miiller Glas Technik) and exposed to X-rays for
10 min. Its XRD pattern was recorded at the BL5S2 beamline at
Aichi Synchrotron Radiation Center (Aichi SR) using a two-
dimensional (2D) detector (PILATUS 100 K, Dectris). The X-ray
wavelength (1) was determined to be 0.8000(2) A using a silicon
standard (NIST 640d). The Rietveld analysis was conducted
using RIETAN-FP software,”> and the crystal structure was
drawn schematically using VESTA software.>?

The TEM specimens were prepared using a dual-beam
focused ion beam scanning microscope (Helios, FEI) with Ga
ions at accelerating voltages from 2 to 40 kV. High-resolution
TEM images were obtained at 200 kV using an objective lens
with Cs = 0.5 mm. Energy dispersive X-ray spectroscopy (EDS)
was conducted to clarify elemental distributions in the TEM
specimens. HAADF-STEM images were recorded with a conver-
gence semi-angle of 29 mrad and a collection angle of
75-200 mrad.

LiNig gC09.09Alp.030, (NCA) and LiCoO, (LCO) powders were
also purchased from Hosen Corp. and NiO, Co3;0,, and MnO,
powders were provided by FUJIFILM Wako Pure Chemical.

2.2 Electrochemical measurements

Electrochemical reactivity was examined in a Li cell using an
electrolyte consisting of 1 M LiPFs dissolved in a mixture
of ethylene carbonate (EC) and diethylene carbonate (DEC)
(EC/DEC = 1/1 by volume, Kishida Chemical). Different working
electrodes were prepared by two methods, i.e., a wet process
using polyvinylidene fluoride (PVdF; KF#1120, Kureha) and a
dry process using polytetrafluoroethylene (PTFE; Sigma-
Aldrich). For the wet-processed NCM622, NCA, and LCO elec-
trodes, a black slurry containing one of these three active
materials along with acetylene black (AB; HS-100, Denka),
PVdF, and N-methyl-2-pyrrolidone (Nacalai Tesque) was cast
onto an Al foil (thickness = 20 pum), dried under vacuum at
120 °C for 12 h, and finally cut into a disc with a diameter of
16 mm. The weight ratio of active material/AB/PVdF was 88/6/6.
For the dry-processed NCM622, N_24, N + H 0.5, and N+ H_1
electrodes, 75 wt% active material (~10 mg), 20 wt% AB, and
5 wt% PTFE were pressed onto an Al mesh current collector
(diameter = 10 mm). The N_24, N+ H_0.5, and N + H_1 samples
are described in the next section. Lithium cells were fabricated
in an Ar-filled glovebox (DBO-2BLKP, Miwa Mfg) by pressing a
Li metal sheet onto a stainless steel plate (diameter = 19 mm),
which was utilized as a counter electrode. Two sheets of
a polypropylene membrane with a thickness of 25 pum (Tonen-
General Sekiyu) were used as the separator. Charge and
discharge tests were performed at a current of 0.3 mA
(~0.15 mA cm ?) for the wet-processed electrodes and
0.1 mA (~0.13 mA cm ) for the dry-processed ones. The
voltage range was 3.0-4.4 V, and the environmental tempera-
ture of the cells was 25 °C.

2.3 HNO; leaching with or without H,0,,

One gram of the NCM622 powder was immersed in 50 ml of a
1 M HNO; solution (FUJIFILM Wako Pure Chemical), and then
stirred for 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 8, or 24 h at room

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Leaching conditions for NCM622, weight fraction w, Li/Ni/Co/Mn ratio, lattice parameters, and analysis methods applied at each time point

Sample no. Sample notation H,0, Leaching time/h w/% Li/Ni/Co/Mn ratio® Lattice parameters/A Analyses
1 Pristine — — 100 1.02/0.60/0.20/0.20 an = 2.8677(1) XRD, SEM, TEM
on = 14.219(1) XAS, XRS
2 N_0.25 w/o 0.25 94 0.95/0.60/0.20/0.20 an = 2.8658(1) XRD
on = 14.229(1)
3 N_0.5 w/o 0.5 93 0.93/0.60/0.20/0.20 an = 2.8646(1) XRD
cn = 14.229(1)
4 N_0.75 w/o 0.75 92 0.92/0.60/0.20/0.20 an = 2.8639(1) XRD
con = 14.236(1)
5 N_1 w/o 1 89 0.81/0.60/0.19/0.20 ap, = 2.8629(1) XRD, SEM
2.15/0.60/0.20/0.19(1) ¢, = 14.249(1)
6 N_1.5 w/o 1.5 86 0.85/0.60/0.20/0.20 an = 2.8582(1) XRD
cn = 14.269(1)
7 N_2 w/o 2 86 0.85/0.60/0.20/0.20 an = 2.8571(1) XRD
cn = 14.270(1)
8 N_3 w/o 3 79 0.77/0.60/0.20/0.20 an = 2.8499(1) XRD
cn = 14.287(1)
9 N_4 w/o 4 79 0.48/0.60/0.19/0.20 ap, = 2.8495(1) XRD
2.07/0.60/0.20/0.19(1)  ¢p, = 14.290(1)
10 N_8 w/o 8 61 0.46/0.60/0.20/0.20 an = 2.8213(1) XRD, SEM
cn = 14.482(1)
11 N_24 w/o 24 57 0.26/0.60/0.19/0.20 an = 2.8180(1) XRD, SEM, TEM
2.14/0.60/0.20/0.19(1) ch = 14.453(1) XAS, XRS
12 N+ H_0.25 w/ 0.25 74 an = 2.8678(1) XRD
cn = 14.219(1)
13 N+ H_0.5 w/ 0.5 61 an = 2.8678(1) XRD, SEM
on = 14.219(1)
14 N+ H_0.63 w/ 0.63 48 ap, = 2.8676(1) XRD
on = 14.219(1)
15 N + H_0.75 w/ 0.75 30 an = 2.8676(1) XRD
cn = 14.219(1)
16 N+H_1 w/ 1 21 0.97/0.60/0.20/0.20 an = 2.8679(1) XRD, SEM, TEM
1.04/0.60/0.20/0.20(1) ¢, = 14.219(1) XAS, XRS
17 N+H_1.5 w/ 1.5 2
18 N+ H_1.75 w/ 1.75 1
19 N+H.2 w/ 2 2 an = 2.8679(1) XRD, SEM
on = 14.219(1)
20 N+H.3 w/ 3 0
21 N+H 4 w/ 4 0
22 N+H_8 w/ 8 0
23 N+ H_24 w/ 24 0

“ Li/Ni/Co/Mn ratios in the liquid (1) phase are provided for N_1, N_4, N_24, and N + H_1.

temperature (RT; ~22 °C). These samples are hereafter labelled
“N” for nitric acid and suffixes indicating their leaching time in
hours, i.e., N_0.25, N_0.5, etc. (Table 1). We employed HNO; as
a leaching acid by considering its strong oxidizing power
compared to those for H,SO, and HCI. In addition, 1 g of the
NCM622 powder was immersed in a 1 M HNO; solution
including H,0, of 1 ml (purity ~ 30 wt%, FUJIFILM Wako Pure
Chemical), and then stirred for 0.25, 0.5, 0.63, 0.75, 1, 1.5, 1.75,
2, 3, 4, 8, or 24 h at RT. These samples are hereafter labeled
“N + H” indicating immersion in both nitric acid (N) and
hydrogen peroxide (H) with similar suffixes indicating their
stirring time in hours, i.e., N + H_0.25, N + H_0.5, etc. (Table 1).

After the treatment, each sample was filtered and dried at
40 °C for 24 h, except for the completely dissolved samples. For
the residual powders, the Li/Ni/Co/Mn ratios were determined
by ICP-AES analyses, and their crystal structure was examined
by synchrotron XRD measurements at the BL5S2 beamline at
Aichi SR. The experimental procedure for the XRD measure-
ments was the same as that for the pristine NCM622 sample.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Only for N_1, N_4, N_24, and N + H_1 samples, the Li/Ni/Co/Mn
ratios in the liquid phase were determined by ICP-AES. TEM
analyses were conducted on the N_24 and N + H_1 samples.

For comparison with NCM622, 1 g each of NCA, LCO, NiO,
Co030,4, and MnO, powders were separately immersed in 50 ml
of a 1 M HNO; solution at RT for 24 h with or without H,O,.
Moreover, 1 g each of NCM622, NCA, or LCO was separately
immersed in 50 ml of 1 M citric acid (C¢HgO;, FUJIFILM Wako
Pure Chemical) with H,O, for 24 h at RT.

2.4 Soft XAS

Soft XAS was performed on pristine NCM622, N_24, N + H_1,
and electrochemically delithiated NCM622 at the BLIN2 beam-
line at Aichi SR. This beamline covers K-edge measurements
from B to Si, L-edge measurements for 3d transition metals,
and M-edge measurements for lanthanoids.?* For the pristine
NCM622, N_24, and N + H_1 samples, a composite sheet
(3 mm x 3 mm) consisting of 95 wt% of each sample and
5 wt% PVdF was attached onto an XAS sample holder using

Energy Adv, 2024, 3,1099-1M0 | 1101
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carbon tape. The electrochemically delithiated NCM622 sam-
ples were prepared by charging at a current of 0.3 mA. The Li
composition in NCM622, namely x in Li,Nij C0o ,Mn, ,0,, was
0.92, 0.82, or 0.72. X-Ray absorption near-edge structure
(XANES) spectra for the Ni L-edge, Co L-edge, Mn L-edge, and
O K-edge were recorded in total-electron-yield mode and were
normalized using the Au 4f spectrum.

2.5 XRS

To characterize the pristine NCM622, N_24, and N + H_1
samples, XRS was conducted at the Toyota beamline (BL33XU)
at SPring-8. Approximately 0.1 g of each sample was pressed
into a pellet with a diameter of 10 mm and a thickness of
~0.5 mm, which was then placed on Kapton tape (thickness =
25 um, Dupont). Each sample was exposed to hard X-rays for
at least for 14 h by tilting the sample to the incident X-rays
(angle = 5°). Fig. S1 (ESIt) shows photographs of the experimental
setup at the beamline. The experimental setup and procedures
for XRS measurements have been described elsewhere.'*'*

3 Results and discussion
3.1 Characterization of pristine NCM622

Before moving on to the results of HNO; leaching, we briefly
describe the characteristics of the present NCM622. As shown
in Fig. 1a, the XRD pattern of pristine NCM622 can be assigned
to a regular layered structure with the R3m space group, in

(a)
Ch e
- Li
i Ni/Co/Mn
4 oh o 2
T ‘
10 20 30 40 50 60 70 80 90
b) 20/ degree [A = 0.8000(2) A]
4.5 T T T T T
+Q 40} ]
3 H,O stable
17 range
235 ]
W
3.0 T
0 50 100 150 200
Q/mAhg’

Fig. 1 (a) Rietveld analysis of the XRD pattern for the pristine NCM622
sample and (b) charge and discharge curves of the NCM622/Li cell
operated at a current of 0.3 mA (~ 0.15 mA cm~2) in the range of 3.0—-
4.4 V. The layered structure of NCM622 is shown schematically in the inset
of (a). Red lines in (b) indicate the charge and discharge curves for the first
cycle, and blue dashed lines indicate the stable voltage range for the
aqueous solution vs. Li*/Li electrode, i.e., 3.0-4.2 V.
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Table 2 Structural parameters of pristine NCM622, N_24, and N + H_1 as
determined by the Rietveld analysis

Sample Phase Atom Wyckoff position g xy z Bigo (A%)
Pristine NCM622 Li 3b 1.0 00 0.5 1.0
Ni  3a 0.6 000 0.2(1)
Co 3a 02 000 0.2(1)
Mn 3a 02 000 0.2(1)
0  6c 1.0 0 0 0.258(1) 0.5(1)

Space group: R3m, aj, = 2.8677(1) A, and ¢, = 14.219(1) A

Ryp = 5.44% and S = 1.18.

N_24 NCM622 Li 3b 0.26 0 0 0.5 1.0
(96.8 wt%) Ni  3a 0.6 000 0.4(1)
Co 3a 019000 0.4(1)
Mn 3a 02 000 0.4(1)
0  6c 1.0 0 0 0.258(1) 0.2(1)
y-NiOOH Ni  3a 1 000 0.4(1)
(32wt%) O  6¢c 1 00 0.393(4) 0.2(1)

Space group: R3m, ay, = 2.8180(1) A, and ¢y, = 14.453(1) A for NCM622
Space group: R3m, aj, = 2.8211(4) A, and ¢;, = 20.873(4) A for y-NiOOH
Ryp = 3.68% and S = 0.52.

N+H_1 NCM622 Li 3b 0.97 0 0 0.5 1.0
Ni  3a 0.6 000 0.3(1)
Co 3a 02 000 0.3(1)
Mn 3a 0.2 000 0.3(1)
0O 6c 1.0 0 0 0.259(1) 0.5(1)

Space group: R3m, ay, = 2.8679(1) A, and ¢, = 14.219(1) A
Ryp = 8.15% and S = 1.23.

which Li* ions occupy the octahedral 3b site and Ni/Co/Mn ions
occupy the octahedral 3a site in a cubic close-packed 0>~ array.
Table 2 summarizes the structural parameters, such as the
atomic positions and lattice parameters of the a,- and cy-axes.
Fig. 1b shows the charge and discharge curves of the NCM622/
Li cell operated at a current of 0.3 mA. The rechargeable
capacity (Qrecha) Of ~190 mA h g~' is obtained in the range
of 3.0-4.4 V, where the theoretical capacity is calculated to be
276.5 mA h g~' by assuming a one-electron transfer. The
structural and electrochemical properties of pristine NCM622
are similar to those previously reported for NCM622."7'

3.2 w and particle morphology

Fig. 2a and b show the weight fraction (w) after HNO; leaching
without and with H,0,, respectively. Without H,0,, w decreases
almost linearly from 100% at 0 h to 61% at 8 h and then levels
off at ~60% for the rest of the 24 h experiment. The blue line in
Fig. 2a represents the theoretical w (= 47%) based on the
disproportionation reaction for NCM622:>®

2LIMO, + 4H" — 2Li*(l) + MO,(s) + M*() + 2H,0,  (6)

where M = Nij ¢C0g,Mn,,. The difference in w between the
observed and theoretical values is caused by the limited voltage
range of the aqueous solution. As shown in Fig. 1b, the aqueous
HNO; solution is only stable in the range between 3.0 and
~4.2 V vs. Li'/Li, restricting further delithiation above 4.2 V.
The Li composition in NCM622 at 4.2 V is expected to be 0.31 by
including the initial irreversible capacity, which is similar to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Weight fraction w as a function of the HNO3 leaching time (a)
without H,O, and (b) with H,O,. Under both conditions, the solutions are
initially colorless and transparent [inset of (a)]. The blue line in (a) repre-
sents the theoretical w (= 47%) based on egn (6). The insets in (b) show an
enlargement of the time dependence of w and a photograph of N + H_24.

the actual Li composition (= 0.26) of N_24 as determined by the
ICP-AES analysis (see Table 1).

As shown in Fig. 2b, the w value with H,O, rapidly decreases
to ~0% within 1.5 h, implying that the NCM622 powder
completely dissolved into the aqueous solution, as evidenced
by the yellow appearance of N + H_24 in the inset. Thus, the
presence of H,0, in the acid solution drastically changes the
leaching process for NCM622. In addition, the Li/Ni/Co/Mn
ratio of the liquid (1) phase differs between the two processes;
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namely, as listed in Table 1, twice as much Li was leached
without H,0,.

We next investigated the particle morphology and size for
the residual NCM622 powders after HNO; leaching with or
without H,0,. Fig. 3a-d show SEM images of the pristine
NCM622, N_1, N_8, and N_24 samples leached without H,O,,
and Fig. 3e-h show the corresponding enlarged SEM images.
The pristine NCM622 powders form spherical secondary parti-
cles (diameter = 10-30 um) consisting of non-uniform primary
particles with sizes of 1-3 pm. The spherical secondary particles
seem to be increasingly broken as the leaching proceeded,
whereas the primary particles seem to have maintained their
original particle morphology and size.

Fig. 4a-d show SEM images of the pristine NCM622, N +
H 0.5, N + H_1, and N + H_24 samples (with H,0,), with
corresponding enlargements in Fig. 4e-h. Note that the SEM
images in Fig. 4a and e are identical to those of Fig. 3a and e.
As in the case without H,0,, the spherical secondary particles
broke as leaching proceeded, but they did so much more
rapidly than those leached without H,0,. Furthermore, some
primary particles exhibit a flake-like morphology and a smaller
particle size (~1 pum).

3.3 Crystal structure for residual powders

3.3.1 Macrostructure determined by the XRD measure-
ments. Fig. 5a-c shows selected Rietveld analysis results after
leaching without H,0,, i.e., N_1, N_8, and N_24. Fig. S2 (ESIt)
shows the Rietveld analysis results for N_0.25, N_0.5, and
N_0.75, and Fig. S3 (ESIf) shows those for N_2, N_3, and
N_4. The structural parameters are detailed in Tables S1 and
S2 (ESIY), and those of only N_24 are listed in Table 2.

The XRD pattern of N_1 can be indexed as a single phase of
the layered structure with the R3m space group, as for pristine
NCM622. Their lattice parameters were calculated to be
an = 2.8629(1) A and ¢, = 14.249(1) A, which differ slightly from
the initial values (Table 1). The single-phase layered structure

Fig. 3 SEM images of residual NCM622 powders after HNOs leaching without H,O,: (a) pristine NCM622, (b) N_1, (c) N_8, and (d) N_24. (e)-(h)

Corresponding enlarged SEM images of (a)—(d).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of residual NCM622 powders after HNO3 leaching with H,O5: (a) pristine NCM622, (b) N + H_0.5, (c) N + H_1, and (d) N + H_2.
(e)-(h) Corresponding enlarged SEM images of (a)—(d). Note that (a) and (e) are identical to Fig. 3a and e.
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Fig. 5 Rietveld analysis results after HNO3 leaching with or without H,O5: (a) N_1, (b) N_8, (c) N_24, (d) N + H_0.5, () N + H_1, and (f) N + H_2. The
diffraction peaks indicated by * can be assigned to y-NiOOH. (g) a, and (h) ¢y, as a function of leaching time. Comparison between (i) a,, and (j) ¢, values
after HNOj3 leaching without H,O, and those after electrochemical (EC) delithiation taken from our previous report.*®

with R3m was maintained for the first 4 h of leaching (Fig. S2
and S3, ESIT), although the ay, and ¢, values varied with the
leaching time (Table 1). However, the XRD patterns of N_8 and
N_24 can be assigned to a mixture of the aforementioned
layered structure and y-NiOOH with the R3m space group; the
v-NiOOH phase has been reported in Ni-MH batteries* and
electrocatalysts for the oxygen evolution reaction.>® The ¢}, value
of y-NiOOH is more than 20 A, indicating that it can accom-
modate H;O" and/or water molecules between the MO, layers.
The weight fractions of y-NiOOH in N_8 and N_24 were
determined to be 1.3 and 3.2%, respectively (Table 2 and Table
S2, ESI%).

Fig. 5d-f shows selected Rietveld analysis results after
leaching with H,0,, i.e., N + H_ 0.5, N + H_1, and N + H_2,

1104 | Energy Adv, 2024, 3,1099-1110

and Fig. S4 (ESIt) shows those of N+ H_0.25, N+ H_0.63, and N
+ H_0.75. The XRD patterns of all the samples are similar
to those of pristine NCM622. For instance, the XRD pattern of N
+ H_1 is assigned to a single-phase layered structure with the
R3m space group and ay, = 2.8679(1) A and ¢, = 14.219(1) A
(Table 2). Table S3 (ESIt) lists the structural parameters of the
other samples.

To clarify the differences in a, and ¢, with and without
H,0,, their leaching time dependences are illustrated in Fig. 5g
and h. The a;, value without H,O, decreased from 2.8677(1) A at
0 h to ~2.82 A at 8 h, while the ¢, value increased from
14.219(1) A to ~14.5 A at the same time points. The decrease
(increase) in ay, (cn) resembles the change in ay (cn) upon the
charge reaction.”® As listed in Table 1, the ICP-AES analysis

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00049h

Open Access Article. Published on 11 April 2024. Downloaded on 11/13/2025 10:49:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy Advances

confirmed that the Li composition decreased as leaching
proceeded. By contrast, the a, and c, values with H,O, were
almost constant, regardless of the leaching time, suggesting
that Li* ions are not effectively extracted from the NCM622
lattice. Indeed, the Li composition of N + H_1 was found to be
0.97 according to ICP-AES (Table 1).

Fig. 5(i) and (j) compare the ay, and c;, values as a function of
x in Li,Ni ¢C0g ,Mn, ,0, between the chemical (without H,0,)
and electrochemical oxidation'® reactions. The two trends are
similar, but the a;, and ¢, values without H,O, are more
scattered, particularly at x < 0.5, meaning an inhomogeneous
Li composition in the particles. The origin of these differences
is the dissolution reaction in the chemical oxidation process, as
understood by eqn (6). The crystal structure also differs
between chemically and electrochemically reacted samples of
LiNiO,.%”

3.3.2 Microstructure determined by the TEM analyses. The
microstructure and elemental distributions were analyzed by
TEM, including HAADF-STEM and EDS. Fig. 6a shows the
HAADF-STEM image of pristine NCM622, and Fig. 6a1-a5 show
the corresponding enlarged HAADF-STEM image and EDS
mappings of Ni, Co, Mn, and O. The primary particles of
pristine NCM622 adhere to each other, as observed in the
SEM image (Fig. 3e and 4e), and the distributions of the four
detected elements are homogeneous in the primary particles.
In contrast, the primary particles of N_24 are isolated from
each other and consist of many thin layers with a thickness of
~5 nm (Fig. 6b and b1). Moreover, Ni, Co, Mn, and O are
inhomogeneously distributed among the thin layers; specifi-
cally, they appear depleted in the darker layers (Fig. 6b1-b5).
As shown in Fig. 6¢c and c1-c5, N + H_1 appears similar to

"W pristine

R

20 nm

View Article Online
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pristine NCM622, except for the size and distribution of pri-
mary particles.

To elucidate the microstructure of N_24, two-dimensional
fast Fourier transform (FFT) patterns were examined in various
regions. Fig. 7a and b show the TEM and corresponding
HAADF-STEM images of N_24 to illustrate the striped layers.
As shown in Fig. 7c, the enlarged FFT pattern obtained from the
total (T) region of Fig. 7a consists of diffraction spots indicated
by blue and green circles and streaks along the [001] direction.
This FFT pattern is viewed from the [100] or [110] direction. The
diffraction spots indicated by blue and green circles come from
regions R1 and R3 in Fig. 7a, respectively (Fig. 7d and f).
Surprisingly, the diffraction patterns from R1 and R3 are
rotated by 60° with respect to each other, according to the
assignments of blue and green diffraction spots. For instance,
the two blue circles in R1 are assigned to 012 and 011. As shown
in Fig. 7e, streaks rather than distinct spots are observed from
R3, suggesting a low-crystallinity in this region. The original
FFT patterns for T, R1, R2, and R3 are shown in Fig. S5a-d
(ESIY). Based on the TEM analyses, N_24 is composed of several
phases, although the XRD analysis indicated a single phase
with a layered structure (except for y-NiOOH).

3.4 Electronic structure for residual powders

Fig. 8a-d show the XANES spectra of pristine NCM622, N_24,
and N + H_1 for the O K-edge, Ni L-edge, Co L-edge, and Mn L-
edge, and Fig. S6a-d (ESIt) shows the corresponding enlarged
XANES spectra. The O K-edge spectrum of pristine NCM622
indicates at least four peaks at 529.7, 533.8, 539.1, and 541.9 eV.
The first two are regarded as a pre-edge of the O K-edge
spectrum, which has been understood as hybridization

——————— 20 nm

(b5) OR

Fig. 6 HAADF-STEM images and EDS mappings of (a) pristine NCM622, (b) N_24, and (c) N + H_1. (a1)—(c1) Enlarged HAADF-STEM images and (a2)—(c5)

EDS mappings of Ni, Co, Mn, and O corresponding to (a)—(c).
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Fig. 7 (a) TEM and (b) corresponding enlarged HAADF-STEM images of
N_24. Enlarged FFT patterns obtained in the [100] or [110] direction from
(c) the total area in (a) and from the regions in (a) labeled (d) R1, (e) R2, and
(f) R3.

between the 3d orbital of a transition metal and the O 2p
orbital.””’ > The latter two peaks are attributed to hybridization
between 4s and p orbitals of a transition metal and the O 2p
orbital.>’>° Meanwhile, in the O K-edge XANES spectrum of
N_24, the pre-edge peak at ~530 eV is enlarged, while the pre-
edge peak at ~534 eV has disappeared or appears rounded and
has shifted to a lower photon energy. Moreover, the peak at
~540 eV is weakened in this spectrum. However, the O K-edge

View Article Online

Energy Advances

XANES spectrum of N + H_1 seems to have features of both
pristine NCM622 and N_24 in terms of the enlarged pre-edge
peak at ~530 eV and the weakened peak at ~540 eV. This
indicates that the surface of N + H_1 is partially delithiated,
although XRD measurements showed that its a;, and ¢y, values
were very similar to those of pristine NCM622. Nonetheless, the
XANES spectra for the Ni L-edge, Co L-edge, and Mn L-edge also
support this conclusion (Fig. 8b-d). For instance, the Ni L-edge
XANES spectra show four peaks at ~852.3, 854.4, 869.3, and
870.6 eV, two of which are shifted to higher photon energies for
N_24 and N + H_1. Additionally, as shown in Fig. S6c (ESIt), the
peak at ~780 eV in the Co L-edge XANES spectrum shifts to
higher photon energies in the order of N_24 and N + H_1,
suggesting higher oxidation states than those of the initial
pristine NCM622 material. Note that the L-edge XANES peaks
for Ni, Co, and Mn more directly reflect electronic structures
near the Fermi level than their corresponding K-edge XANES
peaks.*°

Soft XAS was also performed on electrochemically delithi-
ated NCM622 samples. Fig. 8e shows the charge and discharge
curves of three independent NCM622/Li cells, confirming
homogeneous and reproducible electrochemical reactions.
The x values in Li,Niy¢C0y,Mn,,0, were calculated to be
0.92, 0.82, and 0.72 by assuming 100% Coulombic efficiency.
Fig. 8f and g show the O K-edge and Ni L-edge XANES spectra of
the x = 0.92, 0.82, and 0.72 samples. However, the O K-edge
XANES spectra of the electrochemically delithiated samples
diverging from those of N_24 and N + H_1, indicating that

1.0 xinLiNi Co  Mn O 5000 -
(@) Soft XAS O K-edge 10 08 : 0(')6_6 o 0_40'2 ’ 0.2 4000 (h) XRS O K-edge
450 : . . .
059 — pristine (e) For soft XAS 3000+ "
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Fig. 8 XANES spectra of pristine NCM622, N_24, and N + H_1: (a) O K-edge, (b) Ni L-edge, (c) Co L-edge, and (d) Mn L-edge. (e) Charge and discharge
curves of the NCM622/Li cells for preparing electrochemically delithiated NCM622 samples for soft XAS. The x value in Li,Nig¢C0og2Mng 0, was
calculated to be 0.92, 0.82, or 0.72 by assuming 100% Coulombic efficiency. XANES spectra of the electrochemically delithiated NCM622 samples with
x =0.92,0.82, and 0.72: (f) O K-edge and (g) Ni L-edge. XRS results for pristine NCM622, N_24, and N + H_1: (h) O K-edge, (i) Ni L-edge, (j) Co L-edge,

and (k) Mn L-edge.
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electrochemical delithiation essentially differs from chemical
delithiation. However, the shift to higher photon energies
in the Ni L-edge XANES spectra is similar to the results of
chemical delithiation, supporting the existence of a small
amount of delithiated phase on the surface of N + H_1.

In contrast to soft XAS, XRS is related to the electronic
structures of the bulk (i.e., the whole sample). Fig. 8h-k shows
the XRS results corresponding to O K-edge, Ni L-edge, Co
L-edge, and Mn L-edge XANES spectra, respectively, for pristine
NCM622, N_24, and N + H_1. The spectrum of pristine NCM622
exhibits two peaks at ~530 and 541 eV, but the latter peak is
weakened and shifted to ~542.5 eV for N_24. The shifts to
higher energy losses also occur in the peaks at ~844, 780.5,
and 643 eV, indicating higher oxidation states in N_24. In the
case of N + H_1, the results of XRS resemble those of pristine
NCM622, suggesting that N + H_1 maintains its initial oxida-
tion state, i.e., the initial Li composition in the bulk. The soft
XAS and XRS results of the L-edge of Ni, Co, and Mn atoms have
never been compared for any NCM materials, although com-
parison between soft XAS and XRS was performed for Li,Mn,0,
with x < 1.%

3.5 Electrochemical properties of residual powders

To further clarify the surface and bulk states of N_24 and N +
H_1, their electrochemical properties were evaluated using dry-
processed electrodes, which we employed to avoid any undesired
changes during mixing with the conventional PVdF + NMP
solution and drying at a high temperature (120 °C). Recently, this
dry process using PTFE has received considerable attention as a
new way to prepare electrodes because it decreases CO,
emissions.*” Fig. 9a-d shows the charge and discharge curves of
the Li cells with pristine NCM622, N_24, N + H 0.5, and N + H_1
operated at a current of 0.1 mA at 25 °C. The pristine NCM622
indicates a steady Qrecha Of ~190 mA h g™ ' in the range of 3.0-
4.4V, which is consistent with the results of a Li cell with the PVdF
binder (Fig. 1b). N_24 is delithiated from the initial state, as
evidenced by the open-circuit voltage before the cycling test
(= 3.992 V) and charge capacity (Qcna) at the first cycle. The Qcha
and discharge capacity decreases with each cycle, forming a
plateau at ~3.5 V during the discharge reaction. This electroche-
mical reactivity suggests that the bulk structure of N_24 is quite
different from that of the electrochemically delithiated NCM622
sample. Meanwhile, the electrochemical properties of N + H_0.5
and N + H_1 are similar to that of pristine NCM622, except for the
large voltage increase to ~4.0 V during the initial charge reaction
and slightly lower Q,.cha. The large voltage increase is related to the
decomposition of the electrolyte originating from H,O molecules
on the surface of N + H_0.5 or N + H_1. The Qecha Values of N +
H_0.5 and N + H_1 are ~180 and 170 mA h g, respectively.
These results imply that the surface states of N + H_0.5 and N +
H_1 differ from that of pristine NCM622 (Fig. 10).

3.6 Reaction mechanisms during the leaching process

Based on the above results, we illustrate the reaction mechan-
isms underlying the HNO; leaching processes with and without
H,0,. In the leaching process without H,0,, almost half of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Charge and discharge curves of the Li cells with (a) pristine
NCM622, (b) N_24, (c) N + H_0.5, and (d) N + H_1 operated at a current
of 0.1 mA at 25 °C. All the electrodes were prepared by the dry process.

Red lines indicate the charge and discharge curves for the first cycle.

(a) wio H,0,

Delithiated
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(b) w! H,0,

Fig. 10 Schematics of the reaction mechanisms during the HNO3 leach-
ing process (a) without H,O, and (b) with H,O,. For both processes, the
particle size of NCM622 decreased as the reaction proceeded, but the Li
composition in NCM622 (x) differed between the two processes; specifi-
cally, it decreased to 0.26 after 24 h in (a), whereas it remained at ~1in (b),
except for at the surface (x < 1).

NCM622 dissolved into the HNO; solution, while the rest of it
remained in the solution in the delithiated state (x = 0.28
for N_24). According to TEM, soft XAS, and electrochemical
analyses, this chemically delithiated NCM622 differed from
its electrochemically delithiated counterpart in terms of its

Energy Adv., 2024, 3,1099-1110 | 1107


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00049h

Open Access Article. Published on 11 April 2024. Downloaded on 11/13/2025 10:49:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

structural and compositional homogeneity. The Li content in
the liquid phase was twice as high as the initial composition,
whereas the Ni/Co/Mn ratios in the solid and liquid phases
remained at approximately 0.6/0.2/0.2 (Table 1). Hence, the
ideal overall reaction during the leaching process without H,0,
can be described by eqn (6).

In the leaching process with H,0,, NCM622 completely
dissolved into the solution within 3 h. The Ni/Co/Mn ratio in
the liquid phase (= 0.6/0.2/0.2) was similar to that in the case
without H,O,, but the Li composition in the liquid phase was
only ~1. Thus, the ideal overall reaction is represented by

2LiIMO, + 6H" + H,0, — 2Li"(1) + 2M**(1) + 4H,0 + O,.

(7)

However, as revealed by the soft XAS and electrochemical
analyses, the surface of NCM622 was slightly delithiated from
the initial state (x < 1). Therefore, successive reactions of
oxidation and dissolution occurred on the NCM622 surface
during the leaching process with H,0,. In other words, the
small amount of delithiation reaction played a crucial role in
the rapid and complete dissolution of NCM622. The delithia-
tion reaction with H,0, is expected to be similar to eqn (6),
although details are currently unclear.

To further support these mechanisms, HNO; leaching
experiments were also performed on NiO, Co;0,4, and MnO,
with and without H,0,. As shown in Fig. S7 (ESI), the w values
are ~100% for all the samples without H,O,. On the other
hand, with H,O0,, the w values are also ~100% for NiO and
Co;0, but not for MnO,. Thus, the delithiation reaction of
NCM622, namely, the oxidation of transition metals, promotes
subsequent reduction and/or decomposition of the NCM622
surface, enabling successive oxidation and dissolution reactions.
Notably, these experiments were performed at RT, which is a more
moderate temperature than that for the conventional industrial
procedure." "3

3.7 Comparison with NCA and LCO

Finally, we compared our results to those of other positive
electrode materials and investigated a more eco-friendly leach-
ing process. Fig. 11a shows the results of HNO; leaching
without H,0, for NCA and LCO as well as NCM622. Similar
to NCM633, NCA and LCO have a layered structure with the
R3m space group.'® The w values for NCA and LCO were 51.1
and 60.4%, respectively, indicating a similar dissolution reac-
tion for NCM622 as described by eqn (6). The difference in w
between the three positive electrode materials originates from
the difference in their electrochemical properties. According to
the charge curves for NCM622, NCA, and LCO in Fig. 11b, the
x values in Li,MO, are 0.41, 0.34, and 0.48, respectively, where
M is NigycC0p,Mng,, NiggsC0goAlg ez, Or Co. The HNO;
solution is unstable above ~4.2 V vs. Li'/Li at RT; thus, below
4.2V, the further extraction of Li ions and the dissolution of the
materials are both restricted to x.

In the HNO; leaching process with H,O,, all the NCA and
LCO powder dissolved, as shown in the inset of Fig. 11b, and
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Fig. 11 (a) Results of HNOs leaching for NCM622, NCA, and LCO without
H,05,. (b) Charge curves of the Li cells with NCM622, NCA, and LCO, which
were normalized as a function of x in Li,MO, with M = NigCog2Mng 2,
Nig.88C00.09Alp. 03, Or Co. Photographs of the HNO+ leaching experiments
for NCA and LCO with H,O5 (right). (c) Results of the citric acid leaching for
NCM622, NCA, and LCO with H,O,.

their solutions appeared green and red, respectively. This
suggests that the yellow appearance of the NCM622 solution
was a mixture of green from Ni and red from Co.

To reduce the environmental load, organic acids are prefer-
able over inorganic acids such as HNO; and H,SO,. Fig. 11c
shows the results using citric acid with H,O, to leach NCM622,
NCA, and LCO. The w values for NCM822 and LCO were 1.4 and
5.4%, respectively, indicating the possibility of complete dis-
solution under more eco-friendly conditions. However, w for
NCA was limited to 46.0%, implying that even a small amount
of Al ions (0.03) impedes the dissolution of NCA. This relates to
the fact that the solubility of AI** significantly decreases in the
neutral solution.*?

4 Conclusion

We elucidated the reaction mechanisms underlying the HNO;
leaching process for NCM622 with or without H,0,. In the
leaching process without H,0,, w approached ~ 60% after 24 h.
The ay, and ¢y, values of residual NCM622 powder changed with
the leaching time or Li composition (x), similar to those of
electrochemically delithiated NCM622 compounds. However,
this residual NCM622 powder differed from electrochemically
delithiated compounds in terms of the microscopic crystal and
electronic structures. A small amount of the y-NiOOH phase
existed in N_8 and N_24 (reaching a maximum of 3.2 wt%).
Furthermore, EDS mappings and HAADF-STEM images clari-
fied the compositional and structural inhomogeneities in N_24.
Surprisingly, N_24 consisted of different-oriented layers, which
are rotated by 60° with respect to each other. Owing to such
inhomogeneities, the charge and discharge profiles of N_24

© 2024 The Author(s). Published by the Royal Society of Chemistry
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drastically changed with respect to those of the initial NCM622;
a plateau appeared at ~3.5 V, and Qqecha decreased with
each cycle.

In the leaching process with H,0,, the NCM622 powder
completely dissolved into the solution within 3 h. The spherical
secondary particles were broken within 1 h, and the average
size of the primary particles decreased as leaching proceeded
further. The a, and ¢, values in the middle of the leaching
process were similar to those of the initial NCM622, indicating
that x in NCM622 is 1. The XRS results, which reveal the
electronic structures of the bulk, were consistent with the
XRD measurements. However, soft XAS, which corresponds to
the electronic structures of the surface, revealed a delithiated
phase on the surface of N + H_1 according to the O K-edge,
Ni L-edge, Co L-edge, and Mn L-edge XANES spectra. Hence,
sequential oxidation (delithiation) and dissolution (decomposition)
reactions occurred during the leaching process with H,0,, enabling
complete dissolution within 3 h.

We also investigated the leaching process for NCA and LCO
powders, which also dissolved into the HNO; solution with
H,0,, whereas approximately half of the LCO remained in the
citric acid solution with H,0,. Even a small amount of Al ions
(0.03) impeded the dissolution of NCA under mild acidic
conditions. Thus, we must pay particular attention to the
chemical composition of positive electrode materials under
eco-friendly leaching conditions.
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