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Furthermore, the transition metal elements Ni, Co, or Mn in
bulk NMC will also experience an irreversible loss due to the
side reaction with electrolyte, from which part of the products
form surface deposition in the first charging process, and leads
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shown in Supporting Information Figure S1. The NMC532
particles consisted of 5−10 μm spherical secondary particles
aggregated into submicron-sized primary particles with a
narrow distribution in the range of 300−500 nm. The free-
standing, binder-free NMC532/CNT composite cathode was
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Figure 3a,b. The onset oxidation of the pristine sample starts
from 3.8 V in the first cycle, which is much higher than that of
the later cycles (about 3.6 V), with a low Coulombic efficiency
due to irreversible reactions. Although its initial capacity is as
high as computed for the depolarized structure reported
previously,6 it failed to be maintained in subsequent five
cyclings, similar to what reported by other groups.22,23 In sharp
contrast, for the NMC532 that experienced prelithiation, the
onset oxidation reaction in the very first charge cycle occurs at
3.6 V, which remains constant in all the following cycles. This
later feature might suggest that NMC532 cathode may have
been structurally transformed by the prelithiation. Although the
first charging capacity appears to be excessively large, it is in fact
close to the first discharge capacity if the capacity
corresponding to prelithiation is subtracted. Thus, the de
facto Coulombic efficiency for the initial cycle should be 91.2%,
much higher than those without being prelithiated, suggesting
that the parasitic reactions between NMC active ingredient and
electrolyte must have been effectively suppressed. The SEI
formed during prelithiation demonstrated excellent protective
nature, as evidenced by the 185 mAh/g capacity, which is close
to theoretical value and well-maintained in the extended
cyclings as shown in Figure 3c, in strong comparison against
the significant capacity fading observed in the first 50 cycles for
all other NMC samples that did not experience prelithiation.
Although the NMC532 prepared via conventional slurry
method shows a good cycling performance, the utilized
capacity is much lower than the depolarized NMC samples
prepared by filtration method. Compared with the sample
made by slurry method, all filtration samples show good rate

performance due to the depolarization effect of CNT network
as shown in the Figure 3d; naturally, the most conspicuous
improvements were achieved in the filtration NMC samples
that experienced prelithiation.

In order to reveal the mechanism of how prelithiation affects
the capacity and cycling stability of NMC532, cyclic voltammo-
grams (CV) was used to clearly differentiate the corresponding
electrochemical processes, as shown in Supporting Information,
Figures S6 and S7, and Figure 4. During the first lithiation
between 3.0 and 0.5 V, three main peaks appear (Figure S6) at
about 1.2, 0.8, and 0.5 V (or lower than 0.5 V), respectively.
They are located at about 1.2, 0.8, and 0.5 V (or lower than 0.5
V), respectively. The 1.2 V process is likely related to the
reductive reaction of electrolyte and electrode, because its
intensity significantly decreases after the first cycle and the
potential agrees with what known for SEI formation on anode
surfaces. The peak at 0.5 V consistently appears in each cycle
with the intensity increasing with the cycle number. According
to Figure S6b, it might arise from the collapse of NMC532
lattice and may be responsible for the poor electrochemical
performances of the sample predischarged to lower than 1.2 V.
The smaller peak that appeared at 0.8 V only in the first
prelithiation process may belong to a hitherto unknown
electrochemical process of pushing extra Li into NMC lattice.
Interestingly, for all NMC532 that subject to direct cycling
between 3.0 and 4.2 V, either prepared through slurry or
filtration method, an intense oxidation current occurred in the
first charging cycle at about 4.2 V on the pristine sample
(Figure 4a), then an obvious shift to low voltage happens
immediately following the first discharging (Figure 4a), where

Figure 3. Electrochemical performances of various NMC532/CNT composite cathodes: The voltage profiles in the first 10 charge/discharge cycles
for the sample without prelithiation (a) and the sample prelithiated to 1.2 V (b), and the cycling stability (c) and rate performances (d) of various
samples. All of the tests were operated between 3.0 and 4.2 V using Li as both counter and reference electrodes. For comparison, the cycling and rate
performances of the slurry sample were also shown in c and d.
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Figure 4. Cyclic voltammograms (CV) of various NMC532/CNT composite cathodes: (a) As-prepared sample, (b) sample prelithiated to 1.2 V, (c)
schematic structure of NMC532 particle surface without prelithiation, and (d) schematic structure of NMC532 particle surface after prelithiation.

Figure 5. XRD of various NMC532/CNT composite cathodes (a) and the schematic mechanisms of its activation in the prelithiation process (b).
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the redox reactions situate at the same potential with the
prelithiated NMC532 samples (Figure 4b). The above
correlation between the initial oxidation potential and the
presence or absence of lithiation may have reflected the
structural transformation that was caused by the latter, and we
believe that it should be attributed to a process of NMC532
layered structure being lithiated by excess amount of Li (Figure
4c and d).

XRD analysis was conducted on various NMC532/CNT
composites that have been prelithiated to varying potentials,
and Figure 5a shows the corresponding structure evolutions.
Compared with the pristine NMC532, no obvious change was
observed in the samples that went through conventional
cyclings; however, with the decreasing prelithiation voltage, the
NMC features become weaker and wider. When the
prelithiation voltage is 1.2 V, a new peak NMC (001) closed
to NMC (003) appears, which was also observed in previous
work for the layered cathode materials with excess Li that was
chemically lithiated.24 The appearance of this NMC (001)
confirms that excessive Li ions are indeed inserted in to the
layered lattice of NMC during the prelithiation process and
form a double Li layered structure as shown in Figure 5b,
perhaps simultaneously with the formation of SEI. Once the
prelithiation voltage is lower than 1.2 V (around 0.8 V), the
sample shows an amorphous characteristic, which indicates that
the NMC532 lattice collapsed because of the excessive
insertion of Li.

Using ab initio calculations, here we presented a simplified
model for the excessive Li storage in Figure S8, which shows
the optimized structures for the normal one layer Li storage
scenario (LiNi0.5Mn0.3Co0.2O2) and the excessive two-layer Li
storage scenario (Li2Ni0.5Mn0.3Co0.2O2) between two transition
metal slabs. In the former case, the oxygen ions are arranged in
a hexagonally close-packed (hcp) array, while the transition
metal ions are located at all of the octahedral sites, with the
single layer of Li octahedrally coordinated by oxygen. In the
latter case, the coordination of transition metal ions and oxygen
ions remains unchanged, but the Li ions now are located in all
the tetrahedral sites of adjacent layers. Compared with the
normal LiNi0.5Mn0.3Co0.2O2, the lattice parameters (a,b,c) of
Li2Ni0.5Mn0.3Co0.2O2 are increased from 14.178 Å, 11.357 Å,
and 13.948 Å to 14.76 Å, 11.813 Å, and 15.802 Å, respectively,
in which the layer distance along c-axis was increased by about
1.9 Å. This is also well consistent with the XRD detection of a
new peak NMC (001) close to the (003) peak (Figure 5a) and
the corresponding increase of c-axis to 1.85 Å according to λ =
2d sin θ. The potential for the excess Li storage was then
calculated, and the value of 2.27 V was obtained, according to
the following equation:25
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where E(LixR) and E(Lix+dxR) stand for the total energy before
and after dx lithium ions is removed from LiR compound per
formula unit, and E(Li) is the total energy of lithium metal. The
discharge voltage to insert the excess Li into the layer cathode
derived from this calculated potential for the excess Li storage is
1.33 V (3.6 − 2.27 = 1.33 V), very close to the experimental
value of 1.2 V.

Regarding the shift of peak potential as shown in the CV
during the onset oxidation of the different samples that did not
experience prelithiation, there may be two factors responsible:

the first one is the protective SEI formed in the prelithiation,
which stops the irreversible reactions that induces the shift in
the first charging process due to higher impedance, but more
likely is the second factor attributed to the valence evolution of
Ni. It is well-known that Ni in the NMC532 exists in two
valences, Ni2+ and Ni3+. According to XPS data in Figure 2a, a
noticeable shift of the Ni 2p3/2 peak to lower binding energy
was observed with increasing etching depth, which indicates
that Ni3+ is richer than Ni2+ on the surface of NMC532
particles. According to soft X-ray absorption spectroscopy in
Figure S9, Ni4+ and Ni3+ exist on the surface of NMC532
particles. In other words, an inhomogeneous structure of the
NMC532 particles could have been made due to the
preparation process. In our previous work, we illustrated the
two-stage delithiation mechanism in NMC532 materials, the
first one being Ni2+/Ni3+ located at about 3.8 V, and the other
one being Ni3+/Ni4+ peaked at 4.0 V or even higher. To the
pristine NMC532 particles, Ni3+ at the surface will have to
experience the first oxidation to Ni4+, followed by the Ni2+/Ni3+

process deeper in the NMC particle that corresponds to a much
larger peak as revealed in the left of Figure 4a. After the first
charging and then discharging process, all NMC532 particles
will be “unified” to a uniform Ni-valence, and consequently, the
onset potential for oxidation reaction drop to 3.8 V and remain
constant in the following cycles. For the prelithiated sample,
however, all surface Ni4+ and Ni3+ will be reduced to Ni2+

during the lithiation process, while the Li layer is eventually
loaded with two slabs of Li-ions. In this situation, the onset
oxidation potential for all prelithiated samples would appear at
3.8 V and remain constant thereafter, as shown in the right of
Figure 4b. For all the NMC532 samples that subject to direct
cycling, there are more Ni3+ and Ni4+ at and near the sample
surface (Figure 4c), the Li-ion diffusion across the surface needs
to overcome larger activation barriers,26 thus leading to an
overpotential in the first delithiation process. This overpotential
would become smaller and finally vanish after several cycles,
because more Li-ions would be inserted at and near the surface
to reduce the Ni3+ and Ni4+ content at and near the sample
surface during the lithiation process. By contrast, for the
prelithiated NMC532 samples, there are two layers of Li-ion
storage at and near the sample surface (Figure 4d), and the
voltage for these Li-ion delithiation is lower than that for the
normal one layer Li-ion delithiation. This also accounts for the
oxidation peak at 2.1 V in the first charge process (Figure 4b),
consistent with our following ab initio calculation of 2.27 V.
Due to the larger Li slab space at and near the sample surface
caused by the excess amount of Li, there is no overpotential for
the one layer Li-ions delithiation (Figure 4b).

In conclusion, we propose a prelithiation process to improve
both the capacity and cycling stability of NMC532 material.
This process brought active material to low voltage before
convention charge/discharge cycles, so that a desired solid
electrolyte interface (SEI) could be formed. This novel SEI,
mainly formed around NMC532/CNT by electrolyte reduction
at the thickness of about 40 nm, is chemically similar to SEI
found only on anode surfaces without the participation of
transition metal and covers the whole surface of NMC532
particles, in sharp contrast to the interphase formed when
directly charged to 4.2 V. Two major benefits arose from this
novel SEI include the protection of NMC particles from
Mn(II)-dissolution and the activation of NMC for extra Li
storage. The NMC532/CNT composite cathode thus prepared
not only maintains the depolarized structure introduced by
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filtration method and a high capacity consistent with the
theoretic calculation as reported previously, but also excellent
cycling performance. This compounded technique of depola-
rization via nanowiring along with prelithiation can be extended
to all cathode materials based on the layered-structure of NMC
derivatives, lending us further inspiration to the design and
optimization of new composite materials for the next
generation lithium batteries.
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