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Abstract:

Single-crystal Ni-rich cathodes offer promising prospects in mitigating intergranular microcracks
and side reaction issues commonly encountered in conventional polycrystalline cathodes. However,
the utilization of micron-sized single-crystal particles has raised concerns about sluggish Li* diffusion
kinetics and unfavorable structural degradation, particularly in high Ni content cathodes. Herein, we
present an innovative in-situ doping strategy to regulate the dominant growth of characteristic planes
in the single-crystal precursor, leading to enhanced mechanical properties and effectively tackling the
challenges posed by ultrahigh-nickel layered cathodes. Compared with traditional dry-doping method,
our in-situ doping approach possesses a more homogeneous and consistent modifying effect from the
inside out, ensuring the uniform distribution of doping ions with large radius (Nb, Zr, W, etc). This
mitigates the generally unsatisfactory substitution effect, thereby minimizing undesirable coating
layers induced by different solubilities during the calcination process. Additionally, the uniformly
dispersed ions from this in-situ doping are beneficial for alleviating the two-phase coexistence of
H2/H3 and optimizing the Li" concentration gradient during cycling, thus inhibiting the formation of
intragranular cracks and interfacial deterioration. Consequently, the in-situ doped cathodes
demonstrate exceptional cycle retention and rate performance under various harsh testing conditions.
Our optimized in-situ doping strategy not only expands the application prospects of elemental doping
but also offers a promising research direction for developing high-energy density single-crystal

cathodes with extended lifetime.
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Introduction

With the aim to establish a low-carbon and environment-friendly society, a next generation
lithium-ion batteries (LIBs) are urgently required to promote the large-scale application of electric
vehicles." ? Since Ni element dominates the reversible capacity, Ni-rich layered oxides receive great
expectations due to their exceptional advantages in energy density and production cost, especially for
ultrahigh-nickel LiNi\Co,Mni..,O2 (NCM, x>0.9).>® However, the conventional spherical NCM
cathodes formed by primary particles agglomeration always suffer from severe structural degradation
with the generation of intergranular microcracks and detrimental phase transitions during cycling.”!?
Recently, the NCM fabrication with quasi single-crystal morphology (SNCM) has attract enormous
research attentions both in industry and laboratory, which is widely considered as a promising
modification strategy.!> '* The SNCM cathode consists of single dispersed particles of 2-5 um with an
enhanced crystalline structure and internal boundary-free configuration.'> '® Benefiting from its
exceptional morphology, SNCM can significantly alleviate the accumulation of anisotropic stresses
and intergranular microcrack formation, leading to a considerable enhancement in capacity retention
and cycled particle integrity.!” ' Meanwhile, its excellent mechanical strength is beneficial in further
increasing the compaction density of cathodes to achieve higher specific energy density with relative
low cost.!®20

While the transformation of agglomerated nanoparticles into separate micron-sized single-
crystals presents numerous advantages, it also unveils some inherent challenges.?! The lower specific
surface area and prolonged Li" diffusion distance in single-crystal particles can contribute to the
sluggish Li* diffusion kinetics, resulting in poor capacity and inferior rate performance of SNCM.?2-%*

This will further trigger inhomogeneous distribution of Li" concentration during cycling, causing the



coexistence of multiple phases with severe lattice strain within single-crystals.”> As a result, lattice
strain exacerbates planar gliding and intragranular cracks generation of micro-sized single-crystals,
which has been considered as the root cause of surface degradation and structural damage.?® %’
Therefore, the poor Li" diffusion kinetics is the origin of various degradation mechanisms in SNCM
and urgently needed to be improved to advance its application potential.

Element doping has been widely confirmed as a promising approach to enhance the Li" diffusion
kinetics and structural stability of SNCM.?%3* However, most current research has predominantly
focused on the dry-doping method, where dopants are added during the mixing stage between lithium
and SNCM precursors.!® ¥ For this approach, certain substitution elements face challenges in
incorporating into the cathode lattice due to their large atomic mass and limited solid solubility,’!
resulting in an inhomogeneous distribution within the bulk and causing internal structural degradation
in SNCM. Moreover, the dopants tend to react with the lithium source at the surface to generate a
nonuniformly distributed impurity layer that obstructs Li* diffusion channels. Overly increasing the
sintering time and temperature to promote the diffusion of doping ions may lead to severe Li/Ni
disordering.*® In contrast, the in-situ doping method, where dopants and the main elements (Ni, Co,
and Mn) are simultaneously added during the co-precipitation reaction for precursor preparation, can
result in a homogeneous modification effect from the inside out and effectively address aforementioned
problems.” 37 Although the in-situ doping possesses obvious merits for holistically enhancing the Li*
diffusion kinetics of SNCM, yet there is a high threshold for attaining the desired effect. The choice of
dopant needs to take into account its solubility and thermodynamic diffusion properties. Meanwhile,

the amount of dopant addition requires precise regulation to prevent affecting the supersaturation

within the reaction system and thus producing low-quality precursors.



In this work, we thoroughly investigated the in-situ doping technology to achieve the optimal
dopant element (Nb, Zr, W, efc), doping amount and reaction conditions, enabling precise control over
the preparation of in-situ doped single-crystal LiNig.92C00.03Mno.0sO2 (SNCM). It is confirmed that in-
situ doping offers distinct advantages in the successful incorporation and uniform dispersion of dopants
into the precursor lattice, resulting in modulated precursor primary particle morphology. As anticipated,
the micron-sized single-crystal cathode derived from the in-situ doping precursor exhibited a uniform
distribution of doping ions compared to those obtained from the dry-doping method. Through
comprehensive in-situ characterization and visual simulation of the reaction mechanism, it was
revealed that in-situ-doped SNCM could enhance the Li" diffusion coefficient, suppress the H2/H3
two-phase coexistence, and optimize the Li" concentration gradient within the single-crystal particles,
leading to superior electrochemical properties and enhanced structural stability. These results
demonstrate the potential of the in-situ-doping strategy to advance elemental doping technology to
higher heights, provide direction for efficient modification of state-of-the-art single-crystal cathodes.
Results and dissuasions
Synthesis and characterizations of dry/wet Nb-doped cathodes.

In order to confirm the advantages of precursor engineering, various dopants have been applied
and investigated in this work, primarily taking Nb substitution as an example. The synthesis procedures
and the differences in doping-ions distribution of single-crystal LiNig.92C00.03Mno.0s02 (SNCM) by
dry-doping and in-situ doping modification strategies are systematically compared. According to
Figure 1a, Nb-ions dry-doped SNCM cathode (SNCM-Nb-dry) was obtained by adequately mixing
the conventional Nig.92C00.03Mno.05(OH)> (NCMOH-pure) precursor (high exposure {001} planes)

with niobium source (Nb2Os) and lithium salt (LiOH-H>O) followed by two-stage calcination. The



Nb-ions merely exist at the surface of SNCM-Nb-dry with gradient concentration, which is undesirable
for addressing the structural degradation inside the single-crystal particles. As comparison, the Nb
source (CioHsNbO2o) was added during the co-precipitation to prepare the Nb-doped precursors
(NCMOH-ND), as displayed in Figure 1b. It is noted that Nb-ions are uniformly introduced into the
lattice of NCMOH-Nb and modulate the directional growth of primary particles to acquire the high
exposure {010} planes. Subsequently, Nb-ions in-situ (wet) doped SNCM cathode (SNCM-Nb-wet)
is obtained after two-stage sintering, which well inherits the internal uniform Nb distribution of
NCMOH-Nb. The oriented growth of active {010} planes and high efficiency of in-situ doping are
conducive for SNCM-Nb-wet to significantly improve the Li" diffusion kinetics in single-crystal
particles.

All peaks in the X-ray diffraction (XRD) patterns for both NCMOH-pure (Figure Sla) and
NCMOH-Nb (Figure S1b) are accurately indexed to the layered hydroxide B-Ni(OH). (PDF#14-0117).
It is worth noting that the (001) peak shape of NCMOH-Nb located around 19° changes obviously
compared to NCMOH-pure after Nb doping. As displayed in Figure Slc, it can be observed that the
(001) of NCMOH-ND is transformed into a broad peak accompanied by an overall right shift. It
indicates that the precursor bulk phase contains multiple phases with different lattice parameters, which
are probably due to the doping of Nb-ions into the lattice. Furthermore, the lattice parameters of
precursors obtained by XRD Rietveld refinement are listed in Table S1. The a, ¢, and V parameters
decrease with the doping of Nb. Since the Nb>* radius (0.64 A) is smaller than the transition metal ion
radius (Ni**-0.69 A, Co?*-0.745 A, Mn?*-0.67 A), further supporting the successful introduction of
Nb-ions into the precursor lattice. Besides, X-ray photoelectron spectroscopy (XPS) is also utilized to

demonstrate the introduction of Nb (Figure S2), where the peaks emerged at approximately 209.0 eV



and 206.4 eV can be attributed to Nb 3ds» and Nb 3dsp, respectively.® The cross-section energy
dispersive spectrometer (EDS) mapping reveals the homogeneous distribution of all metal elements
(N1, Mn, Co and Nb) in the bulk phase of NCMOH-ND (Figure S3), demonstrating the uniform doping

of Nb during the precursor preparation.
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Figure 1. Schematic illustrations of the synthesis process and differences in doping-ions distribution
of SNCM-Nb-dry (a) and SNCM-Nb-wet (b). The {010} planes dominant growth of in-situ doped
precursors. SEM and magnified SEM images of NCMOH-pure (c, €) and NCMOH-ND (d, f) precursors.
Schematic diagram of the precursor synthesis mechanism for NCMOH-pure and NCMOH-ND (g).

Additionally, by detailed XRD analysis of precursor samples (Figure S4a), there is a pronounced
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variation in peak intensities of characteristic planes after Nb doping, that is the decline in (001) and
the increase in (100) and (101). This phenomenon can be visualized more explicitly in Figure S4b.
The intensity ratios of I(001)/I(100) and I(001)/I(101) have been demonstrated to be strongly
correlated with the content of {010} planes, and they are both substantially reduced after Nb doping,
suggesting that NCMOH-Nb possesses high exposure {010} active planes.?* The same phenomenon
is also observed in Zr-doped and W-doped precursors (Figure S5 and S6). The SEM images (Figure
S7) display the morphology of synthesized precursors, both of which are secondary micron-spheres
composed of primary particles agglomerated and stacked with each other. Notably, the microstructure
of precursors has changed a lot after Nb doping. The specific surface areas of NCMOH-pure and
NCMOH-ND are evaluated by the BET equation as 5.83 and 6.91 m?-g! respectively, suggesting that
the morphology structure of precursors turns looser with Nb modification, which may be more
favorable for the lithium salt to fully contact with precursors during the lithiation procedure (Figure
S8).%* Meanwhile, as displayed in the magnification SEM images (Figure 1¢-f), a clear distinction in
the primary particle structure between NCMOH-pure and NCMOH-Nb can be identified. The primary
particles of both precursors consist of nanosheets stacked longitudinally. However, along with Nb
doping, the nanosheets become shorter and thicker, and the number of longitudinal stacked layers also
increase considerably. Such a variation causes the side-wall thickness (H) of primary particles to
ascend while the margin length (L) declines, contributing to a higher H/L, confirming as a symbol of
high-exposure {010} planes.**>*' The change of sphericity after in-situ Nb-doping is attributed to that
the addition of Nb-ions will combine more hydroxide ions and thus reduce the partial supersaturation
within the reaction system. Except for Nb element, it is found that Zr and W elements have similar

roles in the in-situ doping process (Figure S9). To further demonstrate this phenomenon, the H and L



of some primary particles for several precursors were carefully measured. The calculations reveal that
the aspect ratios of the precursors are indeed reduced after in-situ doping (Figure S10).

Schematic diagram is provided to better understand the mechanism of co-precipitation reaction
and the underlying reason for the morphological variation (Figure 1g). During the preparation of
precursors, the main transition metal ions (Ni?*, Mn**, Co?") in the system rapidly combine with
hydroxide and precipitate to form massive crystal nuclei.*>** Subsequently, the massive crystal nuclei
will promptly bind ions from the solution to develop primary particles. In general, the {010} planes
combine ions faster than other planes due to its higher surface energy,*: * thus resulting in that the
primary particles prefer to grow horizontally to obtain high exposure {001} planes.** Meanwhile, the
{001} planes with lower surface energy can merely agglomerate fewer stacked layers in the
longitudinal direction. However, when Nb-ions are continuously added into the reaction system, the
{010} planes will interact with doping ions predominantly, because Nb°" are subjected to stronger
electrostatic adsorption force due to their more positive charges than Ni**, Co** and Mn?". The
substantial amounts of Nb-ions accumulated on {010} planes exhibit an inhibiting effect on its
horizontal growth, resulting in the morphology of high exposure {010} planes. Furthermore, the
surface energy of {001} planes relatively get raised, thus tending to agglomerate more longitudinal
stacked layers. It is obvious that all these characterizations substantiate the controlled morphology
modulation and homogeneous Nb doping of NCMOH-Nb, demonstrating the success of precursor
engineering for in-situ doping. Notably, considering that the cathodes incline to well inherit the
morphological structure of precursors, both the high exposure {010} planes and more longitudinal
stacked layers of NCMOH-Nb precursor are favorable to provide more Li* channels and enhanced

diffusion kinetics for SNCM-Nb-wet cathode.*¢ 4’
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Figure 2. Comparative characterizations of dry-doped and in-situ doped cathodes. XRD Rietveld
refinement pattens of prepared SNCM-pure, SNCM-Nb-dry and SNCM-Nb-wet cathodes (a). Etched
XPS Ni 2p signals of SNCM-Nb-dry (b) and SNCM-Nb-wet (c). Cross-sectional EPMA images of
SNCM-Nb-wet (d).

The fabricated precursors are converted to micron-sized single-crystal particles after an improved
calcination process and sufficient grinding. The main peaks in XRD patterns (Figure S11) of SNCM-
pure, SNCM-Nb-dry and SNCM-Nb-wet accurately correspond to the NaFeO»-type layered oxide.
Moreover, the XRD Rietveld refinement patterns (Figure 2a) are utilized to investigate the variations
in lattice parameters after dry and wet Nb doping, and the specific parameters are presented in Table
S2. Whether the method of Nb doping is wet or dry, the a, ¢, and V parameters get raised compared to
the pristine cathode, due to the successful introduction of larger ionic radius (Nb>"-0.64 A vs. Ni*'-

0.56 A).*®% However, it is noteworthy that the increment of lattice parameters for SNCM-Nb-wet is
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much larger than that of SNCM-Nb-dry, reflecting that the inefficient dry-doping method struggles to
achieve a complete ion substitution. In contrast, in-situ doping is advantageous in achieving more
doping ions into the single-crystal lattice, because the foreign ions are already uniformly and
sufficiently dispersed into the bulk precursors during the co-precipitation process.

The SEM (Figure S12) and transmission electron microscope (HRTEM) images (Figure S13)
show that all three prepared cathodes are composed of integrated single-crystals particles with an
average particle size of 3 um, yet contributing to a long distance for element diffusion. The surface
and etched XPS measurements are performed to further probe the elemental valence and dopant ion
distribution differences for dry and in-situ doped samples. As displayed in Ni 2p signals (Figure S14b),
the characteristic peak located at 855 eV corresponds to Ni 2p3/2 spectra, which contains two peaks
(Ni?*-854.1 eV, Ni**-855.7 eV).>% ! According to the calculation, the Ni** contents in SNCM-Nb-dry
(39.6%) and SNCM-Nb-wet (35.5%) are higher than that of SNCM-pure (25%). This phenomenon is
attributed to the fact that along with the successful doping of Nb-ions into the lattice, some Ni** within
the system is converted to Ni** to maintain the charge neutrality.”> Meanwhile, SNCM-Nb-dry contains
more Ni**, indicating that Nb doping is enriched on its surface. The etched XPS patterns of both
cathodes are provided to further explore the difference in Nb doping distribution. As shown in Figure
2b, the Ni** content of SNCM-Nb-dry decreases continuously (from 41% to 29.1%) and gradually
approaches 25% of SNCM-pure along with the increase of etching time (from 0 s to 600 s). It indicates
that the doping effect of Nb-ions becomes weaker with increasing depth, and it only develops gradient
doping on the surface of SNCM-Nb-dry. In contrast, accompanied by the increase of etching time, the
Ni?* content of SNCM-Nb-wet remains around 36% with only slight fluctuations, which demonstrates

that the Nb-ions develop a consistent and uniform doping effect with 600 s etching time (Figure 2c).
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Moreover, the difference in Nb-ions distribution can be reflected more clearly by the Nb 3d signal
etching plots. As shown in Figure S15, the main peaks emerging at approximately 209.0 and 206.2 eV
can be assigned to Nb 3ds, and Nb 3ds2, respectively>®, reflecting the presence of Nb in SNCM-Nb-
dry and SNCM-Nb-wet with the valence state of +5. The intensities of Nb peaks of SNCM-Nb-dry are
gradually weakening with the increase of etching time (Figure S15a), while the intensity of Nb peaks
of SNCM-Nb-wet remains stable overall (Figure S15b). The same phenomenon can be observed in
the elemental content data derived from the etching experiments (Figure S15c¢), suggesting that Nb
only achieves uneven gradient doping for SNCM-Nb-dry, whereas Nb achieves uniform and consistent
doping from inside to outside for SNCM-Nb-wet. By using the cross-sectional electron probe micro-
analyzer (EPMA), it also further confirms that Nb-ions are uniformly distributed inside the bulk phase
of SNCM-Nb-wet, exhibiting a compact internal construction without element aggregation at the
surface (Figure 2d). In contrast, the content of Nb-ions inside SNCM-Nb-dry is significantly less than
that of SNCM-Nb-wet, which indicates that the dry-doped Nb-ions are not completely doped into the
single-crystal particles (Figure S16). We also performed EDS line scans in order to verify the Nb ion
distribution in the bulk phase of SNCM-Nb-dry. As shown in Figure S17, the Nb ion content gradually
decreases from the surface to the interior, which proves that the dry-doped strategy only forms a
gradient doping in cathode materials.

Effects of in-situ doping on structural stability and Li* diffusion Kinetics.
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Figure 3. Structural stabilities and Li" diffusion kinetics of prepared cathodes. In-situ XRD patterns
and the corresponding lattice parameter variations of prepared cathodes during the initial cycle from
2.5 Vto 4.5V (a). The corresponding (003) peaks and deconvoluted results detected by in-situ XRD
of SNCM-pure (b), SNCM-Nb-dry (c) and SNCM-Nb-wet (d). GITT test data of charging process (e)
for SNCM-pure, SNCM-Nb-dry and SNCM-Nb-wet cathodes.

To comprehensively investigate the effects of dry and wet Nb doping on the structural evolution
and phase transition reversibility during Li" (de)intercalation, in-situ XRD measurements were
conducted with a potential range of 2.5-4.5 V at 0.2 C. Figure S18-20 exhibits the in-situ XRD patterns
recorded in the initial cycle for SNCM-pure, SNCM-Nb-dry and SNCM-Nb-wet, where all peaks
display a clear state-of-charge dependent transition. Figure 3a exhibits a magnified view of the (003)

peak and the corresponding lattice parameter variations during the initial cycle. When charging from
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2.5 Vto 4.18 V, the (003) diffraction peaks of all cathodes are slightly shifted to a smaller 26 angle.
With further charging to 4.5 V, the (003) diffraction peaks shift significantly to a larger 26 angle,
illustrating that the cathodes encounter a sudden decay of c-axis parameters during the H2-H3 phase
transition.>> 3% Because it is difficult to fully recover, H2-H3 is generally considered to be an
irreversible phase transition. Its shift angle is a sign of structural stability for the SNCM cathode.>> %
In comparison, it is revealed that SNCM-Nb-wet features the minimum H2-H3 phase transition angle
of 1.11°, outperforming the 1.23° of SNCM-Nb-dry and 1.30° of SNCM-pure, which indicates the
advantages of in-situ doping for suppressing the dramatic contraction of lattice parameters. Such a
phenomenon can also be observed by the lattice parameter variation diagrams in Figure 3a. As
charging proceeds, the c-axis parameters increase firstly and then abruptly decrease, which is
consistent with the shift regularity of (003) peak. While the cell volume V shrinks continuously due to
the decreasing a-axis parameter. The volume and c-axis parameter shrinkages of SNCM-Nb-wet
during cycling are only 4.67% and 3.56%, respectively, which are smaller than those of SNCM-pure
and SNCM-Nb-dry, suggesting that the in-situ doping modification is beneficial to stabilize the overall
crystal structure.

In order to visually explore the structural evolution and reaction reversibility during H2-H3 phase
transition, the (003) peaks of three cathodes at various voltages during the first cycle is further
compared. The (003) peak is assumed to exist as a single-phase or multi-phase mixture, and it is
appropriately deconvoluted into two peaks.? >’ As displayed in Figure 3b, during the charging of
SNCM-pure from 4.18 to 4.50 V, the peak intensity of (003) significantly reduces and the peak shape
becomes asymmetrical in the existence of two phases, which reflects a jerky structural evolution of

H2-H3 transition. Furthermore, at the fully charging state of 4.5 V, the residual H2 phase is still
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observed, suggesting the uncompleted phase transition from H2 to H3. Subsequently, during the
discharge process, SNCM-pure still exhibits an insufficiently fluent phase transition and a portion of
H3 phase remains until the end of discharging (2.5 V). While as shown in Figure 3¢, SNCM-Nb-dry
suppresses the phase residual problem during the H2-H3 transformation and enhances its reversibility,
indicating the effect of Nb-doping. But its (003) peak remains to display an obvious asymmetrical
broad peak during cycling, implying the presence of two phases. The coexistence of H2/H3 with huge
differences in lattice parameters will induce the lattice mismatch within the single-crystal particles,
easily resulting in the uneven distribution of lithium concentration with the intragranular stresses
generated at its interface. In comparison, SNCM-Nb-wet experiences a smooth H2-H3 phase transition
accompanied by a confined width and intensity change during the entire charging/discharging process
(Figure 3d). Simultaneously, its structural transition is fully reversible without containing residual
phases. This phenomenon is due to that the internal homogeneous Nb>* modification formed by in-situ
doping can effectively build stronger metal-oxygen bonds and stabilize the crystal structure*® >®, thus
alleviating the Li" migration hindrance and hysteresis caused by the long transport distance inside the
single-crystal particles. Thus, SNCM-Nb-wet obtains a smoother phase transition and improved Li*
diffusion kinetics.

GITT is applied to further demonstrate the improved effect of in-situ doping on Li* diffusion
kinetics.*” % According to Figure 3e and Figure S21, SNCM-Nb-wet exhibits superior Li diffusion
coefficients (Dvi) during both the charging and discharging processes. This can be attributed to more
Li" transport channels introduced by the high exposure {010} planes of NCMOH-NDb on the one hand,
and to the uniformly dispersed Nb-ions stabilizing the crystal structure on the other. Interestingly, it is

observed that the Dy values of SNCM-Nb-dry and SNCM-pure cathodes decrease sharply at the H2-
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H3 phase transition. This is due to the fact that the two-phase coexistence during the phase transition
severely hinders lithium diffusion.®! While in SNCM-Nb-wet, the sharp variation of Dr; is obviously
inhibited, demonstrating that the in-situ doping effectively suppresses the H2/H3 coexistence and
enhances the lithium diffusion. This conclusion is also in consistent with the in-situ XRD results, where
the smoother structural evolution and faster Li" transport rate are mutually promoted for the H2-H3
phase transition.

Comparison of electrochemical performances of dry/ in-situ doped cathodes.

After demonstrating that in-situ doping is beneficial in providing excellent structural stability and
lithium-ion diffusion kinetics, we performed the electrochemical measurements under different
operating temperatures in order to verify the advantages it brings to lithium storage performance. As
illustrated in Figure 4a, the initial discharge capacities of Nb-doped cathodes at 1 C (SNCM-Nb-dry:
184.1 mAh g!, SNCM-Nb-wet: 182.7 mAh g!) appear slightly lower than that of pristine cathode
(SNCM-pure: 187.6 mAh g!) due to the doping of inert Nb-ions.®> Whereas, SNCM-Nb-wet displays
the best cycling stability among these three single-crystal cathodes, with an excellent cycling retention
of 76.1% after 400 cycles. In comparison, SNCM-pure and SNCM-Nb-dry display a consistent
capacity decay, showing the cycling retention of 56.8% and 65.1%, respectively. As displayed in Table
S3, SNCM-Nb-wet exhibits obvious advantage on electrochemical performances in comparison with
other modified Ni-rich cathodes.* ®!- 667 In addition, a comparison of charging/discharging curves of
SNCM-Nb-dry and SNCM-Nb-wet from 1st to 200th cycle at 1 C, as presented in Figure 4b. It reveals
that the in-situ doped cathodes significantly suppress the polarization rise and voltage fade during long-
term cycling, reflecting the less structural degradation for SNCM-Nb-wet.%® Benefiting from the
improved Li" diffusion kinetics inside the micron-sized single-crystal particles by in-situ doping,
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SNCM-Nb-wet still can exhibit enhanced cycling stability at high rate of 5 C with 76.5% after 200

cycles, significantly superior to 64.6% of SNCM-Nb-dry and 44.2% of SNCM-pure (Figure 4c).
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Figure 4. Comparison of electrochemical properties of dry-doped and in-situ doped cathodes at the
potential range of 3.0-4.3 V. Cycling performances under testing temperature of 25 °C at 1 C (a) and 5
C (c) for SNCM-pure, SNCM-Nb-dry and SNCM-Nb-wet cathodes. Charge/discharge curves of
SNCM-Nb-dry and SNCM-Nb-wet from 1% to 200" at 1 C and 25 °C (b). Cycling performance under
testing temperature of 45 °C at 1 C (d) and rate performances at various current densities under testing

temperature of 45 °C (e) for SNCM-pure, SNCM-Nb-dry and SNCM-Nb-wet cathodes.
Furthermore, increasing the operating temperature of Ni-rich SNCM is commonly regarded as an
effective method to improve the discharge specific capacities, but it generally causes thermal safety

issues during the practical application.®” Consequently, the prepared samples are further evaluated at
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increased temperature up to 45 °C to demonstrate the advantages of in-situ doping. Figure 4d displays
the cycling performances of pristine and Nb-doped cathodes at 1 C under 45 °C. SNCM-Nb-wet
exhibits an outstanding capacity stability of 75.5% after 200 cycles, obviously better than 63.6% of
SNCM-Nb-dry and 51.2% of SNCM-pure. Moreover, even doping distribution is beneficial for the Li
diffusion to achieve the boosted rate performances. As illustrated in Figure 4e, all cathodes present
similar capacities at the initial small rates. Subsequently, as a result of the homogeneous Nb doping
inside the bulk phase, SNCM-Nb-wet exhibits elevated discharge specific capacities at various high
rates (2 C, 5 C). In particular, at ultra-high rate of 10 C, SNCM-Nb-wet still can exhibit a slight capacity
decay with improved cyclic stability, further demonstrating the optimized Li" diffusion kinetics. The
results reveal that both wet and dry-doping contribute to the improvement of electrochemical
properties. However, the modification effect of in-situ doping on single-crystal cathodes is
significantly superior to that of dry-doping. This phenomenon is ascribed to that the surface gradient
modification formed by dry-doping can just improve the capacity stability to a certain extent, but it
hardly prevents the structural degradation at interior bulk. In contrast, the uniform and consistent
modification by in-situ doping inside the particles can effectively accelerate the Li* transport and
stabilize the layered structure, thus achieving the optimal enhancement of electrochemical
performance. To demonstrate the consistency of our electrochemical results, Figure S22 presents the
repeated electrochemical performances of in-situ doped cathodes.
Simulation of modified mechanism in in-situ doped cathode.

According to the aforementioned discussions, in-situ doped cathodes show a smoother phase
transition process, which may lead to a more uniform internal Li* concentration distribution and
superior Li" diffusion kinetics. To visualize this modification effect, COMSOL software is utilized to
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simulate the internal Li" concentration distribution and the surface Li" concentration for in-situ and
dry-doped cathodes. Following the particle size distribution of single-crystal particles within SEM
images, the multi-particle model is constructed, while one particle from the model is arbitrarily
selected to investigate the internal Li* concentration distribution, as presented in Figure 5. Meanwhile,
Movie S1 and Movie S2 (Supporting Information) show the variations of Li" distribution of SNCM-
Nb-dry and SNCM-Nb-wet during the initial cycle, respectively. As displayed, it can be found that
when the charging starts, the external Li* detaches first, then the internal Li* keeps following. It will
naturally develop a phenomenon that Li" concentration in the bulk phase is higher than that at the
surface, thus creating a Li" concentration gradient. According to Figure S23, both cathodes have
identical ion distribution when Li" are not yet removed (at the charge state of 3.55 V). Subsequently,
along with the detachment of Li", SNCM-Nb-dry (Figure 5a) has an aggravated Li" concentration
gradient distribution at all voltage states. This corresponds to the severe two-phase coexistence
observed in the in-situ XRD pattern, which will generate inhomogeneous intragranular stresses,
eventually leading to the structural degradation. In contrast, SNCM-Nb-wet (Figure 5b) displays a
relatively uniform and moderate Li* concentration variation during the whole charging/discharge
process, which is beneficial for the single-crystal cathode to maintain the structural stability throughout
the long-term cycling. Furthermore, when the cathode is charged to 4.3 V, the SNCM-Nb-wet contains
less Li" inside the bulk phase, illustrating that the in-situ doping facilitates the sufficient and fluent Li"
extraction/insertion.

The multi-particle models are also used to represent the surface Li* concentration of wet and dry-
doped cathodes, as displayed in Figure 5c-d. At the initial charging state of 3.55 V, both cathode

surfaces have the identical Li* concentration. As charging proceeds, the surface Li* concentration
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diminishes rapidly as the ions are extracted. However, it can be noticed that at the same voltage state,
the surface Li" concentration of SNCM-Nb-wet is always clearly lower than that of SNCM-Nb-dry.
Combined with the lower Li" gradient inside SNCM-Nb-wet (Figure 5b), it is confirmed that the in-
situ doped cathode possesses faster Li" transport rate and enhanced diffusion kinetics, which is in

agreement with the GITT results.
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Figure 5. COMSOL simulations of dry-doped and in-situ doped cathodes. Simulation diagrams of
internal Li* concentration distribution of SNCM-Nb-dry (a) and SNCM-Nb-wet (b). Simulation
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20



Improvement of the structural degradation by in-situ doping.
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Figure 6. Post-cycle characterizations of dry-doped and in-situ doped cathodes after 100 cycles at 5
C. Cross-sectional SEM, TEM, HRTEM and FFT images of SNCM-Nb-dry (a,b) and SNCM-Nb-wet
(c,d). XPS F 1s (e) and P 2p (f) results, and EIS measurements at pristine state (g) and cycled state (h)
for SNCM-Nb-dry and SNCM-Nb-wet.

To explore the modification mechanism of in-situ doping on structure stability, the morphology
and microstructure evolution of SNCM-Nb-dry and SNCM-Nb-wet were detected by SEM and
HRTEM after 100 cycles at 5 C. As seen in Figure 6a, the internal cross-sectional structure of SNCM-
Nb-dry is damaged after cycling and contains a multitude of cracks and holes. The fragmentation
within single-crystal particle originates from the inhomogeneous intragranular stresses generated by

the aggravated Li" concentration gradient. The accumulating stresses will extend to the surface and
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induce the intragranular cracks, leading to the electrolyte penetration. HRTEM measurement at the
cracked SNCM-Nb-dry surface reveals a Fm3m rock salt phase layer from the exterior surface to the
interior bulk with larger than 20 nm (Figure 6b), which can be observed more clearly in the i-ii regions
of Figure 6b. The rock salt phase is an inactive disordered structure reconstructed by the hazardous
side reactions between Ni*" with the electrolyte, which will significantly hinder the Li* diffusion.”® As
for SNCM-Nb-wet, it can be discovered that after cycles, the cross-sectional morphology remains
dense and integrated (Figure 6¢). The HRTEM image of SNCM-Nb-wet (Figure 6d) also confirms
that the cathode maintains the intact R3m layered structure at the particle surface, supported by the
(101) lattice spacings (0.243 nm) and FFT diffraction points measured in the iii-iv regions of Figure
6d.

XPS was also conducted to detect the surface chemical components of both cathodes after cycling.
Based on the F 1s (Figure 6e) and P 2p (Figure 6f) signals, it can be seen that the peak intensities of
LiF and LixPOyF, for SNCM-Nb-wet are considerably lower than those of SNCM-Nb-dry. This
indicates that the side reactions between single-crystal particles and electrolyte are effectively
alleviated, reflecting that in-situ doping can reduce the erosion of electrolyte.!* EIS measurements
before (open-circuit voltage, 3.6 V) and after cycling (discharge to 3 V) were applied to obtain a deeper
understanding on the modification origins of in-situ doping. The EIS data are fitted through the
equivalent circuits and the corresponding results are presented in Table S4. Before cycling (Figure
6g), the R (charge-transfer resistant) of SNCM-Nb-wet is 43.5 Q, which is less than that of SNCM-
Nb-dry (62 Q), due to the favorable charge transfer kinetics of in-situ doped material. After cycling
(Figure 6h), the Rt of SNCM-Nb-dry increases rapidly from 62 Q to 104 Q due to the erosion of

electrolyte and the accumulation of rock-salt phase, which impede the transport of Li*.”! However, the
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R¢t of SNCM-Nb-wet shows merely a mild increase from 43.5 Q to 48 Q, due to the robust electrode-

electrolyte interface brought by in-situ doping. The above experimental results indicate that the in-situ

doping significantly inhibits the generation of rock salt phases and the destruction of internal structure,

beneficially exhibiting the improved structural stability and electrochemical properties at the high rate.

In-situ doping promotion for other elements.
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Figure 7. Application of in-situ doping in other elements. SEM (a), HRTEM (b), cross-sectional SEM
(c) images and cross-sectional EDS mappings (d) for SNCM-Zr-wet sample. XRD Rietveld refinement
pattens for SNCM-Zr-dry (e) and SNCM-Zr-wet (f). Cycling performances at 1 C (g), and rate
performances at various current densities (h) for Zr-doped cathodes under 45 °C.

More importantly, we introduce dopants Zr*' and W®" in order to further demonstrate the
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advantages of in-situ doping on the cathode properties. The dry and in-situ doped cathodes are obtained
by the same co-precipitation and two-stage calcination process. According to Figure 7a and Figure
S24, the Zr-doped materials exhibit similar single-crystal particle morphology. The phase
compositions are verified by the corresponding XRD diffraction peaks (Figure S25) and the (003)
plane spacings measured by HRTEM (Figure 7b). Notably, as revealed by dense cross-sectional
structure for SNCM-Zr-wet (Figure 7c¢), the EDS mapping demonstrates that Zr*" is uniformly
distributed inside the particles (Figure 7d), while its content is much larger than that inside SNCM-
Zr-dry (Figure S24). This suggests that SNCM-Zr-wet well inherits from the precursors (NCMOH-Zr,
Figure S26), where the Zr*" is homogenously distributed and sufficiently introduced. Based on the
XRD Rietveld refinement plots with detailed parameter data (Table S5), we observe that a, ¢, and V'
values are elevated after doping with large ionic radius Zr*" (0.72 A).”> However, SNCM-Zr-wet
(Figure 7f) shows a significantly greater variation in crystal parameters than that of SNCM-Zr-dry
(Figure 7e), illustrating that the in-situ doping contributes to a more adequate doping of Zr*" into the
cathode bulk lattice. The electrochemical properties of synthesized Zr-doped cathodes were tested
under the temperature of 45 °C. As seen in Figure 7g, SNCM-Zr-wet presents the best cycling retention
with 90.8% after 100 cycles, obviously better than 80.5% of SNCM-Zr-dry and 69.9% of SNCM-pure.
Along with the increase in current density, SNCM-Zr-wet possesses the highest specific capacities and
most cycling stability at high rates, demonstrating that the rate property of SNCM-Zr-wet is also
obviously improved (Figure 7h). Moreover, with the same research method, we discover that the W®*-
ion in-situ doped cathode also shows a similar regularity, which features a more uniform and adequate
We-ion doping (Figure S27, S28). Based on the successful attempt of various doping ions, it is evident

that in-situ doping achieves a uniform and consistent modification effect within single-crystal particles
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and demonstrates the certain applicability for different doping elements (Nb, Zr, W, etc).

Analysis of in-situ doping modification mechanism.

a Dry/wet-doping calcination process b After long-term cycling

Interfacial
%ide reactions  H2/H3 phase coexistence

Inhomogeneous
enrichment

il

Integrated
structure

T
€
~—— mf' “ High
) k—
_5 Fracture .S
= =
§ Aggravated Li" g
o Dry-doped cathode Dry-doped cathode concentration gradient £
<
.a =
2 2
|

Homogeneous Uniform phase transition

distribution

¥ Low
e ———

" Optimized Li
Wet-doped precursor Wet-doped cathode ©Wet-doped cathode concentration distribution
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For a better comprehension, the essential reaction mechanisms revealed in this work are
schematically summarized. Figure 8a compares the distribution differences of dry- and in-situ doping
ions during the calcination process. With dry-doping method, the dopants (Nb, Zr, W, etc) that added
during the lithium mixing stage, are converted into the molten salt and penetrates into the grain
boundaries under the high temperature. However, due to their low solid solubility and diffusion rate,
dry-doping ions are difficult to sufficiently infiltrate and diffuse into the cathode bulk phase. Moreover,
the majority of dopants are prone to react with lithium source and precipitate into impurity layers on
the surface. After the dissolution-recrystallization growth process of single-crystals, the dry-doping
ions enriched at the surface and grain boundaries can only form a gradient doping effect at the cathode
interface. In contrast, after a homogeneous liquid phase co-precipitation reaction, the in-situ doping

ions have been uniformly dispersed inside the primary particles of in-situ doped precursors. It enables
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the in-situ doping ions to be easily incorporated into the cathode lattice during the high-temperature
calcination, thus achieving the homogeneous doping within micron-sized single-crystal particles
without uncontrolled coating layer at the surface, which can completely realize the doping function for
Ni-rich cathode.

Additionally, according to Figure 8b, dry-doped cathodes hardly mitigate the internal structural
degradation of single-crystals after long-term cycling, because they only possess the gradient
modification effect on the surface. As a result of the excessively prolonged Li" diffusion distance, it is
difficult for the inner Li* to be smoothly deintercalated/intercalated, thus leading to the severe H2/H3
phase coexistence phenomenon. The multiphase coexistence with widely varying lattice parameters
will induce the intensified Li" concentration gradient within the particles, which will release
inhomogeneous stresses and result in the formation of intragranular cracks. As the cracks propagate to
surface, they can contribute to electrolyte penetration and interfacial side reactions. In comparison, the
in-situ doped cathodes benefited from the uniform distribution of doping ions, can substantially
accelerate the Li* diffusion kinetics and migration rate from the inside out. Furthermore, the fluent Li*
transportation results in a uniform phase transition process and optimized Li" concentration
distribution, which can ensure the reversibility of H2/H3 transition and alleviate the inner stress
without the formation of intragranular cracks. Hence, in-situ doped cathode maintains an integrated
structure and excellent electrochemical performances after long-term cycling.

Conclusions

In summary, we demonstrate the optimized in-situ doping strategy with precursors engineering to
ameliorate the limited Li" diffusion kinetic challenge of advanced single-crystal Ni-rich cathodes. Due
to the homogeneity of co-precipitation reaction, in-situ doping ions (Nb, Zr, W, etc) can be uniformly
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and sufficiently incorporated into the interior precursor and modulate the micromorphology of primary
particles. Accompanied by the high-temperature calcination, the doping ions that have been thoroughly
dispersed in precursors, will be effortlessly diffused into the single-crystal cathode bulk, developing a
homogeneous doping ion distribution from the inside out. Benefiting from this configuration, the
multiphase coexistence inside pristine single-crystal cathodes can be greatly suppressed, which
contributes to the optimization of intraparticle Li" concentration gradient, thus obtaining a consistent
morphological and structural stability. Consequently, the in-situ doped cathodes show exceptional
electrochemical performances, particularly long cycling retention, even at high testing rate and
temperature. The superior modification effect demonstrated by the optimized in-situ doping strategy
delivers a feasible solution to address the intrinsic problems that restrict the commercialization of
single-crystal Ni-rich cathodes, thus marking a step to satisfy the requirements of high-energy-density

electric vehicles and realize the universal electrification.

Experimental Section
Precursors synthesis.

The  Ni-rich  spherical precursors of  Nig.92Co0.03Mnoos(OH)  (NCMOH-pure),
Ni0.918C00.03Mno.05Nbo.002(OH)2, (NCMOH-ND), Nio.918C00.03Mno.05Zr0.002(OH)2 (NCMOH-Zr) and
Ni0.918C00.03Mn0.0sWo.002(OH)2 (NCMOH-W) were fabricated via the co-precipitation reaction. In the
reaction process, a uniform mixture of NiSO4-6H>0O, MnSO4-H>0 and CoSO4-7H>0 in a molar ratio
of 92:3:5 was dispersed in de-ionized (DI) water to achieve a homogenous solution, followed by
constant pumping into a continuously stirred tank reactor (CSTR). During the synthesis of NCMOH-

Nb, NCMOH-Zr and NCMOH-W, niobium oxalate (Nb source), Zr(SO4)2:4H>O (Zr source) and
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Na;WO4 (W source) were also continuously added to the CSTR. Meanwhile, NaOH as a precipitating
agent and NH3-H>O as a chelating agent were pumped in separately. Note that the accurate pH of 11.8
and temperature of 60 °C were retained throughout the reaction. Eventually, NCMOH-pure, NCMOH-
Nb, NCMOH-Zr and NCMOH-W were fabricated via filtration, washing and drying.

Single-crystal cathodes synthesis.

The pure and doped precursors were mixed with LIOH-H>O (M:Li ratio = 1:1.1) and calcined at
920 °C for 5 h, followed by 800 °C for 18 h under O> atmosphere to synthesize the
LiNi0.92C00.03Mno 0502 (SNCM-pure), LiNi0.918C00.03Mno.05sNbo.00202 (SNCM-Nb-wet),
LiNi0.918C00.03Mno.05Z10.00202 (SNCM-Zr-wet) and LiNig.918C00.03Mno.0sW0.00202 (SNCM-W-wet) in-
situ doped cathodes. In order to synthesize dry-doped cathodes, the NCMOH-pure precursors were
required to be thoroughly mixed with LiOH-H>O and the dry-doping source (Nb2Os, ZrO> and WO3)
and calcined under the same conditions to obtain LiNio.918C00.03Mno.05Nbo.00202 (SNCM-Nb-dry)
LiNio.918C00.03Mn0.05Z10.00202 (SNCM-Zr-dry) and LiNio.91sC00.03Mno.0sW0.002002 (SNCM-W-dry).
Materials characterizations.

The crystal information and material phase were determined via XRD with an X-ray
diffractometer (Rigaku TTR-III, Japan). The lattice parameters of prepared samples were obtained by
the Rietveld refinement program (GASA). In-situ XRD tests were performed using a distinctively
designed Swagelok cell with a beryllium (Be) window (X-ray transparent) assembled together. The
chemical components of the prepared samples were analyzed via ICP (Thermofisher, America). The
morphologies and micro-structures of prepared samples were investigated by scanning electron
microscopy (SEM, JSM-6380LV, Japan) and transmission electron microscopy (TEM, Tecnai G2 F20

S-TWIN, Japan). Image Pro Plus software was used to determine the length, thickness and aspect ratio
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of materials. Element chemical values of prepared samples were detected via X-ray photoelectron
spectroscopy (XPS). Electron-probe micro-analysis (EPMA) and energy dispersive X-ray
spectroscopy (EDS) were applied to discover the elemental distribution. Cross Section Polisher (CP)
was used to prepare the cross-section of samples.

Electrochemical characterizations.

The CR2032 coin cells were utilized to estimate the electrochemical properties of the synthesized
single-crystal cathodes. In order to fabricate the cathode electrode, homogeneously mixing 80 wt.%
active materials with 10 wt.% carbon black and 10 wt.% PVDF and completely dissolved it in NMP
to obtain a uniform slurry, which was then coated on an Al current collector and cut into 12 mm
diameter sheets. The argon-filled glove box was used to prepare coin cells equipped with Li sheets as
counter electrodes and LiPFg as electrolyte.

The galvanostatic intermittent titration technique measurements (GITT) and galvanostatic
charge/discharge tests (GCD) of prepared samples were performed with LAND measuring system.
The data information of electrochemical impedance spectroscopy (EIS) was collected via the Bio-
Logic VMP3 electrochemical workstation under the frequency from 10 mHz to 100 kHz.

Regarding the GITT test, coin cells were charged for 10 min at a current density of 0.05 mA (0.1
C) each time and then left to stand for 30 min to reach equilibrium voltage. The lithium diffusion
coefficient was mainly calculated according to equation (1):

D =~ (B ()’ M

Where D is the lithium diffusion coefficient, t is the relaxation time, nn is the number of moles,
Vi is the molar volume of the electrode material, S is the electrode-electrolyte contact area, AEs is the

change in potential due to a single pulse, and AE; is the change in potential due to a single pulse with
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relaxation (removing the iR drop).
COMSOL simulation.

The software COMSOL Multiphysics was utilized to perform the finite element analysis. The
model was designed with multiple single-crystal cathode particles, which have the similar morphology
in order to simplify the operation. The single-crystal particles varied in size from 2 to 5 um, which was
referenced from the SEM images of materials. In order to approximate the actual effect of electrode
preparation, the Li" transport path orientation was also not consistent among the particles. In exploring
the internal Li" concentration distribution, one particle was randomly selected from the multi-particle

model for analysis. The particle diffusion setup followed the two-dimensional diffusion of single-

6cLi

pral —DV?c;;) determined the Li" concentration inside the single-

crystal cathodes. Fick's law (
crystal cathode. In this case, the conductivity is set to a value of 0.17 S m™!, the thermal conductivity

is 1.58 W mK!, the density is 4.87 g cm™, and the constant pressure heat capacity is 840.1 J kg K",

The scale bars of COMSOL indicate the lithium-ion concentration.
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Comparing to dry-doping achieved by sintering, the optimized in-situ doping strategy by co-
precipitation can obtain a consistent and uniform modification effect within single-crystals from the
inside out, which is beneficial for improving the Li" diffusion coefficient, suppressing H2/H3

coexistence and optimizing the Li* concentration gradient, thus delivering superior electrochemical

performances and structural stabilities.
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