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Abstract

The introduction of Na* is considered as an effective way to improve the performance of
Ni-rich cathode materials. However, the direct structure-property correlation for Na“ doped
NCM-based cathode materials remain unclear, due to the difficulty of local and accurate
structural characterization for light elements such as Li and Na. Moreover, there is the
complexity of the modeling for the whole Li ion battery (LIB) system. To tackle the above-
mentioned issues, we prepared Na*-doped LiNipsC002Mnp20> (Na-NCM622) material. The
crystal structure change and the lattice distortion with picometers precision of the Na*-doped
material is revealed by Cs-corrected scanning transmission electron microscopy (STEM).
Density functional theory (DFT) and the recently proposed electrochemical model, i.e.,
modified Planck-Nernst-Poisson coupled Frumkin-Butler-Volmer (MPNP-FBV), has been
applied to reveal correlations between the activation energy and the charge transfer resistance
at multiscale. It is shown that Na* doping can reduce the activation energy barrier from AG =
1.10 eV to 1.05 eV, resulting in a reduction of the interfacial resistance from 297 Q to 134 Q.
Consequently, the Na-NCM622 cathode delivers a superior capacity retention of 90.8% (159
mAh.g™!) after 100 cycles compared to the pristine NCM622 (67.5%, 108 mAh. g'!). Our results
demonstrate that the kinetics of Li* diffusion and the electrochemical reaction can be enhanced

by Na* doping the cathode material.

Keywords: LiNigsMno2C00.202; Na*-doping; Transmission electron microscopy; Migration

energy barrier, Charge transfer resistance



1. Introduction

Over the past decades, Ni-rich cathode materials, e.g., LiNio.6C0o02Mno 202 (NCM622) and
LiNig8Co0.1Mno.102 (NCMS811), have attracted great attention in terms of high specific energy
density, relatively low cost, and superior cell performance [1-3]. Nevertheless, the rapid
capacity decline and structural instability are inevitable challenges for the development of Ni-
rich layered cathode materials [4-12]. In this regard, cationic doping has been identified as a
promising option to simultaneously improve the electrochemical performance and structural
stability [13-15]. As an alkaline metallic cation, sodium (Na) has a large ionic radius and similar
chemical properties as lithium (Li); Moreover, it is widely used to improve the performance of
NCM-based cathode materials. However, the direct and essential structure-property correlation
in these Na“ doping NCM-based cathode materials is still unclear. On the one hand, the local
and accurate structural characterization is difficult for light elements such as Li and Na. On the
other hand, the whole system of a Li ion battery (LIB) is complicated, so that practical factors,
such as interfacial effects, electrolyte and the different diffusivity of Li" in the cathode or
electrolyte, are easily ignored in modeling the structure-property correlation via calculation
methods.

To study of fine microstructure, (scanning) transmission electron microscopy ((S)TEM)
and X-ray diffraction (XRD) are usually employed to investigate Na'-doped cathode materials
in order to explain the superior electrochemical performance of LIBs [16, 17]. The introduction
of Na" into layered cathode induces a low-angle shift of the (003) and (104) interplanar peaks
in the XRD characterization [18], while direct evidence is generally demonstrated by (S)TEM
[15, 17]. It is mostly accepted that the Na ions will occupy the Li" positions [16, 19]. As Li and
Na are light elements, it is hard to reveal the local information by XRD, but also in electron
microscopy it is not straightforward as lighter elements have less scattering power during the
interaction with the electron beam. However, thanks to the state-of-the-art (S)TEM techniques,
and aberration corrected imaging [20, 21], picometer precision can be obtained [22] and the
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fine structure of Na'-doped cathode materials analyzed.

Density functional theory (DFT) calculation methods are generally used to illuminate the
correlation of the fine structure and the electrochemical performance of NCM-based cathode
materials. Based on the DFT analysis, an enlarged layer distance can reduce the activation
energy barrier, improving the Li mobility in the layered cathode material [23]. But how the
activation energy influences the electrochemical performance is rarely discussed. This is
because DFT calculations mainly focus on atomic-scale studies, and thus explain the
performance based on the intrinsic properties of the material, e. g. the atomic structure and the
activation energy. However, they ignore the overall impedance of the battery and therefore
there is an urgent need to directly calculate the interface impedance of Na*-doped NCM
materials in LIBs on a multi-scale.

To tackle these issues, we prepared Na*-doped LiNiosC002Mno20, (Na-NCM622)
cathode materials via a hydroxide co-precipitation process and characterized the crystal
structure with picometer precision by Cs-corrected scanning transmission electron microscopy
(STEM) equipped with RevSTEM drift correction [22]. Direct observations confirm that the
doped Na* replace the Li, thereby inducing local lattice distortions in the cathode material. In
order to investigate the structure-property correlation and the improved electrochemical
performance of Na-NCM622, DFT calculations have been used to clarify the lower activation
energy barrier of Li* and the enhanced kinetics of Li* diffusion. To further understand the
correlation between the activation energy and the electrochemical performance, an advanced
electrochemical model and the corresponding equivalent circuit model for LIBs impedance
calculations has been employed, based on our previous work [24]. Using this electrochemical
model, the charge transfer resistance of Na-NCM622 and NCM622 can be calculated as 134 Q
and 297 Q respectively; this decrease can be ascribed to the fast reaction kinetics of Li* via Na*
doping. With the combination of advanced structural characterization and multi-scale

calculations we can gain direct insight into the functioning of Na-NCM622 cathode materials.
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The correlation between the fine microstructure and the battery performance is further discussed

from the perspective of theoretical electrochemistry.

2. Experimental section

2.1 Synthesis of NCM622 and Na-NCM622 nanoparticles

Nowadays, various advanced strategies of electrode fabrication, including templating
method [25], chemical self-assembly [26], 3D printing method [27, 28] and so on, have been
reported for high energy density of lithium battery. Herein, we used the hydroxide co-
precipitation method to obtain the electrode samples and the NipsCo0o.2Mno2(OH), precursor
was prepared from NiSO4-6H>O, CoSO4-7H20, MnSO4-H>0, NaOH, and NH4OH. An aqueous
solution (Ni: Co: Mn = 6: 2: 2 in molar ratio, 2 mol L") of transition-metal sulfates was added
to a continuously stirred reactor under N> atmosphere. 4 mol-L™! NaOH (aq.) and 10 mol-L™!
NH4OH (aq.) were also added to the reactor, and the pH was kept at 11.5. Thereafter, the dried
hydroxide precursor and 5% excess LiIOH-H>0O were mixed and calcinated at 750 °C for 12 h
in air. The obtained material is labeled as NCM622. To obtain Na*-doped NCM622 materials,
the precursor was mixed with LiOH-H,O and CH3COONa. Thereafter, the mixture was
calcinated under the same conditions as LiNio.6C002Mno.202, and the as-prepared material is

denoted as Na-NCM622.
2.2 Structural Characterization

An inductively coupled plasma optical emission spectrometer (ICP-OES) (OPIMA 8300,
Perkin Elmer) was used to determine the chemical composition of as-prepared cathode
materials. Crystal structure and phase composition were determined by X-ray diffraction
(XRD) using a Bruker diffractometer with Cu-Ka radiation. The morphology and the elemental
distribution of the samples were characterized by a Hitachi S-4800 field emission scanning

electron microscope (SEM) equipped with an energy dispersive X-ray spectrometer (EDS). X-



ray photoelectron spectroscopy (XPS) was carried out on a VG Multilab 2000 to determine the
chemical valence states of Ni, Co, Mn, Na. Atomic resolution scanning transmission electron
microscopy (STEM) was performed on a Thermo Fisher Themis microscope fitted with
aberration correctors for both the probe forming and the imaging lens, at 300kV. All the atomic

resolution images with picometer precision were drift corrected by the RevSTEM program[22].
2.3 Electrochemical Characterization

Positive electrodes were obtained by coating a slurry of the active powder, super-P and
polyvinylidene fluoride with a ratio of 8:1:1 (wt%). Then, the slurry was pasted on an Al foil
and dried in the oven at 120 °C for 12h. The electrochemical properties of the cathode materials
were tested by assembling coin-type (CR2025) cells in an argon filled glove box. The
electrolyte was composed of 1.0 M LiPFs in ethylene carbonate (EC), dimethyl carbonate
(DMC) and ethyl methyl carbonate (EMC) (1:1:1 in wt%). The cycle performance of the cell
was carried out on a LAND CT2001A battery machine with a voltage ranging from 2.7~4.3 V.
Cyclic voltammetry (CV) was performed on a CHI 660D electrochemical workstation at a scan
rate of 0.2 mV s up to 4.3 V (vs Li/Li*). The Autolab PG302N was utilized to obtain the
electrochemical impedance spectroscopy (EIS) results in the frequency range from 10 mHz to

100 kHz.
2.4 Density functional theory

The DMol3 code in Material Studio (version 2018) of Accelrys Inc was used for the DFT
calculations. The Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA)
was used to examine the electronic exchange-correlation function for the electron interactions.
According to the DFT-D correction calculated by Grimme, the van der Waals interactions could
be explained. For the ultrasoft plane-wave basis, 500 eV was defined as the energy cutoff value.

The supercell was sampled using the Brillouin zone with a regular mesh of 1x1x1 k-points. The



convergence energy for the electronic self-consistency loop was 107 eV, and the maximum

force tolerance of structural optimization was set to 0.05 eV/A.
2.5 Electrochemical model

To investigate the correlation between atomic structure and the electrochemical
performance, our recently proposed, modified Planck-Nernst-Poisson coupled Frumkin-Butler-

Volmer (MPNP-FBV) model was applied [24, 29, 30]. The governing equations are given as:

acj D; FD;
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The concentration of Li" and the electrostatic potential are denoted by ¢; and @, and the
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subscript “i” indicates the electrolyte and the cathode, respectively. D; represents the diffusion
coefficient of Li*, which is closely related to the atomic structure of the materials. € and &; are

the permittivity, F denotes the Faraday constant, R is the gas constant, T indicates the

temperature, and z; is the valence.

From an electrochemical point of view, the reaction kinetics at the interface plays an
important role in the battery performance and is expressedas Li+ V i+ = LitT +V;+e.To
get closer to reality, the vacancy effect has been included and is denoted by Vii (Vii"). The
lithiation/delithiation process can reach an intrinsic dynamic equilibrium state without external
perturbation and the charge transfer resistance of the battery can be determined under this

circumstance. The corresponding equation is expressed as

RT
R.. = — — 3
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Where cmax denotes the maximum concentration of materials, ¢; and ¢, are the interface
concentrations associated with the reaction, and the superscript “eq” denotes the intrinsic

equilibrium state. K; and K} are the material properties and are given by



Ko = Koexp (— %) K, = K.exp (— %) 4)

K, and K, are depending on the temperature, AG;® is the standard activation energy barrier of
the material, which is related to the atomic structure. It can be clearly seen that the atomic
structure plays an important role in the activation energy of materials, thereby determining the
interfacial impedance and the electrochemical performance. To gain insight into the influence
of the Na“doping, the activation energy, i.e., AGi®, is determined by the DFT calculations in
this work. K, and K; depend on the temperature and are called the reaction rate, B is usually
given as 0.5, and A is the cross-section area. Numerical simulations were performed using the

finite element method (FEM) in the MOOSE framework with 5000 second-order elements.

3. Results and discussion

3.1 Characterization of NCM622 and Na-NCM622

The synthesis of the as-prepared Na*-doped materials is illustrated in Fig. Sla, and Fig.
S1b shows that NCM622 and Na-NCM622 cathodes have a spherical morphology. No obvious
difference is observed in the surface morphology between both samples, indicating that the
doping by Na" will not alter the morphology, as shown in Fig. Slc-d. The EDS elemental maps
further confirm that Ni, Co, Mn and Na are homogeneously distributed inside the material.
Table. S1 illustrates the chemical composition of the as-prepared materials, the results show
that the relative atomic ratio is close to the designed value, i.e., Ni: Co: Mn=6:2:2.

Fig. la schematically shows the Na" doping, replacing the Li sites and leading to an
enlarged layer distance and lattice distortion. Fig. 1b illustrates the XRD patterns of NCM622
and Na-NCM622, respectively. The characteristic peaks indicate that the as-prepared materials
have a high degree of crystallinity, and can be indexed as the hexagonal a-NaFeO: layered
structure with space group R3m. The distinct separation of the (108)/(110) and (006)/(102)

peaks suggests that the doping Na' plays a negligible influence on the crystalline layer structure



[31]. However, the peaks of (003) and (104) shift toward the lower angle region, indicating that
the Na" doping induces an expansion of the interlayer spacing; this clearly favors the diffusion
coefficient [32]. The XRD patterns are analyzed by Rietveld refinement (Fig. S2) and the
refined structural parameters are shown in Table 1. The c-lattice value increases from 14.2403
to 14.2615 A, obviously showing the lattice expansion of the Na-NCM622 material. The
calculated XRD results show that the concentration of Ni*" is approximately 1.18% in the Li
layer, which is much lower than that of the pristine sample, i.e., 2.19%. It is accepted that a
well-organized layer structure can be formed when the intensity ratio Ipos/I104 is larger than 1.2
[33]; In our case, the loo3/1104 ratio of Na-NCM622 and NCM622 is 1.78 and 1.52, respectively.
These results indicate that the as-prepared materials have a good layered structure.

In order to analyze the surface element oxidation state after Na'-doping, XPS
measurements were performed and the results are shown in Figs. 1c-h. As can be seen in Fig.
lc, the Na 1s peak is only located at 1071 eV with a strong intensity, indicating that Na* was
successfully doped into the sample. The characteristic peaks centered at 872.5 eV and 854.7 eV
represent Ni 2p 1/2 and Ni 2p 3/2, respectively (Fig.1d). The spin-energy difference is 17.8 eV,
thus predicating that most of the Ni has a valence of +2 [34]. The well fitted peaks centered at
795 and 780 eV (Fig. le) can be assigned to Co 2p 1/2 and Co 2p 3/2, further demonstrating
that the valence state of Co is +3 [35]. The high-resolution Mn 2p spectrum is shown in Fig. 1f.
The peaks located at 654 eV and 642 eV correspond to Mn 2p 1/2 and 2p 3/2, indicating the
existence of a mainly 4+ valence state [36]. There is no peak shift in the XPS results, implying
that the valence states of Ni, Co, and Mn remain stable after Na“-doping. As well, the local
oxidation states of Ni, Co and Mn can be verified from electron energy loss spectroscopy (EELS)
[37, 38], where no chemical shift can be observed both on the surface and in the bulk of the two
samples (Fig. S3). With the introduction of Na®, the spectrum of O Is, centered at 531.3 €V, is
reduced while the peak at 529.5 eV increases. It indicates that the surface oxygen species, i.e.,

Li>CO3 and LiOH, can be alleviated by the doping with Na'. In Fig. 1h, the weak peak located
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at 289.8 eV can be assigned to the decreased amount of LiCO3. The XPS results of O 1s and C
Is indicate the improved integrity of the layered structure, which is favorable for the extraction

and intercalation process of Li".
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Fig. 1. (a) XRD patterns of NCM622 and Na-NCM622; (b) Schematic illustration of the crystal structure of
the cathode materials; XPS spectra of (c) sodium (Na), (d) nickel (Ni), (e) cobalt (Co), (f) manganese (Mn),

(g) oxygen (O), (h) carbon (C), in the samples.

Table 1. Refined structural parameters of the NCM622 and Na-NCM622.

Materials a(A)
NCM622 2.8756
Na-NCM622 2.8701

c(A) Ni/Li (%)
14.2403 2.19
14.2615 1.18

Too3/T104
1.78
1.52

Rwp (%) Rp (%)
2.78 2.68
2.48 2.67

Cs-corrected and drift corrected scanning transmission electron microscopy (STEM) was

performed to investigate the precise location of the doped Na ions at an atomic scale. For
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comparison, the pristine NCM622 sample was also analyzed by high angle annular dark field
scanning transmission electron microscopy (HAADF-STEM). Figs. 2a and 2d present the
typical layered structure of NCM622 and Na-NCM622 along the [010] zone axis. The bright
dots represent the atomic columns of the transition metal (TM) layer, whereas Li atoms are
hardly visible. This because the HAADF-STEM contrast is roughly proportional to the atomic
number squared and Li as well as Na have a low atomic number [39]. Therefore, in order to
study the influence of the Na* doping, the TM (Ni, Co, Mn) positions are registered with
picometer precision in the HAADF-STEM images; this with the help of drift corrected by
RevSTEM [22] and indicated by CalAtom [40]. After the introduction of Na*, the lattice
distortion of the area indicated by green box in Figs. 2a and 2d can be clearly observed in Fig.
2b and 2e, where the twisted quadrilateral structures (indicated by the orange arrows) can be
seen directly.

Fig. 2¢ and 2f are the corresponding electron scattering intensity maps of NCM622 and
Na-NCM622. The marked atomic columns (red arrows) are brighter in Na-NCM622 (Fig.2 f)
compared to NCM622 which almost have no contrast (Fig. 2c), suggesting that heavier atoms
occupy the Li-sites. The corresponding intensity line profile (Fig. 2i) of Na-NCM622 also
reveals dots with a weak intensity at some atomic columns in the Li layers (indicated by red
arrows in Figs. 2f and 2i). Such dots with weak intensity are absent in the intensity map of the
pristine NCM622 (Fig. 2c) as well as in the line profile (black curve in Fig. 21). The fact that
the intensity at the Li position is low compared to the intensity of the TM columns again points
towards the occupation of Na on the Li sites. Fig. 2h demonstrates the local layer separation
between two neighboring TM slabs, i.e., the Li interlayer spacing. The distance is uniform and
approximately equal to 490 +7 pm for the NCM622 sample. With the introduction of Na®, the
interplanar spacing increases and strongly fluctuates between 500 and even 540 pm. This large
fluctuation of the layer spacing is caused by a variation of the lattice distortion, which itself is

related to the local Na doping [41]. Fig. S4c and d also show that doping Na* partially occupies
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the site of Li, resulting in a local extension of the interlayer spacing.
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Fig. 2. (a) Atomic HAADF-STEM image of pristine NCM622; (b-c) Corresponding marked map and
intensity map of the area indicated by the green box in (a); (d) Atomic HAADF-STEM image of Na-NCM622;
(e-f) Corresponding marked map and intensity map of the area indicated by the green box in (d); (g) Crystal
structure of layered structure along [010] zone axis: Transition metals (blue), Oxygen (red) and Lithium
(green); (h) Dot plot of the calculated local layer separation; (i) Intensity line profiles of the dark and red

rectangles in (c), (f).

3.2 Electrochemcial performance of LIBs
The electrochemical performance of Na-NCM622 and NCM622 cathodes was evaluated
in coin-cells with lithium foil as counter electrode. Fig. 3a displays the CV curves in the voltage

range from 2.7 V to 4.3 V in the first cycle. The two sharp redox peaks are ascribed to the redox

reaction of Ni2*/Ni** [42]. The potential gap between cathodic peak and anodic peak is 0.27 V
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for pristine Na-NMC622, which is lower than that for NMC (0.32 V), suggesting that Na*
doping can effectively reduce the potential polarization during the charge-discharge process.
This result is further confirmed by the initial charge-discharge curves at 0.1C as shown in Fig.
3b. The Na-NCM622 cathode shows a small potential polarization and delivers initial charge
and discharge capacities of 192.8 and 179 mAh g, respectively. And the initial coulombic
efficiency is 84.40% for Na-NCMG622 cathode. By contrast, the NCM622 cathode delivers
charge and discharge capacities of 181.5 and 168 mAh g! with a coulombic efficiency of
80.77%. The improvement of discharge capacity and coulombic efficiency can be ascribed to
the enhanced lattice stability and fast Li* diffusion induced by the Na* doping, favoring more
Li ions extraction/insertion under the same cutoff voltage [43].

Fig. 3c presents the rate performance of the prepared cathodes with a step-increasing
current density of 0.1C, 0.2C, 0.5C, 1C, 2C and 5C, and then restored to 0.2C. The Na-NCM622
cathode delivers a capacity of 192.8, 171.3, 152.6, 141.5, 128.6 and 105.8 mAh.g'l at 0.1, 0.2,
0.5, 1, 2 and 5C. The specific capacities of the Na-NCM622 cathode at each current density are
all higher than that of the pristine NCM622 cathode, demonstrating that the enlarged layer space
caused by Na* doping allows the fast Li* diffusion and promotes Li* migration kinetics [44,
45]. The discharge voltage curves in Fig. 3d show the reduced discharge capacities for both Na-
NCM622 and NCM622 cathodes with increasing current density due to the electrochemical
polarization. In addition, when the electrodes are charged to 4.0 V, the discharge capacities at
low current density are identical for both NCM622 and Na-NCM622, delivering 40 mAh g! at
0.1 C,30mAh g'at0.2C,25mAhg'at0.5C, and 19 mAh g'! at 1 C. However, the discharge
capacities are obviously different at 2 C, which are 9 and 15 mAh g for NCM622 and Na-
NCM622, respectively. In particular, at a higher discharge current density of 5 C, the Na-
NCM622 cathode delivers a higher discharge capacity (8 mAh g'!) than the pristine NCM622

cathode (0 mAh g!) at the same potential (Fig. S5). These results further indicate that Na*
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doping can effectively lower the potential polarization of Ni-rich oxide cathodes during

discharge, especially for high discharge current.
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Fig. 3. (a) CV curves and (b) the initial charge/discharge curves of NCM622 and Na-NCM622 cathodes; (c)
Rate capability of the cathodes at different C-rates in the range 0.1-5 C; (d) Discharge curves of the cathodes

at various rates; (e) Cycling performance of the cathodes at 0.2 C; (f) 1st, 50th, 100th charge-discharge

voltage curves at 0.5C.

Fig. 3e presents the cycling performance of NCM622 and Na-NCM622 cathodes at a
current density of 0.2 C. The Na-NCM622 cathode shows an initial discharge specific capacity
of 175mAh.g"! and a high-capacity retention of 90.8% after 100 cycles. On the other hand, the

pristine NCM622 cathode exhibits an initial capacity of 160 mAh.g™! and rapidly fades to 108
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mAh.g! with a lower retention rate of 67.5%. The superior cycling performance may be
attributed to a Na* pinning effect within a stable layered structure [15]. Table S2 compares the
cycling performance with other published NCM622 cathodes. It clearly shows that the as-
prepared Na-NCM622 cathode demonstrates a superior cycling stability.

Fig. 3f shows the charge-discharge voltage curves of the 1st, 50th and 100th cycle at 0.5
C. The discharge potential of the undoped pristine NCM622 cathode exhibits a sharp downward
shift upon cycling. In contrast, the decay of discharge potential for Na-NMC622 is significantly
suppressed over 100 cycles (indicated by the black arrows), suggesting the significant effect of
Na* doping on suppressing the voltage decay.

The diffusion coefficients of Li* in NCM622 and Na-NCM622 cathodes were deduced
from the CV curves with a scan rate ranging from 0.2 to 0.5 mV s! (Figs. 4a-b). The diffusion

coefficient can be calculated by the Randles-Sevcik equation and is expressed as [46, 47]

1 1

IP=2.69><105><n%><A><DE><CO><vE (1)
where n represents the number of electrons per redox reaction, A is the electroactive area, D
denotes the diffusion coefficient, and Cy is the initial concentration of Li*. The peak current Ip
is proportional to the CV scan rates (v'?), and the results are shown in Fig. 4c. Based on Eq.
(1), the diffusion coefficients of Li* in NCM622 at oxidation and reduction peaks are 1.30x10
12 and 3.18x10°"3, whereas the diffusivities of Na-NCM622 are 1.82x10°'? and 4.71x10°'3,
respectively. The improved Li* diffusion coefficients are clearly related to the enlarged
interlayer spacing that favors the extraction/insertion process.

Electrochemical impedance spectroscopy (EIS) measurements were carried out to
investigate the electrochemical performance. Fig. 4d shows the Nyquist impedance plots of the
charged battery in the frequency range from 10 mHz to 100 kHz. To deepen the understanding,
the corresponding equivalent circuit model is also presented here. Generally, the first semicircle
in the high-frequency region (Rsei) corresponds to effects related with the solid electrolyte

interface (SEI) [48, 49]. The second semicircle is attributed to the interface resistance.
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Furthermore, the diameter of the semicircle is equal to the charge transfer resistance (R¢) at the
electrode/electrolyte interface, which is the kinetically controlled region [50]. The sloping line
at low frequencies denotes the Warburg impedance (W) associated with the Li* diffusion.
According to the equivalent circuit model, the battery impedance can be obtained and is listed
in Table 2. The charge transfer resistance R¢ values of Na-NCM622 and NCM622 are 131.2
and 172.1 Q at the 10th cycle, respectively. Moreover, the resistances due to the solid electrolyte
interface are 35.8 and 47.9 Q. After 50 cycles, the charge transfer resistances increase to 190
and 233 Q, and the corresponding SEI impedances are 134 and 246 Q. It turns out that with the
introduction of Na*, the enlarged layer distance and lattice distortion lead to a lower activation

energy barrier, thereby reducing the charge transfer resistance and improving the

electrochemical performance.
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Fig. 4. CV curves of (a) NCM622, (b) Na-NCM622 and (c) Relationship of the peak current (Ip) and the

square root of the scan rate (v'’?); (d) Nyquist plots of cathodes; as insert, the equivalent circuits used to fit

the experimental data.
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Table 2. The Impedance parameters of equivalent circuit.

Cycle Number 10st cycle 50st cycle

Rs Rf Rct Rf+ct Rs Rf Rct Rf+ct
NCM622 2.55 47.9 172.1 190 2.84 246 233 479

Na-NCM622 276 358 131.2 167 2.96 134 190 324

3.3 DFT calculations

First-principal calculations have been conducted to calculate the activation energy barrier
of Li" in the as-prepared materials. Owing to the migration mechanism, there exist two different
ways for Li" transfer to the adjacent site [51]. The first pathway is through the space between
two adjacent oxygen ions, known as the oxygen dumbbell hop (ODH) (Fig. 5a). The other is
through the tetrahedral position in the middle of the path, considered as the tetrahedral site hop
(TSH) (Fig. 5b). At the early stage of delithiation, the migration of Li" follows the ODH
pathway because of there is no requirement of Li vacancies for Li" diffusion. Therefore, we
studied the Li" activation energy barrier based on the ODH mechanism [52], and the calculated
migration pathway can be seen in Fig. S6. Fig.5¢ shows that the Li" activation energy of Na-
NCM622 is 1.05 eV, which is slightly smaller than that of NCM622. The energy of the O 1s
orbital also shifts to the right with the introduction of Na”, as illustrated in Fig. 5d. The DFT
calculation results show that doping Na" can reduce the activation energy of materials, thereby
improving the battery performance by enhancing the kinetics of Li" diffusion. The calculated
activation energies can be involved in the electrochemical model, as described in the following

section.
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Fig. 5. (a) The first path for Li" migration to an adjacent location (ODH); (b) The second path for Li*
migration to an adjacent location (TSH); (c) Li* migration activation barrier of NCM622 and Na-NCM622;
(d) O1s state density diagram of the cathode materials.

3.4 Charge transfer resistance calculations

The above-mentioned results demonstrate that the Na-NCM622 cathode reaches a superior
electrochemical performance, and the improvement is ascribed to the Na* doping with a lower
activation energy. In order to link the activation energy and charge transfer resistance, we
performed an in-depth study using multi-scale calculations combining the MPNP-FBV model
and the DFT results. As shown in Equations (3) and (4), the activation energy, i.e., AGi®, plays
an important role in the charge transfer resistance that is associated with the kinetics of the
electrochemical reaction. The activation energy barriers of Li* migration in Na-NCM622 and
NCM622, as identified by the DFT calculations in section 3.3, are around 1.05 and 1.10 eV.
According to the previous work [53], the activation energy for the diffusion of Li* in LiPFe-PC

is 0.15 eV (14 kJ/mol). The diffusion coefficients of Li* in Na-NCM622 and NCM622 are
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derived from Fig. 4c and are 4.71x107"* and 3.2x107'3 m?s!, respectively. More parameters used
in the MPNP-FBV model are shown in Table 3.

Table 3. Parameters used in the MPNP-FBV model.

Parameter Unit Value Description
L. nm 30 Thickness of the electrolyte
L. nm 30 Thickness of the cathode
As nm 0.6 Thickness of the Stern layer
D. m?s! 4x101! Diffusivity of Li* in the electrolyte
D, m? 5! 3.2x10°13/4.7x10713 Diffusivity of Li* in the cathode
AG® eV 0.15 Activation energy barrier of the electrolyte
AG® eV 1.10/1.05 Activation energy barrier of the cathode
€e - 8 Relative permittivity of the electrolyte
€ - 20 Relative permittivity of the cathode
Ce mol m™ 7x103 Initial concentration of the electrolyte
Ce mol m™ 1x10° Initial concentration of the cathode
Ki m* mol! s’! 0.1 Reaction rate
A m? 2.3x104 Geometrical surface

Fig. 6a shows a schematic NCM-based battery. To focus on the interface behavior and the

charge transfer resistance, the electrolyte and the cathode thicknesses are selected as L. = L. =

30 nm. Moreover, the active energy barrier AG.® of the pristine NCM622 cathode is 1.10 eV.

With the introduction of Na*, the activation energy is reduced to AG.® = 1.05 eV. Relying on

the MPNP-FBV model and the activation energy calculated by DFT, the concentration

distribution of Li™ at the intrinsic equilibrium state is shown in Fig. 6b. Clearly more Li*
q g y

accumulates at the interface of NCM622 cell compared to Na-NCM622, forming a thicker space

charge layer. Thicker space charge layers lead to a larger interfacial impedance, e.g., the charge

transfer resistance and the space charge layer capacitance, which are detrimental to the

electrochemical performance. Based on the interface concentrations and Equation (3), the



charge transfer resistances of Na-NCM622 and NCM622 are calculated to be Ret = 134 Q and
Rt =297 Q for these two cases. Although the calculated and experimental values are different,
it still reveals the correlation between the atomic structure and the electrochemical performance.
The enlarged layer distance and lattice distortion are formed after Na" doping, so that the
activation energy changes accordingly, which is verified by the DFT calculations. The
electrochemical model further demonstrates that the energy change is the fundamental reason
for reducing the charge transfer resistance, thereby improving the reaction kinetics of Li*. The
effect of the fine microstructure changes on the electrochemical performance can be well

explained in combination with the multi-scale calculation.
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Fig. 6. (a) Schematics of the cathode/electrolyte interface, (b) the concentration distribution at the interface.

4. Conclusions

We systematically studied the Na* doping in a Ni-rich LiNio.6C00.2Mno 20> (Na-NCM622)
cathode material. Atomic resolution HAADF-STEM recordings with picometer precision and
the corresponding intensity maps directly confirm the substitution of Na on the Li site. The
results show that the introduction of Na* leads to a local lattice distortion and an increased
interlayer spacing at the doping site. DFT calculations demonstrate that the changes of fine
microstructure can reduce the activation energy barrier of materials from AG = 1.10 eV to AG
= 1.05 eV, to enhance the kinetics of Li" diffusion. Further, the MPNP-FBV modeling

methodology coupled with DFT calculations has been applied in this work to clarify the relation
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between activation energy, Li" diffusion, charge transfer resistance and electrochemical
properties. The numerical results clearly show that the charge transfer resistance can be reduced
from 297 Q to 134 Q with a lower activation energy and faster Li" diffusion, which indicates
an enhanced kinetics of cell reaction after Na“-doping. As expected, the Na-NCM622 cathode
exhibits a high initial Coulombic efficiency (84.40% at 4.3 V), superior cycling stability (90.8%
capacity retention after 100 cycles) and rate capacities especially at high rates (105.8 mA h g!
at 5 C) compared to the undoped pristine material. This work provides a direct and detailed
insight into Na*-doping materials, which is essential for establishing the relationship between

the microstructure changes induced by ion doping and the electrochemical performance.
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