
lable at ScienceDirect

Carbon 188 (2022) 114e125
Contents lists avai
Carbon

journal homepage: www.elsevier .com/locate/carbon
Dimensionality effect of conductive carbon fillers in LiNi1/3Mn1/3Co1/
3O2 cathode

Cheng-Hung Lin a, Zhengyu Ju b, Xiaoyin Zheng a, Xiao Zhang b, Nicole Zmich a,
Xiaoyang Liu a, Kenneth J. Takeuchi a, c, d, Amy C. Marschilok a, c, d, Esther S. Takeuchi a, c, d,
Mingyuan Ge e, Guihua Yu b, **, Yu-chen Karen Chen-Wiegart a, e, *

a Department of Materials Science and Chemical Engineering, Stony Brook University, Stony Brook, NY, 11794, USA
b Materials Science and Engineering Program, Texas Materials Institute, The University of Texas at Austin, Austin, TX, 78712, USA
c Energy and Photon Sciences Directorate, Brookhaven National Laboratory, Upton, NY, 11973, USA
d Department of Chemistry, Stony Brook University, Stony Brook, NY, 11794, USA
e National Synchrotron Light Source II, Brookhaven National Laboratory, Upton, NY, 11973, USA
a r t i c l e i n f o

Article history:
Received 14 August 2021
Received in revised form
5 November 2021
Accepted 6 November 2021
Available online 10 November 2021

Keywords:
Lithium-ion battery
Single-walled carbon nanotubes
Morphological degradation
Chemical heterogeneity
Mosaic tomography
XANES tomography
* Corresponding author. Department of Materials
neering, Stony Brook University, Stony Brook, NY, 117
** Corresponding author.

E-mail addresses: ghyu@austin.utexas.edu (G.
stonybrook.edu (Y.-c.K. Chen-Wiegart).

https://doi.org/10.1016/j.carbon.2021.11.014
0008-6223/© 2021 Published by Elsevier Ltd.
a b s t r a c t

Developing advanced electrode architectures through modifying active materials, conductive fillers,
binders, and electrolytes as well as processing methods has drawn significant research interest. Due to
the insufficient electrical conductivity of many active materials, adding conductive carbon fillers to
composite electrodes provides the necessary electrical conductivity. The dimensionality effect among
different conductive fillers has a significant impact on electrochemistry, which can be associated with
morphological and chemical heterogeneities of electrodes. Here, synchrotron X-ray mosaic nano-
tomography and X-ray spectroscopy nanoimaging provided direct three-dimensional (3D) visualization
and quantification capabilities to investigate the dimensionality effects of Super P (SP) and single-walled
carbon nanotube (SWCNT) fillers on the capacity retention of LiNi1/3Mn1/3Co1/3O2 (NMC111). The results
indicate that NMC/SWCNT electrodes, with a wrapping effect from the SWCNTs, exhibited more ho-
mogeneous particle size distributions, morphological changes, and chemical states than NMC/SP elec-
trodes, without the wrapping effect. This work developed a framework of 3D quantification methods to
study the capacity fading behavior associated with morphological and chemical heterogeneities and
paved the way toward designing electrodes for high rate energy storage applications.

© 2021 Published by Elsevier Ltd.
1. Introduction

Lithium-ion batteries (LIBs) have been the dominant recharge-
able source to power portable electronics in recent years and are
regarded as promising candidates for next-generation energy
storage for electric vehicles and grids [1e3]. Despite their well-
functioning performance in consumer electronics, LIBs with
higher energy density and efficiency are required to fulfill the rapid
growing demand for next-generation energy storage [1e3].
Therefore, efforts have been devoted to improving the performance
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of LIBs by modifying different battery components, including active
materials, conductive fillers, binders, and electrolytes, as well
developing novel processing strategies [3e9]. In addition to
creating novel materials, building a thick electrode architecture as
an alternative strategy also provides a feasible, straightforward
pathway to improve the energy density without significantly
altering the fundamental battery chemistry [9e11]. However, the
thick electrode design also increases the charge transfer distance
for both electrons and ions [11,12]. More convoluted conductive
pathways in the thickness direction could lead to more sluggish
transport kinetics, poorer rate capability, and lower utilization of
active materials in thick electrodes [13e16]. Various approaches,
such as building low tortuosity and high porosity structures, have
been proposed to improve the ionic diffusion kinetics in thick
electrodes [15,17e19]. To enhance electron transport, developing
novel conductive carbon fillers and interconnected conductive
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networks has been demonstrated to be effective [6,20e22].
Replacing the most commonly added filler, carbon black (CB),

with carbon nanotubes (CNTs) and graphene has been shown to
achieve better electrochemical performance in LIBs due to higher
electrical conductivity and better structural stability [6,23,24]. Prior
works in the literature also highlighted the modification of CB or
CNTs on the improved stability of electrolyte for the high voltage
(>4.6 V) applications [25,26]. Recently, Ju et al. reported the
dimensionality effects of Super P (SP), single-walled CNTs
(SWCNTs), and graphene nanosheets in thick LiNi1/3Mn1/3Co1/3O2
(NMC111) battery electrodes [27]. Their work showed that the 1D
SWCNT filler provided not only high electrical conductivity but also
a tightly wrapping architecture, leading to superior performance in
NMC111 batteries, with key impacts on the rate performances [27].
It is thus of particular importance to understand the effect of the
tightly wrapped architecture of SWCNTs upon further cycling with
layered cathode materials, such as LiNi1-x-yMnxCoyO2 (NMC). While
being one of the most promising insertion-reaction cathode ma-
terials for use in LIBs, as-synthesized NMC particles usually have a
hierarchical structure with agglomeration of submicron primary
particles to form secondary particles that are tens of micrometers in
size [28,29]. While recent works used surface treated and single-
crystal NMC to improve the performance of the batteries [30,31],
most commercially available NMC materials are polycrystalline.
During cycling, deagglomeration or fragmentation of secondary
particles may coincide with the formation of intergranular cracks
and decohesion among primary particles, mainly due to anisotropic
volume expansion and contraction [29,32e34]. The development of
cracks or fractures associated with secondary particles can lead to
capacity fade and is largely influenced by the Ni composition in
NMC, current density, and voltage window [35e37]. Therefore,
monitoring and characterizing the structural defects, i.e., the cracks
and fragments, is crucial to understanding how conductive fillers
with different dimensionalities affect the formation of defects and
how the wrapping effect of SWCNT filler mitigates cracking or re-
duces the negative effects of cracks.

The cracks resulting from the degradation of secondary NMC
particles are 3D defects that undergo complex chemical and
morphological evolution on multiple length scales, from nanoscale
to mesoscale, and a 3D analysis method with a range of detection
capabilities is required to fully characterize the phenomena [29].
Transmission X-ray microscopy (TXM), available at advanced syn-
chrotron X-ray light sources, is appropriate for this range of scales
[38e41]. TXM can provide a field of view on the order of tens of
micrometers while achieving relatively high spatial resolution,
~30 nm for hard X-rays [42,43]. With the spatial resolution on the
order of tens of nm and the incident X-ray energy that can access
the binding energy of the transition metals (6e10 keV), TXM
uniquely bridges the gap between the optical microscopy and
electron microscopy in terms of the balance between the field of
view, spatial resolution and penetration depth. Combined with
computed tomography (CT) and quantitative image analysis, the
nano-tomography capability in TXM enables correlating the inter-
nal 3D nanostructure of the activematerials to the cell performance
[44e46]. Due to the ability to collect X-ray nanotomography data
within 1e2min at the Full-field X-ray Imaging (FXI) beamline at the
National Synchrotron Light Source II (NSLS-II), this work extends
the size of the 3D imaging volume to a few hundredmicrometers by
using a mosaic tomographic mode. Because the contrast mecha-
nism is based on the X-ray attenuation, TXM further enables X-ray
absorption near edge structure (XANES) spectroscopic imaging and
tomography by tuning incident synchrotron X-ray energies to track
2D and 3D chemical information in electrochemical systems
[47,48]. Bulk XAENS spectroscopy provides averaged chemical in-
formation such as determining oxidation states and identifying
115
chemical compounds. Through identifying the spectra feature in 3D
XANES imaging voxel by voxel computationally, the 3D spatial
distribution of the chemical states can be quantified to understand
the chemical heterogeneities in complex materials [49e51].

Therefore, using mosaic nanotomography and XANES imaging,
this work aims to investigate the role of the dimensionality effects
of conductive fillers in retaining the capacity from the aspect of
morphological and chemical evolution within NMC111 materials. A
notable difference in capacity retention is observed between the
cells with NMC/SP and NMC/SWCNTcomposite electrodes after 200
cycles under a 1C charging/discharging rate. Themorphological and
chemical evolution, with and without the wrapping effect in the
NMC electrode architectures, are discussed based on 3D visualiza-
tion and quantification. Our results indicate that NMC/SWCNT
electrodes with the wrapping effect exhibit more homogeneous
spatial distributions of particle size, morphological changes and
chemical states than do NMC/SP electrodes without the wrapping
effect. Throughmorphological quantification conducted on a larger,
representative volume using mosaic nanotomography while
maintaining the needed spatial resolution and spatially resolved
chemical mapping by XANES imaging, the framework and meth-
odology developed in this work could also be used to study
chemical and morphological changes in a wider range of energy
storage materials, thus paving the way toward creating novel
electrode designs for high rate capability and long cycle-life
batteries.
2. Experimental methods

2.1. Electrode Fabrication, cell assembly, and electrochemical
characterization

2.1.1. Electrode fabrication
The NMC/SP electrodes were prepared by mixing NMC111

powder (MTI Corp.), SP (MTI Corp.) and polyvinylidene fluoride
(PVDF; Sigma-Aldrich) at a ratio of 90:5:5 in N-methyl-2-
pyrrolidone (NMP). After mixing in a Thinky Mixer for 1 h, the
viscous slurry was cast on aluminum foil with a doctor blade and
further dried in a vacuum oven overnight at 90 �C. The NMC/
SWCNT electrodes were prepared by mixing NMC powder, SWCNTs
(XFNANO, Inc.) and polyvinylpyrrolidone (PVP, Mw: ~10,000;
Sigma-Aldrich) at a ratio of 99:0.5:0.5 in deionized water. PVP
served as the surfactant to disperse the SWCNTs in water with
probe sonication at 200 W for 2 h. The concentration of SWCNTs in
the suspension was 2 mg mL�1. After casting the slurry on ozone-
treated aluminum foil, the electrode was first dried in an oven at
60 �C to evaporatewater in a mild process and then transferred into
a 90 �C vacuum oven to completely remove the residual water. The
loading of the as-prepared NMC electrodes was ~15 mg cm�2.
2.1.2. Cell assembly and electrochemical/morphological
characterization

CR2032 coin cells were assembled inside an Ar-filled glovebox
using a Li plate (Sigma-Aldrich) as the anode. A Celgard 2320 was
used as the separator between the NMC cathode and Li anode.1.0M
LiPF6 dissolved in ethylene carbonate (EC) and diethyl carbonate
(DEC) was used as the electrolyte (A6; BASF Corp.). Sixty mL of the
electrolyte was used to prepare all coin cells.

Cycling stability measurements were conducted on a Neware
battery tester (BTS 4000) with an electrochemical potential win-
dow of 2.8e4.25 V vs. Liþ/Li. The fresh cell was first activated under
a current rate of 0.1C (1C ¼ 150 mA g�1) for 1 cycle and then
charged and discharged under 1C for 200 cycles.
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2.2. Synchrotron characterization and data analysis

2.2.1. Sample preparation for X-ray nanoimaging
The cycled NMC/SP and NMC/SWCNTcells were disassembled in

an Ar-filled glove box within 20 min after the 200th discharged
state was reached at 2.8 V to obtain the NMC electrodes. The cycled
electrodes were washed with 400 ml 1,2-dimethoxyethane (DME),
dried, and resealed into empty coin cells, which were then trans-
ferred to the NSLS-II synchrotron facility for characterization. The
resealed coin cells were opened in another Ar-filled glove box at
NSLS-II, Brookhaven National Laboratory (BNL). Each NMC elec-
trode, including the current collector, was cut into a wedge shape
with a tip size less than 50 mm and mounted onto stainless steel
pins. To protect the cycled electrodes from being exposed to the air
during TXMmeasurements, each of the cut electrodeswas sealed in
a Kapton capillary with Torr seal epoxy, stored in the glove box, and
transferred to the beamline immediately before the measurements
[46]. The TXM samples of pristine NMC electrodes were also pre-
pared with the same cutting and mounting method.

2.2.2. X-ray nanoimaging through transmission X-ray microscopy
X-ray nanoimaging experiments were conducted through

transmission X-ray microscopy (TXM) at the Full-field X-ray Im-
aging beamline (FXI, 18-ID) at NSLS-II of Brookhaven National
Laboratory [42]. In this work, the TXM at FXI provided a field of
view of 51.2 mm � 43.2 mm (1280 pixels � 1080 pixels) under a
camera binning of 2 � 2 with an effective pixel size of 40 nm. The
energy of the incident X-ray was above the Ni K-edge
(8.333e8.4 keV) to maximize the absorption contrast of Ni in the
NMC. To increase the statistical representation for the morpho-
logical study, nanotomography based on the absorption contrast
was carried out in mosaic tomography mode to significantly extend
the imaging volume. The step size to collect the mosaic volumewas
30 mm in all three orthogonal directions, x, y and z. The number of
acquired mosaic volumetric tiles and the effective volume for each
characterized electrode are summarized in Table S1.

For chemical state mapping by spectroscopic imaging, a series of
2D TXM images and 3D tomographic data sets were collected as a
function of incident X-ray energy across the Ni K-edge (8.333 keV)
to obtain the distributions of the Ni oxidation state in the NMC
phase. 2D and 3DXANES images of the post-cycled NMC electrodes
were obtained by scanning the Ni K-edge from 8.3 to 8.553 keV
with 110 energy points. The 2D XANES imaging was collected from
two orthogonal directions, one projecting along the thickness di-
rection of the electrode, providing a “top-down view” into the
electrode, and another projecting from the side of the electrode,
providing a pseudo “cross-section view” of the cut electrodes to
obtain depth-related information.

2.2.3. 3D morphological quantification analysis e particle size and
edge gradient

The tomographic data were reconstructed with a Parzen win-
dow filter [52] and the filter back projection (FBP) algorithm
embedded in the ASTRA plug-in of TomoPy [53]. The full mosaic
tomographic data sets were assembled into a complete volume
according to the positions of the high-precision piezo stages
recorded during the scans under further downsampling with an
effective voxel size of 160 nm. Because of the step size (30 mm) used
for collecting the mosaic volume, a subvolume of 30 � 30� 30 mm3

from each of the reconstructed volumes was used for stitching. The
assembled mosaic volumes were then segmented into binary data
sets based on the thresholding value between the corresponding
peaks in the global histogram of the 3D volume: one value repre-
sented the NMC phase, while the other was for the non-NMC
domain, including the pores and carbon phases.
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To more accurately identify the defects or cracks that may be
oversegmented in global thresholding, the watershed algorithm
[54] with two geometric criteria to correct the oversegmentation
[55,56] was applied. The first criterion was to join the regions
where one shared surface connects to more than three different
regions. The second criterion was to join the two regions with a
critical ratio of the shared surface area and the volume of two
adjacent regions [56]. Once each individual particle was identified
and labeled, the centroid position of each particle and the straight
distance from the centroid to the particle surface (DCS) could be
determined by the exact Euclidean distance transform [57]. The
average DCS was calculated for each particle. The particle size dis-
tribution can then be compared by a certain range of average DCS

with the corresponding volume fraction. Meanwhile, the average
volume per particle along the direction of electrode thickness was
also calculated. A running average was calculated with a 3D win-
dow size of 6 mmalong the thickness direction (y). The total number
of voxels corresponding to NMC within the 3D window was then
averaged by the number of labeled particles to obtain the running
average volume per particle from the current collector to the
surface.

To estimate the distribution of the structural features, such as
cracks and fractures, of the NMC particles, the edge gradient was
quantified by the smallest eigenvalues of the structure tensor
analysis [39,58,59]. The features of the NMC particles were first
outlined in the edge detection via the Canny edge detection algo-
rithm [60] based on the watershed segmented data. The edge
gradient was then obtained by 3D mean filtering the smallest ei-
genvalues of the structure tensor based on edge detection using a
Python program developed in-house with well-established open-
source packages [61,62]. The 2D virtual cross-section images and
3D volumes were visualized with Tomviz (open source) [63] and
Dragonfly (noncommercial license) [64] software and the recon-
structed data.

2.2.4. XANES imaging analysis
The energy of the XANES images was calibrated with a Ni metal

foil and aligned to the Ni K-edge at 8.333 keV. The 2DXANES images
were first processed in a PyXAS package developed at the FXI
beamline [65], including downsampling with an effective pixel size
of 160 nm to improve the signal-to-noise ratio, aligning the images
collected at different energies with a StackReg method, and per-
forming the normalization of the XANES spectra for every pixel. The
chemical state of each pixel was then determined by Gaussian
fitting of the white-line energy position from the spectroscopic
image, which corresponds to the energy with maximum X-ray
attenuation [48]. Standard XANES spectra for the pristine NMC
electrode and the fully charged NMC electrode (at 4.25 V) were
measured at the Beamline for Materials Measurement (BMM, 6-
BM) at NSLS-II of BNL in the Ni K-edge energy region using trans-
mission geometry. The Athena software package was used to cali-
brate, merge multiple scans, and perform normalization of the
XANES data [66], and the oxidation states of Ni in the standard
samples were also confirmed by fitting the white-line energy po-
sition with a Gaussian function.

For 3D XANES data processing, all tomographic data were first
reconstructed using the same method mentioned previously. After
reconstruction, the 110 reconstructed volumes were aligned three-
dimensionally through image registration or the 3D StackReg
method in PyXAS [65]. Each aligned tomographic data point was
then downsampled to an effective pixel size of 160 nm and
smoothed by a 2-pixel 3D median filter to improve the signal-to-
noise ratio. Once aligned, the 3D XANES data can then be treated
as a total of 270 2D XANES image stacks. The chemical state of each
voxel was then determined by Gaussian fitting of the white-line
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energy position from the reassembled 2D XANES images with the
same method used for the 2D XANES image analysis. Once the
chemical state of each voxel was obtained, the 3D visualizations of
the chemical distribution in postcycled NMC electrodes were
rendered by using Tomviz (open source) [63] and Dragonfly
(noncommercial license) [64] software.
3. Results and discussions

3.1. Capacity retention difference upon cycling

To equitably compare the electrochemical performance, the
content of the conductive fillers was optimized to 5 wt% for SP and
0.5 wt% for SWCNTs to reach the same level of charge-transfer
resistance within the composite electrodes [27]. The scanning
electron microscopy (SEM) images in Fig. S1 show the different
wrapping structures of SWCNTs vs. SP in the pristine NMC elec-
trodes. SWCNTs tightly wrapped NMC particles and formed a better
interconnection between NMC particles than the SP. The assembled
cells were first activated at a rate of C/10 for 1 cycle and then cycled
at a rate of 1C for extended cycling, with a potential window of
2.8 Ve4.25 V vs. Liþ/Li. The charge/discharge curves of the NMC/
SWCNT electrode (0.5 wt%) and NMC/SP electrode (5 wt%) are
shown in Fig. S2 at the C-rates of 0.2, 0.5, 1 and 2C. The capacity
retention and Coulombic efficiency of the cells with NMC/SPs and
NMC/SWCNTs are shown in Fig. 1(a). The capacity of the cells with
both conductive fillers decreased as the number of cycles increased.
However, a notable capacity retention difference of the cells be-
tween the two fillers was found after ~150 cycles, where the ca-
pacity of the NMC/SP cell decayed much faster than that of the
NMC/SWCNT cell. The SEM images in Fig. 1(beg) and Fig. S3 show
the morphology of the NMC electrodes after 200 cycles with SP and
SWCNT additives from the top-down view and cross-section view,
respectively. As highlighted with red dashed lines in Fig. 1(c and d),
some structural degradation that correlates to the cracks or deag-
glomeration of the secondary NMC particles was observed. This
morphological difference caused by structural degradation may
reflect the difference in the capacity retention between the SP and
SWCNT conductive fillers upon cycling. The capacity decay result-
ing from the fragmentation of the secondary particles associated
with intergranular cracks or decohesion among primary particles
has been reported previously [37e40,67,68]. Below, we present
further morphological and chemical quantification by X-ray nano-
tomography with a greater representative volume. By covering the
length scale from that of the NMC particles to that of the electrode,
Fig. 1. The cycling behaviors of the NMC cells with two different conductive fillers and the S
efficiency of the NMC/SP (blue) and NMC/SWCNT (red) cells. (beg) Top-down view SEM ima
version of this figure can be viewed online.)
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the analysis aims to elucidate the difference in the capacity reten-
tion among the cells with SP and SWCNT fillers.
3.2. Representative 3D morphological quantifications with
nanoscale spatial resolution

Mosaic nanotomography was applied to the NMC/SP and NMC/
SWCNT electrodes in the pristine state and after 200 cycles, when
cells were in the discharged state (2.8 V vs. Liþ/Li). The 3D volume
rendering of the stitched mosaic tomography consisting of thou-
sands of NMC particles is shown in Fig. 2 and the supporting in-
formation (Video S1-Video S4). Although the volume rendering
provided a direct visualization of the electrodes, to compare the
morphological evolution, quantitative analysis based on the 3D
images was needed. To quantify the morphological evolution upon
cycling, the particle size distribution and the average volume of
particles in the NMC electrodes are shown in Fig. 3. Fig. 3(a) illus-
trates an example of the distance map of NMC particles where the
position of the centroid and the distance from the centroid to the
particle surface, DCS, are color coded. Notably, the particle surface
has a value of unity (voxel) in the distance map. The DCS values for
each particle were averaged to obtain a representative feature size
(average DCS), as shown in Fig. S4 and Fig. 3(b and c). The particle
size distribution of the NMC characterized by the volume fraction
vs. the average DCS is shown in Fig. S4(a), with the derived cumu-
lative version shown in Fig. S4(b) and Fig. 3(b and c). Fig. 3(d) shows
the average volume per particle along the direction of electrode
depth from the current collector to the electrode surface as a
running average in every slice along the depth direction with a 6-
mm thick moving window. In Fig. 3(c), the NMC/SWCNT electrodes
show an overall size distribution that shifted toward a smaller
particle size after 200 cycles. The size distribution in Fig. 3(d) also
indicates that NMC/SWCNT electrodes had a more uniform size
distribution along the electrode direction, and that the size of
particles decreased after 200 cycles. This homogeneously
decreasing particle size after cycling in NMC/SWCNTs can be
related to some structural degradation, leading to the slight ca-
pacity decay in Fig. 1(a). In contrast, the depth-dependent size
distribution in the NMC/SP electrodes showed a greater variation
and thus, overall less homogeneous structure. Similarly, the size
distribution in the NMC/SP pristine sample had an overall larger
fluctuation than the NMC/SP after 200 cycles, as shown in Fig. 3(b).
When the average DCS was smaller than ~5 mm, pristine NMC/SP
had a larger cumulative volume fraction. In contrast, pristine NMC/
SP exhibited a smaller cumulative volume fraction when the
EM images of the postcycled NMC electrodes. (a) The capacity retention and Coulombic
ges of the cells with (bed) NMC/SP and (eeg) NMC/SWCNTs after 200 cycles. (A colour



Fig. 2. The stitched volume of the mosaic tomographic data based on the X-ray absorption contrast. (a) NMC/SP in the pristine state; (b) NMC/SWCNTs in the pristine state; (c) NMC/
SP after 200 cycles; (d) NMC/SWCNTs after 200 cycles. Animations of each stitched volume can be found in the supporting information. (A colour version of this figure can be viewed
online.)

Fig. 3. The particle size distribution of the NMC particles in the electrodes. (a) Schematic of the distance from the centroid to the surface (DCS) derived from the map of the
Euclidean distance transform. (b, c) Particle size distributions of NMC/SP (b) and NMC/SWCNT electrodes (c) in the pristine and 200-cycle states, characterized by the average DCS

and the cumulative volume fraction. (d) The average volume per particle along the electrode thickness direction from the current collector to the free surface with a step size of
6 mm. (A colour version of this figure can be viewed online.)
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average DCS > 5 mm. Further analysis regarding this observation is
discussed in the following sections.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.carbon.2021.11.014.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2021.11.014
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To further quantify the morphological evolution in the NMC
electrodes, the features of the NMC particles were characterized in
the form of the edge gradient distribution through structure tensor
analysis [39,58,59]. By extracting the smallest eigenvalues in the
structure tensor calculation, the fracturing features of the NMC
electrodes, such as fragments and cracks, are visualized by a color

https://doi.org/10.1016/j.carbon.2021.11.014
https://doi.org/10.1016/j.carbon.2021.11.014
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scale in Fig. 4, Fig. 5, and Fig. S5 to evaluate the local degree of
morphological changes [39,40,69]. A larger value of the edge
gradient reflects a higher degree of morphological change in the
NMC particles, in which the local structural change mainly results
from crack formation. Fig. 4 shows the evolution of the morpho-
logical degradation in the NMC/SWCNT electrodes before and after
200 cycles. In the pristine state, the NMC/SWCNT electrode has a
homogeneous distribution of the edge gradient along the thickness
direction, as shown in the virtual slides near the surface vs. near the
current collector (Fig. 4(b and c)) and the histograms in Fig. 4(g and
h). This observation is consistent with the uniform size distribution
of the NMC/SWCNT pristine electrode shown in Fig. 3(d). However,
the NMC/SWCNT electrode, after 200 cycles, demonstrated a
steeper distribution of the edge gradient in both the visualizations
(Fig. 4(def)) and the histograms (Fig. 4(g and h)) than the pristine
NMC/SWCNT electrode. A steeper edge gradient distribution re-
flects more morphological degradation. In particular, the region
near the surface/separator had even more degradation than the
region near the current collector in the NMC/SWCNTelectrode after
200 cycles. This indicates that the degradation may have been
depth-dependent in the NMC/SWCNT electrodes. The overall
steeper edge gradient distribution in the SWCNT 200-cycle state
than in the pristine state in Fig. 4 and Figs. S7(a and c) is consistent
with the decreasing particle size distribution shown in Fig. 3(c and
d). Both the steeper edge gradient distribution and the decreasing
size distribution can then explain the morphological degradation
leading to the capacity decay of the NMC/SWCNT cell in Fig. 1(a).

However, the distributions of the edge gradient in the NMC/SP
Fig. 4. The distributions of the edge gradients of the NMC/SWCNT electrodes without fil
electrode, pristine and after 200 cycles, respectively. (b, c, e, f) The lateral slices near the surf
compare the edge gradients within a 10-mm thick volume near the surface/separator (g) and
this figure can be viewed online.)
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electrodes in Fig. S5 show that the NMC/SP pristine electrode had
more fragmented features than the NMC/SP electrode after 200
cycles. Especially in Fig. S5(b), the region near the surface of the
NMC/SP pristine electrode had the most concentrated fragmented
structures in the NMC/SP electrodes. The finding in the analysis of
the edge gradient is consistent with the particle size distribution in
Fig. 3(b and d), showing that the NMC/SP pristine electrode had an
overall smaller but more heterogeneous particle size distribution.
The nonuniform particle size distribution in the NMC/SP pristine
electrode may be attributed to the electrode manufacturing pro-
cess. Previous reports have indicated that some morphological
heterogeneities, such as a density or a particle size gradient along
the thickness direction, could be generated during slurry casting
and solvent drying with carbon black and PVDF binder in NMP
solvent [70e73]. The use of a planetary mixer while preparing the
NMC/SP slurry can provide a better dispersion of the particle
clusters but may lead to a higher degree of the deagglomeration of
secondary particles that contributes to a smaller particle size dis-
tribution [8,74]. These factors increase the morphological in-
homogeneity in the NMC/SP electrodes. The smaller particles in the
pristine NMC/SP provide a higher initial capacity and maintain a
capacity retention similar to that of the NMC/SWCNT cells in early
cycling. Nevertheless, the damage from the secondary particles in
the NMC/SP electrodes may lead to faster capacity retention decay
upon further cycling [29,67,68]. Further analysis focusing on the
secondary particles is discussed in the following sections.

To reasonably compare the structural evolution of the NMC/SP
200-cycle electrode observed in Fig. 1(c and d) with the pristine
tering out particles. (a, d) The 3D profiles of the edge gradients in the NMC/SWCNT
ace/separator vs. near the current collector in (a) and (d). (g, h) The histograms used to
near the current collector (h) in the pristine and post-cycled states. (A colour version of



Fig. 5. The distributions of the edge gradients of the NMC/SP electrodes after filtering out the particles with effective radius smaller than 5 mm. (a, d) The 3D profiles of the edge
gradient in the NMC/SP electrode, pristine and after 200 cycles, respectively. (b, c, e, f) The lateral slices near the surface/separator vs. near the current collector in (a) and (d). (g, h)
The histograms used to compare the edge gradients within a 10-mm thick volume near the surface/separator (g) and near the current collector (h) in the pristine and post-cycled
states. (A colour version of this figure can be viewed online.)
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state, the small, fragmented particles in the NMC/SP electrodes,
present in the pristine samples, were filtered out, and the
morphological analysis focused on the secondary particles. The
histogram of the effective spherical radius in Fig. S6 shows a quasi-
median distribution at 5 mm of NMC particles in the NMC/SP pris-
tine electrode. Thus, the particles with an effective spherical radius
less than 5 mm were masked. Only the particles with radii larger
than 5 mm were analyzed in Fig. 5 to characterize mainly the edge
gradient distribution from the secondary particles in the NMC/SP
electrodes. By filtering the particles, the profiles of the edge
gradient distribution in Fig. 5(aef) were more representative of the
secondary particles. However, the histograms of the NMC/SP elec-
trodes (with filtering of the particles) in Fig. S7(d) still showed that
the 200-cycle state had a smaller and wider edge gradient distri-
bution. This is probably because part of the morphological degra-
dation in the NMC/SP 200-cycle electrode, such as the fractures of
the secondary particles, has also been filtered out. Nevertheless, the
histograms in Fig. 5(g and h) show that the NMC/SP 200-cycle
electrode had a larger edge gradient distribution at both regions,
near the surface/separator and near the current collector, than the
pristine state. The region near the surface/separator in the NMC/SP
200-cycle electrode also demonstrates a wider distribution than
the region near the current collector. This depth-dependent phe-
nomenon is similar to the result for the NMC/SWCNT 200-cycle
electrode shown in Fig. 4(g and h). The regions near the surfaces
of both the NMC/SWCNT and NMC/SP 200-cycle electrodes expe-
rienced more morphological degradation than the regions near the
current collector. The morphological heterogeneity indicated that
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the degradation of the activated materials occurred inhomoge-
neously upon the cycling reaction and can be one of the factors
leading to capacity decay. In addition to themorphological analysis,
further chemical analysis presented in the next section, will pro-
vide additional insights to understand the different extents of ca-
pacity retention in both types of electrodes.

3.3. Chemical mapping from the view of the electrodes and
individual particles

In addition to quantifying the morphological evolution upon
cycling, it is also critical to reveal the distribution of chemical states
to further understand the capacity retention difference between
NMC/SP and NMC/SWCNT cells. In this work, the redox reaction of
nickel (Ni2þ/Ni4þ) contributes to the majority of the delivered ca-
pacity [27,75,76]. XANES spectroscopic imaging was employed to
map the Ni, Co, and Mn oxidation states but focused on Ni states
from multiple views of the NMC/SP and NMC/SWCNT electrodes
after 200 cycles. The cells were stopped in the discharged state
(2.8 V), i.e., the fully lithiated state. The Ni oxidation states of
pristine (Ni2þ) and delithiated (Ni4þ) NMC were determined by
Gaussian fitting of the white-line energy position, as shown in
Fig. S8. The standard XANES spectra of Ni, Co, and Mn in Fig. S8 and
Fig. S9 were acquired from the bulk XANESmeasurements to obtain
an average of the chemical state in the electrodes. 2D XANES im-
aging in Fig. 6 projects the Ni oxidation states from the cross-
section view and top-down view of the electrodes. 2D XANES im-
aging in Fig. S10 shows the Co and Mn oxidation states from with



Fig. 6. 2D XANES spectroscopic mapping of Ni oxidation states in the post-cycled NMC electrodes. (a, b, c) Images of the cross-section view of the electrode; (d, e, f) Images of the
top-down view of the electrode; (g, h) the histograms of Ni states from the cross-section vs. top-down views of the NMC/SWCNT electrode in (c, f) and the NMC/SP electrodes in (b,
e). (a, d) 2D mosaic images of the absorption contrast used to locate the orthogonal projections of the cross-section view (a) and the top-down view (d). (b, e) the NMC/SP and (c, f)
NMC/SWCNT electrodes after 200 cycles. In the cross-section view (b, c), the direction from the current collector to the free surface of the electrode is labeled. (A colour version of
this figure can be viewed online.)
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the same sample position as in Fig. 6(b and c). 3D XANES tomog-
raphy in Fig. 7 provides the Ni oxidation states within the sec-
ondary NMC particles.

In 2D XANES mapping, the NMC/SWCNT electrodes after 200
cycles (Fig. 6(c, f, g) had overall better reaction reversibility and
chemical homogeneity from both the cross-section and top views
than the NMC/SP electrodes after 200 cycles (Fig. 6(b, e, h)). Espe-
cially in the cross-section view, although both the active materials
in NMC/SP and NMC/SWCNT electrodes were not completely
lithiated, the cross-section chemical mappings in Fig. 6(b and c) and
histograms in Fig. 6(g and h) of NMC/SP and NMC/SWCNT elec-
trodes, after 200 cycles, showed different reaction homogeneities.
Despite incomplete lithiation, the electrochemical reactions in the
NMC/SWCNT electrodes were more homogeneous along the elec-
trode thickness. However, the NMC/SP electrodes, after 200 cycles,
in addition to exhibiting even less complete lithiation, showed
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depth-dependent chemical heterogeneity where fewer reactions
occurred in the region near the surface/separator than the region
near the current collector. The Ni oxidation state in the NMC111
samples should be 2þ and 4þ in the pristine or completely lithiated
and the delithiated states, respectively [75,76]. For Co and Mn, the
mapping and histograms in Fig. S10 show homogeneous distribu-
tions which are closed to the lithiated/pristine state. This obser-
vation strengthens the conclusion that the chemical heterogeneity
upon extended cycling results from the incomplete reaction of Ni in
NMC and is consistent with the literature where the redox reaction
of Ni contributes to the majority of the capacity in NMC cells under
the selected voltage range. In addition to the chemical heteroge-
neity at the electrode level, the distributions of the Ni oxidation
states at the level of secondary particles are illustrated as 3DXANES
images in Fig. 7. Fig. 7 maps the distributions of the Ni oxidation
states, both interparticle and intraparticle, at a region near the



Fig. 7. 3D XANES tomographic mapping of Ni oxidation states in the post-cycled NMC electrodes. (a, c) the NMC/SP and (b, d, e) NMC/SWCNT electrodes after 200 cycles; (f)
histograms of 3D XANES in (a) and (b); (g) the standard Ni XANES spectra of lithiated NMC (Ni2þ) and delithiated NMC (Ni4þ) electrodes. The internal distribution of Ni oxidation
states within the particles of the NMC/SP and NMC/SWCNT electrodes are illustrated in (c) and (d, e), respectively. (A colour version of this figure can be viewed online.)
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current collector. The mapping of the NMC/SP 200-cycle electrode
in Fig. 7(a, c) shows less complete lithiation than the NMC/SWCNT
200-cycle electrode in Fig. 7(b-e). The less complete reaction, which
contributed to the higher chemical heterogeneity in the NMC/SP
200-cycle electrode, suggests that the conductive network in the
NMC/SP electrode was less efficient than that in the NMC/SWCNT
electrode.

The incomplete reaction and the chemical heterogeneity in the
200-cycle electrodes agree with the results of the morphological
analysis discussed previously. In the pristine state, the NMC/
SWCNT electrode had uniform particle size and edge gradient dis-
tributions, while both distributions in the NMC/SP electrode were
heterogeneous. The dimensionality effect of the tightly wrapping
architecture with the SWCNT filler and the more homogeneous
electrode manufacturing process provided a more uniform
morphological distribution in the NMC/SWCNT electrode
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[27,72,73]. After 200 cycles, the lower electronic conductivity of the
SP and the lower SP/PVDF interconnectivity, due to the nonuniform
particle size distribution in the NMC/SP electrode, resulted in a
faster decay of the capacity retention than that of the NMC/SWCNT
electrode [27,73,77]. Furthermore, the stronger depth-dependent
morphological and chemical phenomena imply that the charging/
discharging reaction in the NMC/SP cell was more heterogeneous
than that in the NMC/SWCNT cell. The NMC/SWCNT 200-cycle
electrode had some morphological degradation, as shown in
Fig. 4, but still maintained relatively good chemical homogeneity, as
shown in Fig. 6(c). In contrast, the NMC/SP cell exhibited a higher
depth-dependent morphological degradation (Fig. 5) and incom-
plete reaction (Fig. 6(b)); these results agreed with the faster ca-
pacity decay of the NMC/SP cell in Fig. 1(a). Previous finite element
modeling has indicated the presence of an inhomogeneous elec-
trochemical driving force in which the NMC particles near the
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surface/separator experienced higher electron and Li outfluxes at
the interface of the particles and the electrolyte [40]. As a result of
this nonuniform driving force, the NMC particles near the surface/
separator experienced larger diffusion-induced stresses, which
then induced more crack formation in those regions than near the
current collector [40]. This modeling successfully explains the
depth-dependent behaviors shown in Figs. 5 and 6(b) and the ca-
pacity fading observed in our NMC/SP electrodes. However, the
tightly wrapping architecture and the better electrical conductivity
of the SWCNTs mitigated the effect of the inhomogeneous elec-
trochemical driving force [27]. Thus, the NMC/SWCNT 200-cycle
electrode showed a lower extent of morphological degradation
(Fig. 4) and maintained a more uniform chemical distribution
(Fig. 6(c)).

4. Conclusions

In summary, the decay of the capacity retention in thick NMC
electrodes with SP and SWCNT conductive fillers is further inves-
tigated through measurements of cyclability, morphology, and
chemistry. A capacity retention difference (>10%) among the NMC-
SP and NMC-SWCNT cells is observed after ~150 cycles, and this
difference continues to increase upon further cycling at a 1C rate
(>50% after 200 cycles). From SEM, some morphological degrada-
tions, such as cracks and isolated primary NMC particles, are found
in the NMC/SP 200-cycle electrode, while the architecture of the
NMC/SWCNT 200-cycle electrode is well preserved because of the
wrapping effect of the SWCNTs.

The morphological analysis in the mosaic tomography mode
shows that the NMC/SWCNTelectrodes have a uniform particle size
distribution in both the pristine and 200-cycle states, but the
average particle size decreases after cycling. The homogenously
decreased size distribution, increased edge gradient distribution,
and chemical state distribution in the NMC/SWCNT 200-cycle
electrodes reflect part of the morphological degradation and
correspond to the better capacity retention in the NMC/SWCNT
cells. In contrast, the particle size distribution in the NMC/SP
electrodes is not uniform and can be affected by the manufacturing
process. The strong depth-dependent behaviors of the morpho-
logical degradation and the chemical heterogeneity in the NMC/SP
electrodes are consistent with their faster capacity decay than that
in the NMC/SWCNTcells. From 3DXANES, the chemical states of the
NMC particles near the current collector with the SP filler are more
heterogeneous than those with the SWCNT filler. Compared to the
NMC/SP electrodes, the tightly wrapping architecture and the high
electrical conductivity of the SWCNT filler demonstrate homoge-
neous but light morphological degradation, uniform chemical dis-
tribution, and better capacity retention upon cycling.

This work provides further understanding of the cycling capa-
bility among SP and SWCNT fillers in NMC materials through a
multiscale morphological and chemical analyses from the particle
to the electrode level. This work also provides a framework to
conduct 3D morphological analysis at a nanometer scale with
better statistical representation and facilitate the design of
advanced electrodes for high-rate applications.
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