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  1.     Introduction 

 In order to achieve a wide application of 
lithium-ion batteries (LIBs) in the portable 
device market, especially for electrical vehi-
cles, the performances of LIBs need to be 
further improved. The performance metrics 
include energy density, cycle stability, rate 
capability, and safety, in all of which cathode 
component plays a critical role. [ 1–5 ]  Often as 
the sole Li source in LIB cells, the amount 
of Li cations can be reversibly extracted and 
inserted into the cathode determines bat-
tery’s capacity. For these reasons, developing 
advanced cathode materials for the next-
generation LIBs has been one of the main 
efforts in the past decades. [ 6–16 ]  Categorized 
by crystal structure, the cathode materials 
under intensive investigation include lay-
ered compounds (LiMO 2  (M = Mn, Ni, Co), 
Li 2 MnO 3 , and their compounds), spinel 
compounds (LiM 2 O 4 , M = Mn, Ni), and oli-
vine compounds (LiMPO 4 , M = Fe, Mn, Ni, 
Co, etc.), among which layered compounds 
is most promising due to their high energy 

density originated from a high operating voltage and a large 
reversible capacity. However, signifi cant gap between theoretical 
and practical capacity still exists which mandates further optimi-
zation and development of these layered oxide cathodes. 

 In order to obtain superior cathode materials, most efforts 
have focused on optimizing materials’ chemical compositions 
that engineer particle’s bulk properties. Layered compounds 
with a range of compositions have been synthesized and evalu-
ated, which led to the commercialization of LiNi 1/3 Mn 1/3 Co 1/3 O 2  
(NMC333) and LiNi 0.4 Mn 0.4 Co 0.2 O 2  (NMC442) cathode mate-
rials. On the other hand, when cathode materials are sub-
jected to battery cycling, material degradation often initiates 
from the surface layer, as evidenced by recent characterization 
studies. [ 17–22 ]  For example, a surface reconstruction layer (SRL) 
was frequently observed on cathode particle surface after battery 
cycling, which was believed to act as a barrier for Li-ion transport 
and thus contribute to battery’ high polarization and poor rate 
capability. [ 17–21,23–25 ]  Moreover, such SRL keeps growing from 
particle surface into inner bulk as battery cycling continues, 
which is believed to contribute to battery’s capacity and voltage 
decay. The nature of the surface layer also  infl uences the solid 
electrolyte interphase (SEI), [ 21,26–28 ]  particle corrosion [ 22,29,30 ]  and 

 The chemical processes occurring on the surface of cathode materials during 
battery cycling play a crucial role in determining battery’s performance. 
However, the understanding of such surface chemistry is far from clear due to 
the complexity of redox chemistry during battery charge/discharge. Through 
intensive aberration corrected STEM investigation on ten layered oxide 
cathode materials, two important fi ndings on the pristine oxides are reported. 
First, Ni and Co show strong plane selectivity when building up their respec-
tive surface segregation layers (SSLs). Specifi cally, Ni-SSL is exclusively 
developed on (200) m  facet in Li–Mn-rich oxides (monoclinic C2/m symmetry) 
and on (012) h  facet in Mn–Ni equally rich oxides (hexagonal R-3m symmetry), 
while Co-SSL has a strong preference to (20−2) m  plane with minimal Co-SSL 
also developed on some other planes in Li–Mn-rich cathodes. Structurally, 
Ni-SSLs tend to form spinel-like lattice while Co-SSLs are in a rock-salt-like 
structure. Second, by increasing Ni concentration in these layered oxides, Ni 
and Co SSLs can be suppressed and even eliminated. The fi ndings indicate 
that Ni and Co SSLs are tunable through controlling particle morphology and 
oxide composition, which opens up a new way for future rational design and 
synthesis of cathode materials. 
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side reactions with the electrolyte, [ 26,28,29 ]  all of which are critical 
to LIB performance. To this end, much effort has been directed 
to optimize surface chemistry and stabilize surface structure 
using coating techniques and surface treatments. [ 31–36 ]  

 Little attention was paid to the surface structure of pristine 
cathode materials until in recent years. [ 37,38 ]  Several transmis-
sion electron microscopy (TEM) studies revealed that Ni tends 
to segregate on certain surface facets in Li–Mn-rich (LMR) 
oxides which results in structural and chemical modifi cations of 
the surface layer. [ 18,38–40 ]  As aforementioned, such surface mod-
ifi cation can be expected to affect the performance of cathode 
materials. The fundamental understanding on the surface 
modifi cation layer, however, is largely nonexistent as systematic 
investigation on surface segregation has not been carried out. In 
this work, we investigated several layered cathode materials with 
different compositions using scanning TEM equipped with a 
high angle annular dark fi eld (HAADF) detector, a Gatan energy 

fi lter system and an advanced energy dispersive X-ray spectrom-
eter (EDS) with high collection effi ciency. We found that the sur-
face segregation of Ni and Co shows distinctive plane selectivity 
and composition dependence. The modifi cation on surface lay-
er’s structure and chemical composition were investigated in a 
systematic way. This work provides fundamental understanding 
on cathode surface layer and more importantly, the fi ndings 
revealed in this work can guide rational design and synthesis of 
advanced cathode materials for better battery performance.  

  2.     Results and Discussion 

  2.1.     Distinctive Surface Segregation of Ni and Co in Monoclinic 
LMR Cathodes 

 Based on collective observations of a large number of LMR particles, 
we found that for Li 1.2 Ni 0.13 Co 0.13 Mn 0.54 O 2  and Li 1.2 Ni 0.2 Mn 0.6 O 2 , 
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 Figure 1.    MS-NC-LMR cathode. a) Low-magnifi cation STEM-HAADF image showing the plate-shape particles, b–e) EDS mapping on one particle, and 
f) well-defi ned particles and surface structure modifi cations due to Ni and Co enrichment.
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both Ni and Co are prone to segregation to the particle surfaces. 
However, Ni and Co segregate at distinctively different surface 
planes: Ni is exclusively segregated at the (200) m  surface (the 
subscript m indicate monoclinic lattice), while Co predomi-
nately enriched on the (20−2) m  surface and slight enrichment on 
(200) m  and (002) m  facets was also observed. These phenomena 
have been observed on the particles synthesized by different 
methods with different morphological features as described 
below. Three LMR oxides were studied, namely molten-salt 
method prepared Li 1.2 Ni 0.13 Co 0.13 Mn 0.54 O 2  (MS-NC-LMR), 
coprecipitation method prepared Li 1.2 Ni 0.13 Co 0.13 Mn 0.54 O 2  
(CP-NC-LMR) and Li 1.2 Ni 0.2 Mn 0.6 O 2  (20N-LMR). The MS-NC-LMR 
oxide particles are plate-shaped with well-defi ned surface facets, 
and the large plate surfaces were identifi ed as the (002) m  plane 
( Figure    1  a). Figure  1 b–e shows EDS elemental mapping on a 

particle that was viewed along [010] m  zone axis. From the X-ray 
signal intensity, we can directly see a Ni-rich surface layer on 
the (200) m  facet, strong Co-rich surface layer on (20−2) m  facet 
and a slight Co-rich surface layer on (200) m  and (002) m  facets. 
EDS mappings on multiple MS-NC-LMR oxide particles indi-
cate that Ni exclusively segregates to the (200) m  facet, while 
Co has a strong preference to segregate on (20−2) m  plane 
with some other surface planes showing slight Co-enrichment 
(more examples can be found in Figure S1 in the Supporting 
Information). Quantitative EDS measurements were con-
ducted on both Ni-rich and Co-rich surface layer, i.e., (200) m  
and (20−2) m  facets, respectively. Although slightly different 
Ni/Co/Mn ratio values were observed on different particles, the 
average Ni/Co/Mn ratio value for the Ni-rich surface layers is 
≈4:2:5, while the average Ni/Co/Mn ratio value of Co-enriched 
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 Figure 2.    a–d) STEM-EELS mapping of an MS-NC-LMR particle, e) Mn L 3  edge chemical shift map, f) Co L 3  edge chemical shift map, and g) EELS 
spectra from (200), (20−2), (002) surfaces and inner bulk, showing chemical shift and peak intensity change due to Ni/Co surface segregation.
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(20−2) m  surface is ≈1:2:2. The bulk ratio of Ni/Co/Mn in the 
sample is 1:1:4. Along with the Ni and Co enrichment on these 
surfaces, the lattice structure was modifi ed on both (200) m  and 
(20−2) m  surfaces. As shown in Figure  1 f, a spinel-like structure 
was developed on Ni-rich surface segregation layer (SSL), while 
rock-salt-like structure was developed on Co-rich SSL. Moreover, 
the Ni-rich SSL has an atomic level fl atness surface ((i) in Figure 
 1 f) while strong Co-rich SSL develops a zigzag shape surface along 
(20−2) m  plane (see (ii) in Figure  1 f). High-resolution lattice images 
revealed that the zigzag surface is, in fact, due to the formation 
of micro surface steps. As illustrated in (ii) of Figure  1 f, the sur-
face steps are terminated by (200) m  and (002) m  planes. Thus, the 
MS-NC-LMR oxide tends to have (200) m  and (002) m  planes as 
the exposed surfaces. Structurally, these two planes are the most 
closed packed ones; chemically, these two planes are stacked alter-
natively by pure cations (TM and Li) and pure anions (oxygen).  

 The STEM-EELS elemental maps ( Figure    2  a–d) show 
Ni/Co surface segregation consistent with the results from 

EDS mapping (Figure  1 ). Moreover, EELS mapping allows us 
to extract TM valence state information based on either L-edge 
energy shift (so-called chemical shift) or L 3 /L 2  white-line inten-
sity ratios. As shown in Figure  2 e,f, a clear chemical shift was 
observed on the surface for both Mn L 3  edge and Co L 3  edge as 
compared to that of the bulk, indicating reduced valence state 
of Mn and Co in the surface layer. Furthermore, the reduced 
layer overlaps with the Ni and Co enriched layer on (200) m  and 
(20−2) m  surfaces, indicating that surface transition metal enrich-
ment and reduction are closely related, which is further associ-
ated with the structural modifi cation occurred on SSLs. Sample 
EELS spectra from the three surfaces and bulk are shown in 
Figure  2 g, which clearly shows chemical shift of Mn and Co as 
well as TM concentration change (peak intensity change).  

 Different synthesis procedure often yields signifi cantly different 
particle morphology and therefore dominance of different surface 
facets. The observation of Ni and Co segregation on selective sur-
face planes holds true on distinctively different  morphologies. As 
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 Figure 3.    a–c) CP-NC-LMR cathode. a) Particle morphology, b) EDS line scan across the (002) m  surface layer, c) high-magnifi cation STEM-HAADF 
images to show (i) Ni-segregation surface layer and (ii) Co segregation surface layer. d,e) STEM-HAADF images of 20N-LMR.
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shown in  Figure    3  a, CP-NC-LMR particles made by the coprecipi-
tation method are not plate-shaped and their particle surfaces are 
not as well-defi ned as those of MS-NC-LMR. For CP-NC-LMR, only 
(200) m  and (002) m  surface facets could be identifi ed as the (20−2) m  
facet was not expressed. For both MS-NC-LMR and CP-NC-LMR 
particles, the (200) m  planes are signifi cantly enriched with Ni and 
slightly enriched with Co, as shown in Figure  3 b,c. The absence of 
(20−2) m  terminating planes in the CP-NC-LMR leads to the elimi-
nation of the Co segregation on the surface, contrasting the obser-
vation on MS-NC-LMR particle. In other words, by eliminating 
the (20−2) m  surface facets, CP method can  eliminate the strong 

 Co-rich surface layer. Similarly, Ni segregation can be eliminated 
by removing the (200) m  facet. Figure  3 e shows that once the sur-
face deviates from (200) m  plane, Ni-rich layer disappears as indi-
cated by the red arrow.  

 In order to compare LMR oxides with different composi-
tions, we synthesized 20N-LMR by the CP method. Ni-rich 
surface layer was also observed on the (200) m  surface facet 
in this sample (Figure  3 d,e). Previous study on another LMR 
oxide (Li 1.2 Ni 0.175 Mn 0.525 Co 0.1 O 2 ) confi rmed the presence of Ni 
enriched (200) m  surface, either synthesized by the CP method [ 40 ]  
or by the sol–gel synthesis method. [ 16 ]  In  Figure    4  , we also 
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 Figure 4.    Formation of Ni-rich SSL on LMR cathodes with a chemical composition of a) Li 1.05 Ni 0.43 Mn 0.52 O 2  and b) Li 1.17 Ni 0.25 Mn 0.58 O 2  (note the dif-
ferent Li content).
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observed different Li content LMR oxides, Li 1.05 Ni 0.43 Mn 0.52 O 2  
and Li 1.17 Ni 0.25 Mn 0.58 O 2 . Ni-enriched (200) m  surface layers 
were also verifi ed to adopt spinel-like structure. We therefore 
conclude that Ni exclusively segregates to the (200) m  surface in 
LMR cathodes regardless compositions and synthesis methods.  

 Combined with Co surface segregation behavior, we report 
that for LMR cathodes there is a strong plane selectivity for both 
Ni and Co surface segregation. This important insight indicates 
that it is possible to adjust synthesis conditions and/or methods 
to minimize or maximize the surface effect that may ultimately 
leads to optimized materials for LIBs. Prior work has demon-
strated in some degrees that Ni segregation is closely related 
to the battery capacity fading in the case of Li 1.2 Ni 0.2 Mn 0.6 O 2,  [ 16 ]  
but further detailed study is needed to clarify the roles of such 
SSLs in battery’s performance.  

  2.2.     Composition Effect on Ni and Co Surface Segregation 

 With decreasing Li content and increasing Ni content, we 
observed distinctive changes of Ni and Co surface segrega-
tion behavior in the layered oxides with R-3m symmetry. Two 
Mn–Ni equally rich cathodes synthesized by CP method, 
LiNi 0.4 Mn 0.4 Co 0.2 O 2  (NMC442) and LiNi 0.5 Mn 0.5 O 2  (NM55), 
were investigated by STEM-HAADF imaging and EDS analysis, 
and the results are shown in  Figure    5  . By tilting the two sam-
ples to [100] h  zone axis, we found only slightly enriched Ni-SSLs 
on the (012) h  surface plane which is equivalent to LMR (200) m  
surface in terms of lattice confi guration. The plane selectivity of 
Ni surface segregation remains even with the changes in crystal 
structure and/or chemical composition. Even though Ni enrich-
ment level was signifi cantly lower than that in LMR oxides, 
evidenced by the EDS line scans in Figure  5 b,d and EDS map-
ping in Figure S2 (Supporting Information), the modifi cation 
from the original layered structure to a spinel-like structure still 
occurred (Figure  5 ). On the other hand, we noted that Co sur-
face enrichment was completely eliminated in NMC442.  

 For Ni-rich layered cathode materials, such as NMC622, 
NMC811, and NCA, EDS measurements cannot detect any Ni-
rich and/or Co-rich layer on their surface, indicating no transi-
tion metal segregation occurring on their surfaces. Examples are 
given in  Figure    6  a–c, by tilting the particle to [100] h  zone axis, 
edge on (012) h  surfaces show no Ni enrichment. However, high-
resolution STEM-HAADF imaging indicates that such Ni-rich 
oxides’ surface layers have been transformed into a rock-salt-like 
structure, indicating the surface structure of Ni-rich cathodes is 
not stable. Figure  6 d shows a similar rock-salt-like structure on 
the surfaces of Ni-rich particles with different compositions.   

  2.3.     General Discussion 

 A schematic diagram is shown in  Figure    7   to illustrate the 
plane selectivity and composition dependence of the TM SSL 
in layered oxides. In terms of plane selectivity, Ni and Co show 
strong preference to certain surface plane in LMR cathodes. 
Typically, as illustrated in the molten salt-LMR, Ni exclusively 
segregates to (200) m  facet and Co shows strong preference to 
(20−2) m  facet. In the case of CP-LMR, Co-SSL was eliminated 

along with the disappearance of the (20−2) m  surface plane on 
the particles. In terms of composition dependence, we found 
that increasing Ni concentration can signifi cantly suppress 
both Ni and Co surface segregation. For Ni-rich layered cath-
odes, both Ni and Co-SSLs can be completely avoided. Accom-
panied with material’s composition change, structural change 
was also observed on the surface layer, as depicted in Figure  7 .  

 The three common TMs in layered lithium transition metal 
oxides, Ni, Co, and Mn, have different chemical and physical 

 Figure 5.    Chemical composition and lattice structure of Ni segregation 
surface layer in a,b) NM55 sample and c,d) NMC442 sample. Parts (b) 
and (d) are EDS line scans in (a) and (c), respectively. Lattice structure of 
Ni-SSLs in (a) and (b) are shown as STEM-HAADF images areas (i) and 
(ii), respectively.
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characteristics. In order to obtain superior ternary Ni–Co–Mn 
layered cathodes, a deep understanding on how each TM affects 
material’s performance is crucial. Previous investigation indi-
cates that all TM have their advantages and drawbacks. [ 41–43 ]  
For example, Ni and Co are effi cient redox centers enabling 
Li-ion intercalation and deintercalation but their high mobility 
degrades material’s cycle stability. Mn 4+  has high chemical sta-
bility which can stabilize the layered structure, but it has poor 
redox behavior because once Mn 4+  is reduced to Mn 3+  and 
Mn 2+ , the layered lattice structure is no longer stable and lat-
tice reconstruction occurs due to the well-known Jahn–Teller 
effect [ 44,45 ]  and increased cation mobility. [ 46,47 ]  Increasing Co 
content can improve rate capability but it brings in cost and 

safety issues. Increasing Ni content can lead to better cycle sta-
bility but rate capability decreases due to a high-level interlayer 
Li/Ni mixing. [ 48–50 ]  Therefore, the composition optimization of 
ternary Ni–Co–Mn oxide involves a complex trade-off between 
the advantages and drawbacks of each transition metal. Our 
current work, aiming at surface structure and chemistry in pris-
tine layered cathodes, provides systematic characterizations of 
Ni and Co surface segregation effect. 

 Though the effect of Ni/Co SSL on battery performance is not 
fully clear, we still anticipate some possible impacts. First, the 
Ni/Co SSL may block Li-ion transportation, since following the 
Ni and Co surface segregation, the original layered structure at 
the surface has been modifi ed into spinel structure (Ni-SSL) or 

 Figure 6.    a–c) EDS mapping and d) surface layer lattice structure of three Ni-rich cathodes NMC622, NMC811, and NCA. Scale bars are 100 nm in (a–c).
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rock salt structure (Co-SSL), which will result in poor cycle rate 
and high polarization. Second, due to the high stability of spinel 
structure, Ni-SSL may act as a protective surface layer against 
surface corrosion and structure degradation, which can enhance 
cathode stability during the cycling of the battery. In contrast, 
the Co-SSL with a rock salt structure may be not as stable as 
Ni-SSL and repeated battery cycling may result in Co dissolution 
in the electrolyte. Thus, in terms of cathode stability, Co-SSL is 
believed to play solely a detrimental role while Ni-SSL may be 
utilized to increase cathode stability. Apparently, more detailed 
study is needed to quantitatively clarify the effect of such a SSL 
on battery performance in order to guide cathode synthesis in 
terms of controlling surface structure and chemistry.   

  3.     Conclusions 

 Elemental segregation and structural modifi cation of surface 
layer in ten pristine layered lithium transition metal oxide cath-
odes were investigated by STEM structural imaging and EDS/
EELS chemical mapping. On one hand, Ni and Co show dis-
tinctive plane selectivity while forming SSLs on particle surface 
as evidenced in several LMR oxides regardless of the synthesis 
methods: Ni exclusively segregates to (200) m  plane and Co 
prefer to (20−2) m  plane. On the other hand, such Ni and Co 
SSLs show composition dependence of cathode materials. We 
found that both Ni and Co SSLs can be eliminated by increasing 

Ni concentration to Ni-rich layered oxides. 
These fi ndings indicate that Ni and Co SSLs 
are adjustable through two strategies. One is 
by controlling surface morphology and the 
other one is by controlling material compo-
sitions. Structurally, we also found Ni-SSLs 
tend to form a spinel-like structure while 
Co-SSLs form a rock-salt-like structure. In 
Ni-rich cathodes, surface layers were found 
to transform into rock-salt-like structure even 
without any transition metal segregation. The 
systematical investigation in this work will 
facilitate our fundamental understanding on 
Ni–Co–Mn-based layered cathode oxides and 
provide valuable guidelines for cathode mate-
rial design and synthesis.  

  4.     Experimental Section 
  Material Synthesis : Li 1.2 Ni 0.13 Co 0.13 Mn 0.54 O 2  

(MS-NC-LMR) was synthesized by using 
a molten salt method as described in a 
previous publication. [ 51 ]  Li 1.2 Ni 0.13 Co 0.13 Mn 0.54 O 2  
(CP-NC-LMR), Li 1.2 Ni 0.2 Mn 0.6 O 2  (20N-LMR), 
LiNi 0.5 Mn 0.5 O 2  (NM55), LiNi 0.6 Co 0.2 Mn 0.2 O 2  
(NMC622), and LiNi 0.8 Co 0.1 Mn 0.1 O 2  (NMC811) 
were synthesized via a coprecipitation method. 
The detailed description of the synthesis 
procedure was reported in prior publications. [ 17,42 ]  
Li 1.05 Ni 0.43 Mn 0.52 O 2  and Li 1.17 Ni 0.25 Mn 0.58 O 2  
were synthesized by hydrothermal assisted 
method. LiNi 0.4 Co 0.2 Mn 0.4 O 2  (NMC442) and 
LiNi 0.8 Co 0.15 Al 0.05 O 2  (NCA)) are commercially 

available materials manufactured by TODA KOGYO company 
(provided by CAMP Facility at Argonne National Laboratory). 

  TEM Characterizations : The ten layered oxides were investigated by 
JEOL JEM-ARM200CF microscope, which is operated at 200 kV. This 
microscope is equipped with a probe spherical aberration corrector, 
Gantan Quantum EELS system and a JEOL SDD-detector with a 100 mm 2  
X-ray sensor, enabling sub-angstrom resolution in STEM mode with 
excellent noise-to-signal ratio and high-effi cient X-ray collection that 
is ten times faster than the traditional detector. For the STEM-HAADF 
imaging, the inner and outer collection angles of annular dark fi eld 
detector were set at 68 and 280 mrad, respectively. For EDS mapping, 
signals were collected by scanning the same region with multiple times 
at a dwell time of 0.1ms and electron probe current ≈100 pA. The EDS 
line scan signal was extracted from corresponding mapping results. 
The EDS data were collected and processed by using Analysis Station 
3.8.0.52 (JEOL Engineering Co., Ltd). For STEM-EELS mapping, the dwell 
time is 0.01s per pixel and collection angle is 82.6 mrad.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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