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Layered lithium transition metal oxides (LiNixCoyMn1 − x − yO2, 
hereafter referred to as NCM) have been considered as the 
most promising cathode materials for next-generation lithium-

ion batteries1. In the past few decades, with significant advances of 
in-depth understanding of the failure mechanism2–4 and rational 
engineering of bulk/surface structure5–8, the electrochemical perfor-
mance of layered oxides has been significantly improved. Pushing 
NCM cathode materials towards high-voltage operation is an effec-
tive way to further increase the energy density of batteries9. However, 
extraction of lithium ions from the host structure of layered oxide 
cathode materials during high-voltage and/or high-temperature 
cycling would initiate a layered to spinel/rock-salt phase transfor-
mation because of the intensified migration of transition metal cat-
ions into the lithium layer (that is, cation mixing)10,11, which will lead 
to structural instability and further capacity/voltage fade.

To increase the packing density, most of the reported layered 
cathodes are composed of microsized secondary particles, which 
are formed by densely packed nanosized primary particles1,5. This 
approach brings high tap density, but introduces some draw-
backs such as intergranular cracking during electrochemical 
cycling12,13. Furthermore, Yan et  al. observed the nucleation and 
growth of intragranular cracks in a commercial LiNi1/3Co1/3Mn1/3O2 
(NCM111) cathode14. Such intragranular cracks are caused by the 
dislocation activity within the primary particles, which is markedly 
aggravated during high-voltage operation. These intergranular and 
intragranular microcracks not only induce mechanical stress inside 

the secondary particles, but also can act as reaction sites with the 
electrolytes, leading to the generation of a thick solid–electrolyte 
interphase layer along the active surface of the primary particles 
and further inhibiting the transport of electrons and lithium ions15. 
In addition, corrosion and dissolution of transition metal cations 
in the electrolytes also result in performance degradation of NCM 
cathode materials16.

Surface modification on secondary particles is a widely deployed 
strategy to mitigate cathode reactivity17. However, the microstruc-
tural evolution caused by the reaction between the primary particles 
and the electrolyte would still lead to structural degradation during 
cycling18. Thus, much research has been devoted to surface engi-
neering at the primary particle level. Atomic layer deposition can 
coat primary particles with oxides or solid electrolytes with precise 
ångström-level thickness and uniformity19. However, oxide-coated 
materials usually suffer from decreased electronic and ionic con-
ductivity, resulting in limited improvements in the cell electrochem-
ical performance20. Moreover, the surface structures of oxide-coated 
cathodes would be under continuous damage by localized high-
concentration acidic species because of the low tolerance of oxides 
to HF, which would weaken the protection of cathode materials over 
extended periods of cycling or ageing21. Solid electrolyte coating is 
another promising way to address the long-standing capacity and 
voltage fade of layered cathodes20,22–24. Yan et al. reported a Li3PO4-
infused Ni-rich LiNi0.76Co0.10Mn0.14O2 cathode by further melting the 
as-coated Li3PO4 layer to seal the grain boundaries between individual  
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primary particles24. Their modified cathode shows about 10% cycle 
stability improvement over 200 cycles, although rate capability was 
lower in comparison with the bare cathode material, which may be 
attributable to the limited electronic conductivity of phosphates. 
Thus, a rational surface structure engineering that can resolve all of 
the aforementioned crystal/interfacial problems without sacrificing 
the transport of electrons and lithium ions during charge–discharge 
is highly desirable.

Herein, we present an approach by building a protective conduc-
tive polymer skin on various types of layered cathode, including 
commercial NCM111 (the most common NCM cathode), a repre-
sentative Ni-rich cathode (LiNi0.85Co0.1Mn0.05O2) and a high-energy  

Li-rich (Li1.2Mn0.54Ni0.13Co0.13O2) cathode. Using an oxidative chemi-
cal vapour deposition (oCVD) technique, an ultraconformal, highly 
electronically conductive and ionically permeable poly(3,4-ethyl-
enedioxythiophene) (PEDOT) skin was successfully built on both 
secondary and primary particles of layered oxide cathode materials. 
This approach resulted in significantly enhanced capacity retention 
and thermal stability. Combining multiple characterization tech-
niques, we found that building ultraconformal protective layers on 
both secondary and primary particles of layered oxides can enhance 
the structural (phase and morphology) stability, and also stabilize 
the cathode–electrolyte interface. This study offers a strategy to mit-
igate the electrochemical, mechanical and thermal as well as their 
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coupling effects on the performance degradation of layered lithium 
metal oxide cathodes under aggressive conditions.

Building PEDOT skin on layered cathodes using oCVD
The NCM111 cathode used in this work exhibits typical microsized 
spherical secondary particles and a layered structure with a space 
group of R-3m (Supplementary Fig. 1a,b). Building a PEDOT skin 
on both secondary and primary particles of the NCM111 cathode 
was carried out using an oCVD technique. oCVD was first reported 
to fabricate a PEDOT coating on nanofibres to enhance efficiency 
in organic electronic devices25. In this solvent-free process, the 
step-growth polymerization relies on the simultaneous introduc-
tion of a volatile oxidant and monomer26. We used an oxidant, 
VOCl3, to enable an ultraconformal PEDOT skin formation (see 
Supplementary Fig. 2 for the effect of the oxidant on the skin con-
formality and cycle stability).

During the oCVD process, as shown in Fig.  1a, the 3,4-ethyl-
enedioxythiophene (EDOT) monomer and VOCl3 oxidant vapours 
were simultaneously introduced into a rotary reactor, and then 
adsorbed onto the NCM111 particle surface. Thereafter, the film 
polymerized spontaneously, following an oxidative polymerization 
path, into a conformal macromolecular PEDOT skin on each pri-
mary particle. In addition, conductive polymers such as PEDOT 
are highly electronically conductive and ionically permeable (see 
Supplementary Fig. 3) and could be used as a mixed ion–electron 
conductor for power electronics27. Hence, such surface structure 
engineering by building an ultraconformal protective skin on NCM 

cathodes at both secondary and primary particle levels (Fig.  1b) 
could significantly enhance their crystal and interfacial structural 
stability without affecting the transport of lithium ions and elec-
trons. In contrast, surface coating only on the secondary particles 
cannot protect the primary particles, in which the electrolyte can 
still penetrate along the grain boundaries and thus cause structural 
degradation and further capacity and voltage decay over long-term 
cycling. By controlling the oCVD time, we have prepared NCM111 
cathodes with different thicknesses of PEDOT skin (x-PEDOT@
NCM111, where x refers to the deposition time in minutes) to 
systematically investigate the effect of skin thickness on the cycle 
performance and unravel the governing kinetics and mechanisms 
behind the enhanced performance.

Characterization of cathode materials
To confirm the chemical composition of the PEDOT skin, we car-
ried out surface characterization using Fourier-transform infrared 
spectroscopy, Raman spectroscopy and X-ray photoelectron spec-
troscopy. The peaks of the 20-PEDOT@NCM111 in both Fourier-
transform infrared (Fig.  2a) and Raman spectra (Fig.  2b) match 
reasonably well with those of the as-prepared PEDOT, indicating 
that the skin obtained is PEDOT. In addition, the full X-ray pho-
toelectron spectra in Fig.  2c present the appearance of PEDOT 
characteristic elements (sulfur and carbon) after the oCVD process, 
strongly confirming the presence of PEDOT. Notably, the intensities 
of the S 2p, S 2s and C 1s peaks are strengthened while those of the 
Mn 2p, Co 2p and Ni 2p (from bulk NCM111) are weakened as the 
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Fig. 2 | Surface characterization confirming the formation of PEDOT skin. a,b, Fourier-transform infrared (a) and Raman (b) spectra of bare NCM111,  
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oCVD time is increased. When the atomic percentages of transi-
tion metals (Ni, Co and Mn) and S (signature element of PEDOT) 
are plotted as a function of oCVD time (Fig. 2d), the trend is more 
evident. This trend can be interpreted as the PEDOT skin thickness 
increasing with oCVD time. With all of the characterization results, 
one can conclude that the PEDOT skin has been successfully built 
on the NCM111 cathode particles using the oCVD technique.

The morphology features of x-PEDOT@NCM111 samples can 
be seen from the transmission electron microscopy (TEM) images. 
As evident from the images (Supplementary Fig.  4a), the PEDOT 
skin covers the NCM111 particles completely, homogeneously and 
conformably with no interfacial contact gaps. Another advantage 
of oCVD is that the thickness can be precisely controlled by vary-
ing the oCVD time. As displayed in the high-resolution TEM images 
(Supplementary Fig. 4b), the thickness increased from 7 to 14, 20 and 
28 nm with 20, 40, 60 and 80 min of oCVD, respectively. Interestingly, 
the thickness and the loading of PEDOT are directly proportional to 
the oCVD time (see Supplementary Fig. 5 and the PEDOT skin load-
ing determined by thermo-gravimetric analysis in Supplementary 
Fig. 6), suggesting that the skin thickness can be engineered as desired.

To confirm the capability of oCVD in building PEDOT skin at 
both primary and secondary particle levels, specimens were pre-
pared and observed by scanning transmission electron micros-
copy-high-angle annular dark-field imaging (STEM-HAADF) as 
described in Methods. As clearly shown in Fig. 3a, PEDOT can act 
as a coating layer to homogeneously cover the surface of secondary  

particles. The STEM-HAADF micrograph of the 60-PEDOT@
NCM111 shown in Fig. 3b further illustrates the interior structure, 
with many microvoids seen between individual primary particles. 
These voids originate from the pristine NCM111 cathode material, 
and are caused by the evolution of H2O and CO2 during the synthesis 
process of layered NCM cathode materials5,28. The oCVD technique 
used in this case has also led to a uniform and thin PEDOT skin 
on primary particles. Energy-dispersive X-ray spectrometry (EDS) 
element mapping (Fig. 3b) of a randomly selected area revealed the 
homogeneous distribution of S, confirming the successful forma-
tion of PEDOT skin on the inner primary particles.

To confirm the effectiveness of oCVD coating on other types of 
cathode material, we have further applied this approach on a densely 
packed Ni-rich (LiNi0.85Co0.1Mn0.05O2) cathode with a tap density of 
2.5 g cm−3 and a Li-rich Li1.2Mn0.54Ni0.13Co0.13O2 cathode. The results 
show that PEDOT is still able to fill the grain boundaries formed by 
the primary particles (Fig. 3c) and form a conformal layer on the 
particle surface (Supplementary Fig. 7).

Figure 4a,b shows two-dimensional contour plots for the struc-
tural evolution of bare NCM111 and 60-PEDOT@NCM111 cath-
odes during the first charge–discharge cycle at C/10. The Bragg 
reflections in Fig.  4a,b indicate that both samples have a layered 
α-NaFeO2 structure before charge–discharge cycling. Comparison 
with the whole set of in situ high-energy X-ray diffraction (HEXRD) 
patterns reveals that their structural evolutions during charge– 
discharge are quite different.
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The 60-PEDOT@NCM111 cathode has a more symmetric 
structural evolution during the first cycle, in which most of the dif-
fraction peaks return to their original 2θ positions after discharge 
(Fig.  4b, Supplementary Fig.  8). This finding indicates a highly 
reversible delithiation–lithiation process. In contrast, for the bare 
NCM111 cathode, many peaks have deviated from their original 
2θ positions after the first cycle, as indicated by the (003), (101), 
(102), (108), (110) and (113) peaks (Fig. 4a, Supplementary Fig. 9). 
On long-term cycling, such variations would adversely accumulate, 
leading to structural degradation and further capacity and voltage 
decay. The HEXRD pattern of bare NCM111 after 200 charge–dis-
charge cycles showed that the layered structure has obviously been 
deteriorated (Supplementary Fig. 10).

The PEDOT skin coating can also suppress the undesired lay-
ered to spinel/rock-salt structural evolution during high-voltage 
charge. At the end of the first charge, for the bare NCM111 cathode, 
the appearance of a second phase is indicated by the weak shoulder 
peaks marked by dark dotted lines in Fig. 4c. These peaks corre-
spond to the formation of surface phases, such as defect spinel-like 
structures with the Fd-3m space group29, which is usually associated 
with oxygen loss. Such oxygen evolution and the crystal structure 
mismatch between the layered structure and spinel/rock-salt phase 

would lead to severe microstrain (associated with peak broadening) 
within a primary particle, which would deteriorate both surface and 
bulk structural stability. In the case of 60-PEDOT@NCM111, the 
aforementioned peaks are not seen (Fig. 4d), indicating that the lay-
ered structure is well preserved even in the highly charged state. All 
of these features are identical in the subsequent charge–discharge 
cycle (Supplementary Fig.  11), further confirming the effective-
ness of the PEDOT skin in stabilizing the crystal structures during 
repeated extraction and insertion of lithium ions.

The cell volume change during charge–discharge is also mitigated 
by the PEDOT skin coating. Compared with the bare NCM111 cath-
ode, the 60-PEDOT@NCM111 cathode showed 50% decrease in 
terms of volume changes during charging (Supplementary Figs. 12 
and 13). Such reduction can significantly mitigate the anisotropic 
volume change of each primary particle and thus suppress the inter-
granular microcracks inside the secondary particles. Furthermore, 
in situ HEXRD of 60-PEDOT@NCM111 cathode at 1 C reveals that 
the layered to spinel/rock-salt phase transition is suppressed even at 
an elevated rate (Supplementary Fig. 14).

To reveal the function of the PEDOT skin coating, bare NCM111 
and x-PEDOT@NCM111 cathodes were electrochemically charged–
discharged in half-cells. The first three charge–discharge cycle curves 
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at C/10 (Supplementary Fig. 15) show that the PEDOT skin does not 
fundamentally affect the specific capacity or the charge–discharge 
voltage profile, owing to the combined high electronic conductiv-
ity and ionic permeability of the PEDOT skin. The electrochemical 
test results show that the PEDOT skin substantially improves the 
cycling stability. As displayed in Fig. 5a, the capacity retention rate 
at C/10 over 50 cycles can be improved to 76.7, 85.2, 96.6 and 95.8% 
from 67.6% (for bare NCM) with 20, 40, 60 and 80 min of oCVD, 
respectively. At a higher rate of 1 C, a more remarkable cycling sta-
bility enhancement is observed in Fig. 5b, from 47.7% for bare NCM 
to 79.1, 83.0, 91.1 and 89.5% after 200 cycles with 20, 40, 60 and 

80 min of oCVD, respectively. From the capacity retention values at 
both C/10 and 1 C, 60 min duration with 20 nm thickness is found 
to be an optimal oCVD condition for the best performance. It is 
especially noteworthy that the capacity retention rate of 91.1% over 
200 cycles at such a high cut-off voltage (4.6 V) and high rate (1 C) 
is an impressive improvement without using electrolyte additives 
such as lithium bis(oxalato)borate, lithium difluoro(oxalato)borate 
or fluoroethylene carbonate.

In addition to the significant capacity retention improve-
ments, as shown in the charge–discharge voltage profiles during 
cycling (Fig.  5c,d), the voltage decay is also markedly mitigated 

200 180

150

120

90

60

30

20 40 60 80 100 120 140 160 180 200

0

0

a

c

e f

b

150

100

S
pe

ci
fic

 c
ap

ac
ity

 (
m

A
h 

g–1
)

S
pe

ci
fic

 c
ap

ac
ity

 (
m

A
h 

g–1
)

S
pe

ci
fic

 c
ap

ac
ity

 (
m

A
h 

g–1
)

P
ot

en
tia

l v
er

su
s 

Li
/L

i+
 (

V
)

S
pe

ci
fic

 c
ap

ac
ity

 (
m

A
h 

g–1
)

Bare NCM111 (67.6%)

20-PEDOT@NCM111 (76.7%)

40-PEDOT@NCM111 (85.2%)

80-PEDOT@NCM111 (95.8%)

60-PEDOT@NCM111 (96.6%)

Bare NCM111 (47.7%)

20-PEDOT@NCM111 (79.1%)

40-PEDOT@NCM111 (83.0%)

80-PEDOT@NCM111 (89.5%)

60-PEDOT@NCM111 (91.1%)

50

0

200

150

100

50

0
0 10 20 30 40 50 60 70 80 90 100

200

250

91%

54%

93%

53%

150

100

50

0

4.6

4.4

4.2

4.0

3.8

3.6

3.4

3.2

3.0

d

P
ot

en
tia

l v
er

su
s 

Li
/L

i+
 (

V
)

4.6

4.4

4.2

4.0

3.8

3.6

3.4

3.2

3.0

0

0 050 100 100

Specific capacity (mAh g–1)

150 200 250 50

Specific capacity (mAh g–1)

150 200 250

10 20 30
Cycle number

Cycle number Cycle number

Bare LMR-TMO

PEDOT@LMR-TMOPEDOT@LiNi0.85Co0.1Mn0.05O2

Bare LiNi0.85Co0.1Mn0.05O2

Cycle 1

Cycle 10

Cycle 50

Cycle 80

Cycle 100

Cycle 120

Cycle 140

Cycle 160

Cycle 180

Cycle 200

Cycle 1

Cycle 10

Cycle 50

Cycle 80

Cycle 100

Cycle 120

Cycle 140

Cycle 160

Cycle 180

Cycle 200

Cycle number
40 50

0 10 20 30 40 50

Fig. 5 | The effects of PEDOT coating on electrochemical performance. a,b, The capacity retention of bare and PEDOT-skinned NCM111 at C/10 (a) and 
1 C (b). c,d, Half-cell voltage stability of 60-PEDOT@NCM111 (c) and bare NCM111 (d) at 1 C. e, The cycle performance of bare and optimal PEDOT-skinned 
Ni-rich LiNi0.85Co0.1Mn0.05O2 cathode at 1 C in the range of 2.7–4.3 V. f, The cycle performance of bare and PEDOT-skinned Li1.2Mn0.54Ni0.13Co0.13O2  
(LMR-TMO) cathodes at C/10 in the range 2.0–4.8 V. The capacities were calculated based on the total mass of PEDOT skin and layered cathodes.

Nature Energy | VOL 4 | JUNE 2019 | 484–494 | www.nature.com/natureenergy 489

http://www.nature.com/natureenergy


Articles NaTure Energy

in the case of 60-PEDOT@NCM111, indicating the suppression 
of the undesired structural transformation from layered to spinel/
rock salt. Furthermore, the cycle stability of the layered Ni-rich 
LiNi0.85Mn0.05Co0.1O2 cathode and Li-rich Li1.2Mn0.54Ni0.13Co0.13O2 
cathode can also be significantly improved by building an ultra-
conformal PEDOT skin using oCVD (Fig.  5e,f), demonstrating 
the broad application of this approach in the development of bet-
ter materials towards high-energy and long-life rechargeable bat-
teries. In addition, a full cell with 60-PEDOT@NCM111/graphite 
also exhibited good cycle stability, indicating that there is no  
incompatibility issue for PEDOT with anode materials 
(Supplementary Fig. 16).

Structural and interfacial stability after cycling
Since the PEDOT skin coating can enhance the long-term cycle 
stability, we further examined the 60-PEDOT@NCM111 cathode 
after 200 cycles by STEM-HAADF and EDS element mapping. 
The STEM-HAADF images in Fig. 6a and Supplementary Fig. 17 
reveal that the artificial PEDOT skin is still well preserved with-
out breaking or detaching after long-term cycling at aggressive rates 
and high cut-off voltage. The corresponding elemental mapping 
further shows the uniform distribution of S on the particle, con-
firming that the artificial PEDOT skin remains intact over extended 
cycling. Similar results can be found in the case of the PEDOT-
skinned Ni-rich cathode (Supplementary Fig. 18). In addition, most 
of the fluorine (signature element of electrolyte) only appeared at 
the outer surface of the secondary particles and did not penetrate 
into the grain boundaries between primary particles. Therefore, 
one can conclude that the artificial PEDOT skin is stable and suf-
ficiently robust to provide long-term protection of the layered NCM  

cathodes without potential harm to the battery system related to 
either coating detachment or transition metal dissolution.

Furthermore, after 200 charge–discharge cycles, the layered 
structure of the NCM111 cathode can still be well maintained 
(Fig. 6b,c). In addition, we found that bare NCM111 showed inten-
sive intergranular cracking after 200 cycles, while these cracks 
did not appear in the case of the 60-PEDOT@NCM111 cathode 
(Supplementary Fig. 19). The artificial PEDOT skin was also found 
to mitigate the formation of intragranular cracking within primary 
particles. As shown in Fig.  6d, there is no obvious formation of 
intragranular cracking after 200 charge–discharge cycles. This may 
be because of the suppression of oxygen release from the PEDOT-
skinned NCM111 cathode at high temperature due to the protec-
tion of the artificial PEDOT skin (as discussed later).

The cathode–electrolyte interface is the key area for Li+ trans-
port, charge transfer and parasitic reactions. Thus, the electro-
chemical impedance variations were monitored during cycling by 
electrochemical impedance spectroscopy to gain insight into the 
mechanism behind the cycling performance improvement. The 
obtained Nyquist plots consist of two semicircles followed by an 
inclined line in the low-frequency region, as shown in Fig.  7a,b. 
The semicircle in the high-frequency region is generally interpreted 
as the surface film resistance, while the one in the medium–low-
frequency region represents the charge-transfer resistance. The two 
semicircles become three times larger during the initial 50 cycles for 
bare NCM111 (Fig.  7a), indicating a marked impedance increase 
on cycling. The increase is generally related to the thickening of 
a less conductive surface layer such as LiF, Li2CO3 and LiFPOx on 
the bare NCM111 cathode30. As displayed in Fig. 7b, the artificial 
PEDOT skin substantially suppresses the impedance increase for 
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the NCM111 cathode. This significant difference indicates that the 
artificial PEDOT skin improves the NCM111 cathode–electrolyte 
interfacial stability and maintains the ionic and electronic conduc-
tivity of the interface during cycling.

As well as from the interfacial passive layer growth, transition 
metal cation dissolution caused by HF attack is another common 
detrimental factor in capacity decay. The dissolved transition metal 
cations can migrate through the electrolyte to the anode, causing 
changes to the solid–electrolyte interphase and leading to increased 
impedance, decreased reversible capacity and reduced lifespan16,31. 
Previously, it was reported that PEDOT has a tendency to chemi-
cally coordinate small molecules such as HBr and H2SO4 (refs. 32,33),  
which can significantly decrease the concentration of HF in the 
electrolytes and hence alleviate the transition metal cation dis-
solution. Actually, the dioxane ring in the molecular structure of 
PEDOT can serve as an HF coordination site through formation of 
O–H–F covalent bonds, as demonstrated in Fig. 7c. However, in the 
case of oxide-coated NCM cathodes, the materials undergo an HF 
generation–corrosion loop, which will expose them directly to the 
electrolyte after long-term cycling, resulting in continuous transi-
tion metal cation dissolution.

To confirm the HF-scavenging effect of the artificial PEDOT 
skin, PEDOT-skinned NCM111 and bare cathodes were mixed 
with HF-bearing electrolyte and the HF concentration was moni-
tored after 48 h (Fig.  7d). As expected, the artificial PEDOT skin 

decreases the overall HF concentration by around 50%. Figure 7e 
further compares the transition metal cation dissolution after 200 
cycle at 1 C. As shown, the artificial PEDOT skin significantly mini-
mizes the dissolution of transition metal cations compared with 
bare material.

Thermal stability
The thermal stability and safety of cathode materials under high-
voltage charging are essential concerns in evaluating the feasi-
bility of battery materials for practical applications34. It has been 
reported that the charged NCM111 goes through a phase transition 
accompanied by oxygen species release on heating35. The oxygen 
species (for example O2

−, O−, O2
2− and O2) are highly reactive and 

can accelerate severe thermal runaway by reacting with flamma-
ble electrolytes. Furthermore, the internal pressure resulting from  
oxygen release is one of the primary driving forces for intragranular 
cracking within the primary particles, which could further aggra-
vate failure in layered cathodes36. Therefore, the thermal stability 
and the oxygen (O2, m/z = 32) evolution behaviour of the bare and 
PEDOT-skinned NCM111 cathodes in the highly charged state 
were characterized by differential scanning calorimetry (DSC) and 
mass spectrometry, respectively.

Figure  8a shows the DSC curves of the highly charged bare 
NCM111 and 60-PEDOT@NCM111 cathodes without the presence  
of electrolyte. The delithiated bare NCM111 exhibits an exothermic 
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peak at 332.8 °C with an enthalpy change (ΔH) of 48.5 J g−1. This 
peak corresponds to the transformation of layered structure to spi-
nel phase37. For the delithiated 60-PEDOT@NCM111 cathode, the 
major exothermic peak related to the phase transformation was not 
observed, indicating that the artificial PEDOT skin can effectively 
suppress the undesired layered to spinel phase transition under a 
thermal driving force. Big changes were observed when the delithi-
ated cathode was mixed with the electrolyte. As shown in Fig. 8b, 
for delithiated bare NCM111, the exothermic peak starts earlier 
at 208.1 oC, with ΔH rising to 153.3 J g−1. This behaviour is caused 
by the electrolyte serving as a reduction agent that aggravates the 
degradation of layered structures. In the case of the 60-PEDOT@
NCM111 cathode, only one endothermic peak from the decompo-
sition of the electrolytes was observed, at around 250 oC. This indi-
cates that the reaction between the delithiated layered cathode and 
electrolyte is effectively inhibited owing to the protective PEDOT 
skin on each individual particle. Figure 8c further shows the pro-
files of oxygen release for the highly charged bare NCM111 and 
60-PEDOT@NCM111 cathodes in the presence of electrolytes. For 
the bare NCM111, there are two peaks centred at 250 and 425 oC, 
which correspond to the transformation of layered structure to spi-
nel structure and then to rock-salt structure, respectively35. Such 
processes are usually associated with irreversible oxygen loss, which 
would induce a severe safety concern. Fortunately, there is no evolu-
tion of oxygen after building the artificial PEDOT skin, indicating 
that the layered to spinel/rock-salt phase transformation is effec-
tively inhibited even at high temperatures. This can further alleviate 
the chemical crosstalk of oxygen from cathode to anode as reported 
previously38. Hence, building an artificial PEDOT skin at both 
secondary and primary particle levels for NCM cathodes would 
remarkably improve the safety performance of lithium-ion batteries.

Conclusions
In summary, we have demonstrated a strategy to significantly 
improve the electrochemical and thermal stability of layered oxide 
cathode materials by building an ultraconformal conductive poly-
mer skin at both secondary and primary particle levels. This surface 
engineering approach demonstrates significant breakthroughs over 
the previously reported oxide and solid electrolyte coatings in terms 
of stabilizing the crystal/interfacial structure over long-term cycling 
and high-temperature heating. Densely packed (>3.3 g cm−3) Ni-rich 
cathodes are very attractive for next-generation electric vehicles 
and smart grids, which require very long calendar life and excellent 

abuse tolerance. However, the microcrack nucleation, phase tran-
sition and irreversible oxygen loss as well as their coupling effects 
have led to severe capacity fade and safety concerns in Ni-rich cath-
odes. This work has provided an effective approach to overcome the 
above issues and shed light on how rational surface engineering at 
both primary and secondary particle levels can suppress the oxygen 
release and improve battery performance. The present findings will 
stimulate more research regarding the fading mechanism of layered 
oxide cathode materials, especially voltage fade in the case of lith-
ium- and manganese-rich layered oxide, which offers higher energy 
compared with NMC-based cathodes.

Methods
oCVD process. Typically, building an artificial PEDOT skin on the NCM111 
particles (MTI Corp.) was carried out in a custom-built rotary oCVD system. 
During oCVD, EDOT (Sigma Aldrich, preheated to 110 oC) monomer and VOCl3 
oxidant (Sigma Aldrich) vapours were simultaneously introduced into the reactor 
at flow rates of 2 ± 0.2 and 0.2–0.3 sccm (standard cubic centimetres per minute), 
respectively. During the oCVD process, the absolute pressure of the reactor was 
controlled at around 300 mTorr and the heating bath was kept at 90 oC while the 
rotation rate was set at 140–160 r.p.m. After oCVD, the sample was rinsed with 
methanol followed by drying in a vacuum oven.

Morphology characterization. The morphology of the samples was characterized 
by scanning electron microscopy (JEOL 7100F) and TEM (FEI F200X and JEOL 
2100F). To confirm the ability of oCVD to build a PEDOT skin at both primary 
and secondary particle levels, a Zeiss NVision 40 focused ion beam–scanning 
electron microscopy dual-beam system was deployed to prepare a TEM specimen 
from a PEDOT-skinned cathode particle through a standard lift-out procedure. 
To reveal the spatial distribution of the PEDOT skin layer, an FEI Talos F200X (S)
TEM equipped with a SuperX energy-dispersive X-ray spectrometer was used for 
HAADF imaging and elemental mapping.

Chemo-physical analysis. The chemical and physical properties of the samples 
were determined by Fourier-transform infrared spectroscopy (Vertex 70) and 
micro-Raman spectroscopy (Renishaw). The particle surface was also examined 
by X-ray photoelectron spectroscopy (Kratos). The PEDOT skin content was 
determined by thermo-gravimetric analysis (TGA7, Perkin Elmer).

Electrochemical test. For the laminate preparation of the cathodes, the active 
material was mixed with acetylene black and poly(vinydifluoride) (8:1:1 in weight 
ratio) in N-methyl-2-pyrrolidone. The slurry was then cast onto Al foil and dried 
in a vacuum oven at 80 oC overnight. Type-2025 coin cells were assembled to test 
their electrochemical performance with Li metal as the anode, a Celgard-2025 
separator and 1 M LiPF6 in ethylene carbonate:ethyl methyl carbonate (EC:EMC; 
3:7 by volume) as the electrolyte. Cell assembly was performed inside a glovebox 
(BRAUN Labstar) filled with argon gas, where the moisture and oxygen content 
were controlled below 0.5 ppm. The cells were cycled between 3.0 and 4.6 V at 
C/10 (1 C = 200 mA g−1) during the initial formation process. They were charged 
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and discharged between 3.0 and 4.6 V at room temperature of 25 oC for the 
cycling stability test. The electrochemical impedance spectroscopy tests were 
performed on an Autolab (PGSTAT100) electrochemical station using a 5 mV a.c. 
perturbation with frequency ranging from 1 MHz to 0.01 Hz. Graphite laminate for 
the full-cell test was prepared by mixing graphite (Superior Graphite SLC1520P), 
conductive carbon (C45) and poly(vinydifluoride) with a weight ratio of 8:1:1. The 
60-PEDOT@NCM111–graphite full cell was assembled with a negative/positive 
capacity ratio of around 1.1 and with 1 M LiPF6 in EC:EMC (3:7 by volume) as 
electrolyte. It was then charged–discharged in the range of 3.0–4.5 V at C/10.

Thermal stability test. To harvest the charged cathode materials, coin cells with 
bare and PEDOT-skinned (60 min oCVD) NCM111 cathode materials were 
charged to 4.6 V at C/10 and then maintained at 4.6 V for 20 h. Before being 
scratched off the current collector, the charged electrodes were rinsed with 
dimethyl carbonate solution several times to remove the residual electrolyte. For 
the online gas measurement of the pure cathode by DSC–thermo-gravimetric 
analysis, 3.0 mg of charged electrode powder was placed in a hermetic aluminium 
pan, and a pinhole was punctured with a needle ion on the top centre of the pan 
just before the measurement to release the pressure. Before the DSC–thermo-
gravimetric measurement, 3 µl electrolyte (1 M LiPF6 in EC:EMC, 3:7 by 
volume) was added to the pan, and a pinhole was again punctured in the pan. 
The DSC–thermo-gravimetric measurement was conducted with a NETZSCH 
449F5 simultaneous thermal analyser coupled with a NETZSCH QMS403D mass 
spectrometer. The temperature was increased from the ambient value of 25 to 
400 °C at a ramp rate of 10 °C min−1.

In situ HEXRD measurement. In situ HEXRD of bare and PEDOT-skinned 
NCM111 (60 min oCVD) electrodes during charge–discharge was analysed 
at beamline 11-ID-C of the Advanced Photon Source at Argonne National 
Laboratory. The wavelength was 0.117418 Å. Coin cells with holes for the beam 
to pass were used. The holes at the top and bottom housing of the coin cell were 
sealed with Kapton tape after cell assembly. During the in situ experiment, a 
MACCOR cycler was used to charge–discharge the cell using a constant rate of 
C/10 or 1 C between 2.8 and 4.6 V. The time interval between consecutive HEXRD 
patterns was around 10 min, which can capture all of the structural evolution 
during charge–discharge. The two-dimensional diffraction patterns were calibrated 
using a standard CeO2 sample and converted to one-dimensional patterns using 
Fit2D software. For the obtained HEXRD data, the General Structure Analysis 
System (GSAS) software was employed to fit the observed diffraction patterns 
and obtain the lattice parameters. Voltage profiles are well correlated with the 
evolution of the HEXRD patterns. A contour plot is used to reflect the variation of 
the diffraction intensity, with the red and blue colours representing high and low 
values, respectively.

HF concentration measurement. The HF-containing electrolyte was prepared 
by adding H2O to the working electrolyte following an established method39. 
Specifically, 1,000 ppm of H2O was added to the electrolyte for 4 days of chemical 
reaction in the glovebox, forming the HF-containing electrolyte.

To test the PEDOT scavenging effect on HF, 20 mg of PEDOT-skinned 
NCM111 (60-PEDOT@NCM111) and bare NCM111 was mixed with 0.1 ml of 
HF-containing electrolyte for 48 h in the glovebox. Afterwards, the electrolyte was 
filtered and the acidity was determined by acid–base titration based on the reaction 

+ → +(HF NaOH NaF H O)2 , using bromothymol blue (0.04 wt% in water) as the 
indicator. The solution is yellow at pH < 6 and blue at pH > 7. The titration was 
carried out with a 5 ml glass burette and 0.05 ml electrolyte using a 0.02 M sodium 
hydroxide (NaOH) aqueous solution. The titration was carried out by first placing 
about 3 ml of crushed ice (pH neutral) in a plastic Erlenmeyer flask with about 1 ml 
of pH-neutral water and a couple of drops of indicator. Then, 0.1 ml electrolyte 
was added to the ice slurry inside the plastic Erlenmeyer flask, where the NaOH 
solution was carefully metered by the burette. The addition of NaOH solution 
was stopped immediately when the colour of the solution turned blue (from 
yellow). When the blue colour lasted for 30 s, the NaOH solution amount was 
taken as the final acid–base titration reading. Note that the colour will eventually 
return to yellow, so the titration process should be performed rapidly. To rule out 
experimental error, each sample was titrated twice, with the result of HF given in 
ppm by weight of HF in the electrolyte.

Inductively coupled plasma measurement. For metal dissolution during cycling, 
post-test (200 cycles) coin cells were disassembled and rinsed several times 
with blank electrolyte (3:7 by volume of EC:EMC) in the glovebox. The organic 
solution was collected for HNO3 acid digestion following an established method40. 
The digested solution was diluted to 10 ml for the inductively coupled plasma 
measurement. As the electrolyte volume in a coin cell cannot be determined, the 
metal concentrations in the 10 ml solution are presented.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author on reasonable request.
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