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Abstract

Recently, LiNi0.8Co0.1Mn0.1O2 has drawn much attention due to its high energy 

density. Here 3D-porous LiNi0.8Co0.1Mn0.1O2 and one with residual carbon have been 

synthesized using a resorcinol-formaldehyde assisted sol-gel approach. SEM images 
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verify that the synthesized LiNi0.8Co0.1Mn0.1O2 possesses a 3D-porous morphology. 

XPS analysis and TEM-mapping images indicate the existence of residual carbon in 

the secondary particle of 3D-porous LiNi0.8Co0.1Mn0.1O2. Furthermore, 3D-porous 

LiNi0.8Co0.1Mn0.1O2 with residual carbon exhibits outstanding electrochemical 

properties. At a current density of 1900 mA g-1, the 3D-porous LiNi0.8Co0.1Mn0.1O2 

with residual carbon can still deliver a reversible capacity of 113 mAh g-1. Moreover, 

after 150 cycles at 0.2 C, the capacity retention of 3D-porous LiNi0.8Co0.1Mn0.1O2 

with residual carbon reaches to 95%. The excellent electrochemical properties can be 

ascribed to the unique 3D-porous morphology and residual carbon in the secondary 

particle.

1. Introduction

Over the past decade, Ni-rich layered oxides (LiNi1-x-yCoxTMyO2, TM = Mn or 

Al), as one of the most successful cathode materials for lithium ion batteries (LIBs), 

has drew much attention owing to the advantages of high practical specific energy 

(excess 720 Wh kg-1 originated from the high practical reversible capacity of ~200 

mAh g-1 and high discharge voltage of 3.7 V), cheapness and low toxicity1-4. To date, 

Ni-rich layered oxides have been successfully used as cathode materials for power 

LIBs with excellent electrochemical properties5-6. However, as cathode materials for 

power LIBs, Ni-rich layered oxides are expected to deliver more excellent 

electrochemical properties7-10. 

A large amount of work has been done to further enhance electrochemical 

property of Ni-rich layered oxides. So far, morphology controlling, surface 
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modification and a combination of morphology controlling and surface modification 

are proved to be useful strategies11-14. For example, Ni-rich layered oxides with 

nano-sized primary particles usually demonstrate improved rate capability because the 

nano-sized primary particles are beneficial to Li+ insertion/deinsertion by shortening 

Li+ diffusion pathways15. Ni-rich layered oxides with surface coating generally 

display enhanced cyclic performance since the surface coating is helpful to the 

formation of stable solid electrolyte interface (SEI) film16. Nano-sized Ni-rich layered 

oxides with surface coating showed improved rate capability and cyclic performance 

due to the combination of shortening Li+ diffusion pathways and forming stable SEI 

film17. 

Besides modifying surface and decreasing the primary particle size, constructing 

3D-porous structure is another effective strategy to enhance the electrochemical 

properties. The mechanism can be described as follows. Firstly, the 3D-porous 

structure is helpful to electrolyte penetration into the core of secondary particle, which 

provides more points for Li+ to diffuse into electrolyte18. This contributes to the 

improvement of rate capability. Secondly, the volume expansion of the primary 

particles during cycling is confirmed to be a source of poor cycling stability. The 

porosities of in the secondary particle with 3D-porous structure can serve as a buffer 

space, which contributes to the enhancement of cyclic performance. Owing to 

above-mentioned advantage of 3D-porous structure, many works are focused on 

preparing cathode materials with 3D-porous structure19-22. Bruce et al synthesized 

Li[Li0.2Ni0.2Mn0.6]O2 with porous morphology using sol-gel method. The prepared 
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material demonstrates an excellent cyclic performance23. Up to now, to our 

knowledge, there is no work about preparing the LiNi0.8Co0.1Mn0.1O2 with 3D-porous 

structure.

In this work, LiNi0.8Co0.1Mn0.1O2with 3D-porous structure has been prepared by 

a resorcinol-formaldehyde assisted sol-gel approach. Moreover, by controlling 

burning condition, 3D-porous LiNi0.8Co0.1Mn0.1O2 with residual carbon has been 

prepared. The prepared cathode powder with residual carbon demonstrates a highly 

improved rate capability with 113 mAh g-1 at 10 C and enhanced cycling performance 

with capacity retention of 95% after 150 cycles.

2. Experimental

The target product was fabricated using a resorcinol-formaldehyde assisted 

sol-gel approach, since resorcinol and formaldehyde has been widely used in the 

synthesis of porous materials22. As shown in Fig. 1, based on the formula of 

LiNi0.8Co0.1Mn0.1O2, nickel acetate, cobalt acetate, manganese acetate and lithium 

carbonate (5% excess) were dissolved together. Then resorcinol and formaldehyde 

were added into solution. As shown in Fig. S1, a polymerization reaction occurred by 

hydrogen bond and carbonyl. A chelate the ions reaction occurred by hydrogen bond 

and metal ions. After more than 3 hours of agitation at 60 °C, the mixture became a 

colloid. After that, the dried colloid was burned at 500 °C for 5 h and 765 °C for 8 h 

under O2 at mosphere with a gas-flow of 50 ml/min. As-prepared material was 

denoted as 3D-LNCM. The 3D-porous LiNi0.8Co0.1Mn0.1O2 with residual carbon was 

obtained at a burning condition of O2 atmosphere with a gas-flow of 5 ml/min. 
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As-prepared material was denoted as 3D-LNCM/C.

The structure was characterized by X-ray diffraction (XRD) testing. The 

morphology and particle size were observed through scanning electron microscopy 

(SEM) measurements. The element distribution was observed by conducting 

energy-dispersive X-ray spectrometer (EDX) tests. The composition was verified by 

conducting inductively coupled plasma (ICP) measurements. The surface property 

was characterized by X-ray photoelectron spectroscopy (XPS). High resolution 

transmission electron microscope (HR-TEM) and its mapping images were gotten to 

verify the element distribution and specific crystallographic planes. The pore property 

of samples was characterized by gas sorption analysis and mercury intrusion analysis. 

The content of carbon element in samples was detected by high frequency infrared 

carbon sulfur analyzer. The electronic conductivity of samples was measured on 

4-point probes resistivity measurement system (Four Probes Tech, RTS-9) using 

powder pressed into disks.

The electrochemical performance of prepared cathode powder was tested using 

half cells with a lithium foil as negative electrode. The cell packaging steps are 

consistent with that in previous literature13. The preparation of electrode is as follows. 

80 wt% active materials, 10 wt% acetylene black and 10 wt% polyvinylidene fluoride 

were blended using N-methyl pyrrolidone as a solvent. Then the mixture was coated 

on an aluminum foil. The electrode sheet was dried at a vacuum drying oven for 12 h. 

Then the electrode sheet was cut into small disks with about 2 cm2. The active 

material loading mass is limited around 6.0 mg cm-2. The charge-discharge tests were 
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operated on cell test instruments (LAND CT-2001A). The voltage ranges from 2.8 to 

4.3 V. And the temperature is about 25 °C. The impedance tests of cells were carried 

out on the Parstat 4000 electrochemical workstation. The frequencies ranges from 100 

kHz to 0.01Hz and the fluctuation voltage is 5 mV.

3. Results and discussion

Fig. 2a-d displays the SEM images of 3D-LNCM and 3D-LNCM/C at different 

magnifications. As shown in Fig. 2a and b, 3D-LNCM/C prepared by the 

resorcinol-formaldehyde assisted sol-gel method demonstrates a desirable 3D porous 

morphology. Many pores with diameter of 1.0−3.0 μm can be observed in the 

secondary particle and the size of the secondary particles ranges from 3−30 μm. As 

shown in Fig. 2c and d, 3D-LNCM possesses similar hierarchical morphology. The 

SEM images of spherical LiNi0.8Co0.1Mn0.1O2 (denoted as S-LNCM) prepared by 

conventional co-precipitation method following the calcination in atmosphere of 

flowing oxygen are also provided and shown in Fig. S2a and b. An obvious spherical 

morphology is observed. The size of the secondary particles ranges from 8 to 15 μm. 

In contrast to many pores in the secondary particles of 3D-LNCM and 3D-LNCM/C, 

there are no obvious pores in the secondary particles of S-LNCM. As reported in 

previous literatures24-26, the gaps and voids in Ni-rich cathode can promote electrolyte 

infiltration, which is benefit for Li+ transport and electronic delivery. Therefore, the 

gaps and voids in Ni-rich cathode can improve the rate performance of Ni-rich 

layered cathode materials. Besides, the gaps and voids between the primary particles 

can alleviate the structure stress which was accompanied by cycle processes. Hence, 
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3D-LNCM and 3D-LNCM/C, which possess rich pore structure, have more excellent 

electrochemical property comparing to spherical cathode powder.

Fig. 2e shows the XRD patterns of 3D-LNCM and 3D-LNCM/C. The main 

peaks can be indexed as hexagonal LiNiO2 structure with R 3 m space group which is 

similar to reported results in previous literatures27. In addition, both XRD patterns 

show clear splitting (006)/(012) and (108)/(110) peaks, suggesting a good crystallinity 

of layered structure in these samples28. S-LNCM powder also has similar XRD 

pattern (Fig.S2c). As listed in Table S1, the I(003)/I(104) intensity ratios for S-LNCM, 

3D-LNCM and 3D-LNCM/C were 1.656, 1.642, and 1.605, respectively, indicating 

that all samples have the quite small Li+/Ni2+ disorder. This analysis result of XRD 

patterns illustrates that the resorcinol-formaldehyde assisted sol-gel approach can be 

used to synthesis LiNi0.8Co0.1Mn0.1O2 with a good crystallinity.

In order to investigate the effect of different methods on the chemical 

compositions of as-prepared powders, ICP is used to detect the content of Li, Ni, Co 

and Mn elements in cathode powders. As listed in Table S2, these samples have 

similar calculated atomic ratios of Li, Ni, Co and Mn elements. Moreover, 

EDX-mapping images (Fig. S3) were obtained to verify the dispersal uniformity of 

Ni, Co and Mn elements in three different samples. Fig. S3 confirms that Ni, Co and 

Mn elements are distributed homogeneously, which implied that LiNi0.8Co0.1Mn0.1O2 

with uniform dispersion of Ni, Co and Mn elements can be prepared by the 

resorcinol-formaldehyde assisted sol-gel approach.

The surface and pore properties of S-LNCM, 3D-LNCM and 3D-LNCM/C were 
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characterized by both mercury porosimetry and monosorb surface area analyzer. As 

shown in Fig. 3a, the pore size distribution curve of 3D-LNCM demonstrates a steep 

peak at 2 μm. The pore size distribution curve of 3D-LNCM/C is similar to that of 3D 

porous cathode powder with exception of higher broad peak between 0.1 to 1 μm. 

This peak is supposed to be related to small pores caused by residual carbon. As 

shown in Fig. S4a, the pore size distribution curve of S-LNCM only presents a peak at 

3 μm which can be ascribed to micro-sized pores caused by the secondary particle 

clearance. Table S3 shows the specific surface area of three samples measured with 

mercury intrusion porosimetry. 3D-LNCM/C possesses the biggest specific surface 

area (2.3138 m2 g-1) while S-LNCM has the smallest specific surface area (0.3705 m2 

g-1). To achieve detailed pore structure information in sub-micrometer range, the pore 

size distribution was also tested by monosorb surface area analyzer. As shown in Fig. 

3b, the pore size distribution curve of 3D-LNCM/C shows an obvious peak at 9 nm 

while those of 3D-LNCM and S-LNCM (Fig. S4b) show no clear peak in that range. 

This peak at 9 nm is related to mesopore on residual carbon. The specific surface area 

results tested by monosorb surface area analyzer are listed in Table S4. The results 

show a similar trend as observed from mercury intrusion porosimetry test. Both 

results show that 3D-LNCM/C has the biggest specific surface area among the three 

samples. This result should originate from the gap between amorphous residual 

carbon and electrode material, which can effectively increase the specific surface 

area. Similar phenomenon has also been observed from carbon-coated LiFePO4 

cathode29.
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XPS spectra were obtained to analyze the surface properties of the primary 

particles of 3D-LNCM and 3D-LNCM/C. Since XPS is a surface sensitive 

measurement, and the residual carbon might be present in the middle of the secondary 

particle of 3D-LNCM/C rather than on the surface, all XPS tests were conducted on 

grinded sample in order to make sure the residual carbon in the secondary particle can 

be detected. The morphology of the grinded sample is shown in Fig. S5b. The XPS 

spectra of both samples are demonstrated in Fig. 4 and Fig. S6. The C1s spectrum of 

3D-LNCM shows two peaks at 284.3 and 289.2 eV. These two peaks are in accord to 

those of hydrocarbon contaminations and Li2CO3 reported in previous literature30, 

indicating no residual carbon exists in 3D-LNCM. However, the C1s spectrum of 

3D-LNCM/C can be fitted with four peaks which are located at 284.3, 286.0, 288.0 

and 289.2 eV, respectively31-33. Besides the peaks assigned to hydrocarbon 

contaminations and Li2CO3 at 284.3 and 289.2 eV, the other two peaks positioned at 

286.0 and 288.0 eV can be attributed to C-C and O-C=O (alkyl carbonates) bonds, 

respectively. It can be assumed that amorphous carbon was left over in the secondary 

particles of 3D-LNCM/C. The result is also supported by the comparison between Ni 

2p3/2 spectra of the two samples. As depicted in Fig. 4b, the best fit for the Ni 2p3/2 

spectrum give two peaks at 855.0 and 857.0 eV, respectively. As reported in the 

previous literatures30, 34-35, the strong peak at 855.0 eV can be explained by the 

existence of Ni2+. The other one at 857.0 eV can be attributed to Ni3+. Comparing to 

3D-LNCM, 3D-LNCM/C possesses a weaker peak at 857.0 eV, which might be 

related to the reduction of part Ni3+ due to decomposition of organics under less 
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oxygen condition. This speculation is in accord with analyses about the I(003)/I(104) 

intensity ratios for S-LNCM, 3D-LNCM and 3D-LNCM/C. As listed in Table S1, the 

intensity ratio of I(003)/I(104) for 3D-LNCM/C is slight lower than that for S-LNCM and 

3D-LNCM, indicating a slight increase of cation mixing layer for 3D-LNCM/C. The 

slight increase of cation mixing layer for 3D-LNCM/C can be ascribed to the 

reduction of part Ni3+ into Ni2+. It is well known that the Ni2+ easily causes the cation 

mixing layer.

To further investigate the structure and surface properties of 3D-LNCM/C, TEM，

TEM-EDX mapping and HR-TEM images were used. As shown in TEM image 

(Fig.5a), some small regions with light color are observed in the middle of big black 

particle, indicating a porous structure. TEM-EDX mapping of 3D-LNCM/C 

(Fig.5c-d) shows the existence of C, Ni, Co and Mn elements in 3D-LNCM/C. This 

result is consistent with the presence of C-C bond observed from XPS analysis. 

Furthermore, high frequency infrared carbon sulfur analyzer was used to detect the 

content of carbon element in 3D-LNCM/C material. The content of carbon element is 

as low as 1.92%. HR-TEM mapping image (Fig. 5b) also demonstrates some 

amorphous particles near the edge of 3D-LNCM/C. Clear lattice fringes, as shown in 

Fig.5g, are observed. The distance between two adjacent lattice is 4.7 Å, 

corresponding to the space of two [003] planes of layered cathode material36-38. The 

TEM and HR-TEM images of other sample are shown in Fig. S7 of the Supporting 

Information, and the main patterns are similar to 3D-LNCM/C. 

The electrochemical behaviors of three samples are shown in Fig. 6. All 

Page 10 of 30

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



electrochemical results were gotten in the voltage range of 2.8-4.3 V at room 

temperature. Fig. 6a shows the first charge/discharge curves at 0.1C. The behavior of 

three samples are similar to results of comparable Ni-rich electrodes in others’ 

reports47,48. The capacities are lower than theoretical capacity of 280 mAh g-1 34. The 

Ni2+/Ni4+ and Co3+/Co4+ oxidation-reduction reaction peaks are clearly shown in three 

dQ/dV curves (Fig. S8a, b, and c). Among three samples, 3D-LNCM/C has the largest 

reversible capacity. Furthermore, 3D-LNCM/C has the best rate capability of 113 

mAh g−1 at 10 C (a current density of 1900 mA g-1) and cyclic performance of 95% 

capacity retention after 150 cycles. In addition, 3D-LNCM/C displays the slightest 

voltage decay (shown in Fig.S9). These outstanding performances can be attributed to 

the combined action of the hierarchical morphology and residual carbon. The 

hierarchical 3D morphology has an advantage of giving more points for Li+ diffusion 

into electrolyte, and the residual carbon is helpful to improve electron conductivity 

(shown in Fig. S10). These two properties can improve the rate capability. 

Meanwhile, the 3D-porous structure can offer large space to fit volume expansion of 

the primary particles. The residual carbon covering on the surface of primary particle 

can reduce the side reaction between material and electrolyte, which is helpful to 

build a stable SEI film. The large space for volume expansion and stable SEI film can 

enhance cycling stability.

EIS tests were conducted to illustrate the electrochemical impedance by using 

cells which have been charged and discharged for 5 and 150 cycles. Fig. 7 displays 

the Nyquist plots and magnified Nyquist plots in high frequency area. The impedance 

Page 11 of 30

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



spectra can be explained using an equivalent electrical circuit shown in Fig. 7f which 

consists of electrolyte resistance (Rs), resistance of solid electrolyte interface film 

(RSEI), electron transfer impedance (Re), charge-transfer resistance (Rct), and Warburg 

impedance (Zw)39. TableS5 shows the specific data of each resistance. As 

demonstrated in previous literature40, the RSEI and Rct values increase during 

subsequent cycles. Compared to S-LNCM and 3D-LNCM, 3D-LNCM/C 

demonstrates the lowest RSEI and Rct values after 5 and 150 cycles. Furthermore, after 

150 cycles, the increase of RSEI and Rct values of 3D-LNCM/C is small, indicating a 

stable SEI film for 3D-LNCM/C.

Based on Warburg impedance in the low frequency region and following 

equation, the Li+ diffusion coefficient of electrode has been calculated 41-43:

𝐷 = 0.5𝑅2𝑇2𝐴 -2𝑛 -4𝐹 -4𝐶 -2𝐵 -2

The equation parameters include the gas constant (R), the absolute temperature 

(T), the surface area of the cathode (A), the number of electrons permolecule during 

oxidization (n), the Faraday constant (F), the concentration of lithium ion (C) and the 

Warburg factor (B), which can be calculated by following equation:

𝑅𝑒(𝑍𝜔) = 𝐵𝜔 -1/2

    As shown in Fig. 7c, in the low frequency region, squarer root of frequency 

(ω−1/2) and Zre are in a linear relationship. The lithium ion diffusion coefficients are 

listed in Table S5. The lithium ion diffusion coefficient of 3D-LNCM/C is much 

higher than those of the other two samples, which is in accordance with the good rate 

capability of 3D-LNCM/C.
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4. Conclusion

In conclusion, 3D-porous LiNi0.8Co0.1Mn0.1O2 with residual carbon can be 

synthesized by sol-gel approach using resorcinol-formaldehyde as chelating agent. 

The unique 3D-porous structure can effectively relieve volume expansion and 

promote electrolyte infiltration, which is benefit to the improvement of rate capability 

and cyclic performance. The residual carbon on 3D-porous LiNi0.8Co0.1Mn0.1O2 is 

helpful to improve electron conductivity and build a stable SEI film, which has 

positive effects on electrochemical performance improvement. The reversible 

capacity of 3D-LCNM/C can reach as high as 113 mAh g-1 at 10 C and the capacity 

retention is 95% after 150 cycles at 0.2 C. These findings confirm the possibility of 

forming some residual carbon in the secondary particle by controlling the burning 

condition in the process of preparing 3D-porousLiNi0.8Co0.1Mn0.1O2 through 

resorcinol-formaldehyde assisted sol-gel approach. These results also reveal the 

importance of residual carbon on electrochemical properties of Ni-rich layered oxides.
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List of figure captions

Fig. 1. A schematic diagram of preparing 3D porous LiNi0.8Co0.1Mn0.1O2 with residual 

carbon.

Fig. 2. SEM images (a-d) and XRD patterns (e) of 3D-LNCM/C (a, b) and 3D-LNCM 

(c, d).

Fig. 3. Pore size distribution curves obtained by (a) mercury intrusion method and (b) 

nitrogen absorption method for 3D-LNCM and 3D-LNCM/C.

Fig. 4. XPS spectra for C (a), Ni (b) of 3D-LNCM (bottom) and 3D-LNCM/C 

(upper).

Fig. 5. TEM (a, b), TEM-EDX (c,d) mapping and HR-TEM (e-g) images of 

3D-LNCM/C.

Fig. 6. Electrochemical properties of 3D-LNCM/C, 3D-LNCM and S-LNCM: (a) 
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initial charge-discharge curves at 0.1 C, (b) rate capability, (c) cyclic performanceat 

0.2C and (d, e,f) charge-discharge curves at 0.2 C at 1st, 50th, 100th and 150 th cycles.

Fig. 7. (a) Nyquist plots of S-LNCM, 3D-LNCM and 3D-LNCM/C after 5 cycles, (b) 

The relationship between Zre and ω−1/2 at low frequencies after 5 cycles, (c) Nyquist 

plots after 150 cycles, (d) The relationship between Zre and ω−1/2 at low frequencies 

after 150 cycles, (e) Nyquist plots at high frequency region after 150 cycles, (f) a 

corresponding equivalent circuit.

Fig. 1. A schematic diagram of preparing 3D porous LiNi0.8Co0.1Mn0.1O2 with residual 

carbon.
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Fig. 2. SEM images (a-d) and XRD patterns (e) of 3D-LNCM/C (a, b) and 3D-LNCM 

(c, d).
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Fig. 3. Pore size distribution curves obtained by (a) mercury intrusion method and (b) 

nitrogen absorption method for 3D-LNCM and 3D-LNCM/C.
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Fig. 4. XPS spectra for C (a), Ni (b) of 3D-LNCM (bottom) and 3D-LNCM/C 

(upper).
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Fig. 5. TEM (a,b), TEM-EDX (c,d) mapping and HR-TEM (e-g) images of 

3D-LNCM/C.
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Fig. 6. Electrochemical properties of 3D-LNCM/C, 3D-LNCM and S-LNCM: (a) 

initial charge-discharge curves at 0.1 C, (b) rate capability, (c) cyclic performanceat 

0.2C and (d, e,f) charge-discharge curves at 0.2 C at 1st, 50th, 100th and 150th cycles.
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Fig. 7. (a) Nyquist plots of S-LNCM, 3D-LNCM and 3D-LNCM/C after 5 cycles, (b) 

The relationship between Zre and ω−1/2 at low frequencies after 5 cycles, (c) Nyquist 

plots after 150 cycles, (d) The relationship between Zre and ω−1/2 at low frequencies 

after 150 cycles, (e) Nyquist plots at high frequency region after 150 cycles, (f) a 

corresponding equivalent circuit.
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