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Abstract

The easy intercalation/deintercalation of Li+ ions is the key factor for the functionality of the layered

LixCoO2 compound as a Li-ion battery cathode material. However, the hexagonal CoO2-layer piling

in the LixCoO2 structure is prone to incorporate not only monopositively-charged lithium ions but

also monopositive protons between successive CoO2 layers. Here we employ a hydrothermal acid

treatment for a gradual (controlled by the treatment time) de-intercalation of Li+ ions and a subsequent

intercalation of protons between the CoO2 layers in LixCoO2. We demonstrate that the lithium-for-

proton exchange reaction can be monitored by AAS for the Li-content, by XRD for the proton-

containing phase formation, and by FTIR and TG for the appearance of specific features indicative

of the incorporated protons. With XPS we verify that upon the lithium-for-proton exchange the

valence of cobalt remains the same, i.e. the proton incorporation compensates positive charge loss

due to the Li+-ion extraction. Finally, we show that essentially parallel lithium-for-proton exchange

reactions occur also for Ni- and Mn-substituted Li(Co,Ni,Mn)O2 samples, that is, for compounds that

are highly relevant in current Li-ion battery technology.

Keywords: Lithium cobalt oxide; Lix(Co,Ni,Mn)O2; Li-ion de-intercalation; Proton intercalation
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1. Introduction

Since early 1980s, when Goodenough and his research group recognized the  superior capability

of the LixCoO2 structure to electrochemically deintercalate and intercalate Li+ ions [1], this layered

cobalt oxide and its derivatives have been massively investigated as positive electrode materials in

the Li-ion battery technology [2,3]. From the fundamental scientific point of view, the interesting

chemical and structural features of LixCoO2 and the entire AxCoO2 (A = alkali metal) family were

recognized even earlier [4,5]. Another member of the AxCoO2 family which has been intensively

investigated from the application point of view is the sodium analogue NaxCoO2 (x ≈ 0.7), owing to

its promising thermoelectric properties [6,7].

Electrochemistry has been the major tool for the A+-ion intercalation/deintercalation studies in the

AxCoO2 lattice, leading us even to the fully-deintercalated CoO2 parent phase [8,9,10]. However,

there are other chemical tools as well, namely the different oxidizing agents such as NO2PF6 [11],

and NO2BF4 [12,13], or diluted acids [14]. The loss of the A+ cations in AxCoO2 is intimately related

to the mixed-valency of cobalt; this relation may not be fully linear though [15,16,17,18], as there are

other mechanisms as well to counterbalance the extraction of the monopositive A+ ions, i.e.

concomitant oxide-ion loss and/or proton intercalation [18,19,20]. Direct evidence of the presence of

protons in Li-extracted LixCoO2 was obtained using prompt gamma-ray activation analysis (PGAA)

[18]. Intercalation of excess protons concomitantly with water molecules is suspected to occur also

in the superconducting NaxCoO2 + yH2O (x ≈ 0.35; y ≈ 1.3) system [21,22,23].

There are also reports of fully alkali-metal-free HyCoO2 materials prepared through different acid

treatments from LixCoO2 [24,25] or NaxCoO2 [26,27]. Even though e.g. the exact proton contents (y)

are not known for these samples, the basic crystal structures were investigated and – interestingly –

the results show that the structure depends on the starting material. In particular, synthesis starting

from LiCoO2 seems to yield the HyCoO2 phase with a trigonal structure (space group R-3m) [24].

An important question concerns whether the protonation tendency is of relevance for the battery

performance of LixCoO2 and its derivatives? This question has received little attention so far in

literature. However, at least in aqueous electrolyte solutions the possibility of the proton intercalation

should not be ignored. It has been shown that in an aqueous solution the electrochemical stability of

LixCoO2 and Lix(Co,Ni,Mn)O2 depend on pH; unless the solution is highly basic protons are likely

to co-intercalate with Li+ ions during the discharging [28,29]. Since the intercalated protons cannot

be reversibly removed from the lattice during the charging, the protonated material eventually loses

capacity upon cycling. Computational studies have shown that intercalated H+ ions tend to block the

diffusion channels of Li+ [30].
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Recently we systematically investigated the de-intercalation of Na+ ions and the subsequent

intercalation of protons for a series of NaxCoO2 (x = 0.6~0.9) samples when exposed in 2M acetic

acid solution under hydrothermal conditions [31]. In the present work we investigate the effects of a

similar hydrothermal acid treatment on commercially feasible Li-based cathode materials, LixCoO2

and Lix(Co,Ni,Mn)O2. The latter system is currently strongly highlighted not only owing to its

excellent battery performance but also as a safe and sustainable material choice in terms of the

availability and cost of the metal constituents [32,33].

2. Experimental

Sample synthesis. Powder samples of LiCoO2 and Li(Co1-2xNixMnx)O2 (x = 0.20, 0.33) were

synthesized via conventional solid-state (SS) route from nominal amounts of Li2CO3 (99.0%, Alfa

Aesar), Co3O4 (99.7%, 400Mesh Powder, Alfa Aesar), NiO (99%, Alfa Aesar), and Mn2O3 (99.9%,

Sigma Aldrich) using the so-called “rapid heat-up” method in order to minimize the evaporation of

the Li2CO3 during the heating of the precursor mixture to the reaction temperature [7]. The precursor

powders were mixed and ground thoroughly in ethanol, then dried and pressed into pellets (13 mm

diameter and 4 mm thickness). The pellets were placed in an oven preheated to the reaction

temperature and left for the required time (15-24 h). Reaction temperatures for LiCoO2 and Li(Co1-

2xNixMnx)O2 were 770 and 950 ºC, respectively.

Additionally, samples of Li(Co1-2xNixMnx)O2 (x = 0.33) and LiNiO2 were synthesized by the

mixed-hydroxide (MH) method [34]. Stoichiometric amounts of Co(NO3)2*6H2O (99%, Merck),

Ni(NO3)2*6H2O (99%, Merck), and Mn(NO3)2*4H2O (98.5%, Merck) were dissolved in deionized

water and added to 1M LiOH (~50 ml) solution dropwise. The thus formed precipitate was filtered,

washed with DI water until neutral pH was observed and dried at 150 ºC overnight. Dry solid was

ground and mixed with stoichiometric amount of LiOH (98%, Merck). Precursors were heated at 450

ºC for 3 h, calcined in air at 1000 ºC for another 3 h in the case of Li(Co1-2xNixMnx)O2 (x = 0.33), and

in O2 at 750 ºC in the case of LiNiO2, then slowly cooled to obtain a crystalline product.

Protonation treatment. Protonation of the aforementioned products was attempted with use of

acetic acid. The goal was to simultaneously remove Li+ ions and insert protons. The sample powder

(100-110 mg) was immersed in 35 ml of 2M CH3COOH (glacial, 100%, Merck), packed into Teflon

vessel and heated under hydrothermal conditions at 150 ºC for different time periods up to 360 h. The

resultant sample was filtered, washed with deionized water to remove acid and side products and

dried in air overnight. In order to understand the time evolution of the protonation reaction this

hydrothermal acid treatment was interrupted in selected intervals.
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Structural characterization. Powder X-ray diffraction (XRD) patterns were collected for each

sample powder synthesized, using a PANalytical X’pert Pro diffractometer (Cu Kα1 radiation;

λ=1.54056 Å). Representative samples were also investigated using scanning electron microscopy

(SEM; Tescan Mira3) operating in high vacuum (< 10-5 Pa). Higher voltage (10 kV) was used due to

the relative stability of the powders. The SEM images were recorded using the secondary electron

detector. No additional coating was used since the conductivity of the powders was good enough.

Chemical composition. Actual metal contents (Li, Ni, Mn and Co) were analyzed using atomic

absorption spectroscopy (AAS; Varian AA240). A sample portion of ca. 200 mg was digested (3

digestions per sample) into a Teflon vessel filled with 6 mL of HCl and 2 mL of HNO3. The closed

vessels were heated in a microwave oven (Milestone ETHOS) for 1 h at 200 ºC. Afterwards, the

samples were left to cool down and diluted using milli-Q water. Thermogravimetric (TG; Perkin

Elmer, Pyris 1) measurements were carried out in N2 atmosphere to follow the release of

protons/water/oxygen from the samples. In these measurements a sample portion of 30~35 mg was

heated in N2 gas flow with the rate of 1oC/min up to 950 oC. The slow heating rate was chosen to

guarantee equilibrium conditions during the experiment.

Chemical state. To investigate functional groups/bonding scheme of the compounds, the samples

were analyzed using Fourier-transform infrared (FTIR; Bruker Alpha II spectrometer equipped with

diamond ATR module) spectroscopy in the 400-4000 cm-1 range. To investigate the valence state of

cobalt, X-ray photoelectron spectroscopy (XPS) measurements were carried out for selected samples

with Axis Ultra instrument by Kratos Analytical using a monochromatized Al Kα radiation (hν =

1486.6 eV). The sample powders were placed on a ultrahigh-vacuum-compatible carbon tape and a

sample holder.

3. Results and discussion

3.1. Initial Li(Co,Ni,Mn)O2 samples

All our as-synthesized sample powders were found to be of the single targeted phase (of the α-

NaFeO2-type structure with trigonal symmetry, space group R-3m, No. 166), independent of the

synthesis route employed, see the XRD patterns shown in Fig. 1. The targeted metal stoichiometry

was confirmed from AAS analysis, which – first of all – yielded the Li:(Co,Ni,Mn) ratio at 1.00±0.05

for all the as-synthesized samples. Also the Co:Ni:Mn ratios were reasonably close to the expected

values, see Table 1. It should be emphasized that for the Li(Co1-2xNixMnx)O2 (x = 0.20, 0.33)

compositions, both the solid-state (SS) and mixed-hydroxide (MH) synthesis methods yielded single-

phase samples, but the XRD patterns for the MH samples represented slightly sharper peaks, implying



5

higher degree of crystallinity/larger crystallite sizes. From SEM images for representative samples

(Fig. 1) no drastic differences in morphology were seen, though.

Fig. 1. Left: XRD patterns for LiCoO2, Li(Co1-2xNixMnx)O2 and LiNiO2 samples synthesized by solid-
state (SS) or metal-hydroxide (MH) methods. Right: SEM images for (a) SS LiCoO2, (b) SS
Li(Ni0.33Mn0.33Co0.33)O2, and (c) MH Li(Ni0.33Mn0.33Co0.33)O2 samples.

Table 1. Metal compositions of as-synthesized sample powders from AAS analysis; the compositions
are given with the steps of 0.05 to reflect the accuracy of the measurements.

Synthesis route Nominal formula Actual formula

SS LiCoO2 Li1.0CoO2

SS Li(Co0.60Ni0.20Mn0.20)O2 Li1.00(Co0.60Ni0.15Mn0.20)O2

MH Li(Co0.60Ni0.20Mn0.20)O2 Li1.00(Co0.55Ni0.20Mn0.20)O2

SS Li(Co0.33Ni0.33Mn0.33)O2 Li1.00(Co0.35Ni0.20Mn0.35)O2

MH Li(Co0.33Ni0.33Mn0.33)O2 Li1.00(Co0.35Ni0.35Mn0.30)O2

MH LiNiO2 Li1.00NiO2

We also recorded FTIR spectra for the as-synthesized sample powders to learn their signature

features; representative spectra are shown in Fig. 2. All the bands/peaks seen in the spectra are due to

the (Co/Ni/Mn)-O bonds, and well explained based on previous literature [35,36,37]. Note that the
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characteristic Li-O vibrations located in the 200-400 cm-1 region are not visible in our spectra, as the

equipment used allowed only measurements above 400 cm-1. In the spectrum of LiCoO2, we can

distinguish bands due to different stretching and bending modes of Co-O bonds in the 400-600 cm-1

range and around 1020 cm-1 [35,36]. In the spectrum of LiNiO2, the bands at 495 cm-1 (O-Ni-O

bending), 575 cm-1 (asymmetric stretching of Ni-O), 865 and 1420 cm-1 are all characteristic for the

Ni-O bonds in LiNiO2 [37]. Then, for the Li(Co1-2xNixMnx)O2 samples, multiple peaks/bands are

seen, as expected. Notably, the spectra for the SS and MH Li(Co0.33Ni0.33Mn0.33)O2 samples are

essentially identical.

Fig. 2. FTIR spectra for as-synthesized LiCoO2 and LiNiO2 (left), and differently as-synthesized
Li(Co,Ni,Mn)O2 (right) sample powders.

3.2. Protonation of LiCoO2

The possibility to extract lithium from LiCoO2 through a hydrothermal treatment in acetic acid

was tentatively demonstrated in our previous paper [31]. The treatment seemed to produce HyCoO2

of the trigonal (R-3m) crystal structure previously reported in literature [24]. Here, in this work we

first of all confirmed with AAS analysis that the sample obtained after a 72-hour hydrothermal acetic

acid contained only a negligible amount of lithium (Table 2). To investigate the time evolution of the

hydrothermal proton-for-lithium exchange process, we interrupted the reaction in certain time

intervals to record XRD patterns, FTIR and XPS spectra and TG curves for the partially Li-depleted

samples. From the XRD patterns displayed in Fig. 3(a) it can be seen that the reaction from the as-

synthesized Li-stoichiometric LiCoO2 to the trigonal HyCoO2 occurs through an intermediate phase;

this phase does not correspond to any previously known phase, and the structure thus remained

unknown. Also seen is that after extended treatment periods tiny peaks due to the Co3O4 phase appear.
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Table 2. Metal compositions of acid-treated samples from AAS analysis; the compositions of Co, Ni
and Mn are given with the steps of 0.05 to reflect the accuracy of the measurements.

Duration of acid treatment (h) AAS determined Li content

0 Li1.00CoO2

6 Li0.68CoO2

15 Li0.29CoO2

24 Li0.07CoO2

48 Li0.01CoO2

72 Li0.00CoO2

From the TG curves shown in Fig. 3(b) for the same samples it can be seen that the as-synthesized

LiCoO2 sample does not show any weight loss, but for all the Li-deficient and proton-containing

samples two weight-loss steps are visible; the first step occurs around 200 oC and the second around

780 oC. According to XRD detection (see also the data for the NaxCoO2 system in [31]), the product

after the first step is Co3O4 and after the second step it is CoO. Interestingly, for the partially lithium

extracted/protonated samples (such as the 12-h treated sample in Fig. 2) for which XRD does not

show any indication of Co3O4 yet, the two weight-loss steps in the TG curve are very much in

accordance with the mass changes expected for the (Li,H)CoO2 → 1/3 Co3O4 → CoO reductive

decomposition reactions, i.e. approximately in the 2:1 ratio. Then, for example for the 24-h treated

sample which according to the XRD pattern contains some Co3O4, the first weight-loss step becomes

smaller and the second step larger than expected for the pure (Li,H)CoO2 material, and finally for the

72-h sample with a remarkable amount of Co3O4 the first weight-loss step is clearly diminished. We

like to emphasize that these observations were perfectly reproducible for a number of parallel samples

investigated.

Thus, we can conclude that the partly or fully proton-for-lithium exchanged (Li,H)zCoO2 phase

decomposes upon annealing in N2 around 200 oC yielding Co3O4. Hence the first weight-loss step

seen in the TG curves can be taken as an indirect indication of protons in the (Li,H)zCoO2 structure.

Similarly, we could see characteristic features of the proton intercalation in the FTIR spectra (Fig.

3(c)) where two broader features consistently appeared around 540 and 740 cm-1. Similar features

were also seen for the (Na,H)zCoO2 system in our previous study [31]. Note that the sharp peak at ca.

660 cm-1 seen for samples with long acid treatments (e.g. the 48-h sample in Fig. 3(c)) is a sensitive

indicator of the presence of Co3O4 [38,39].Unfortunately, neither the TG nor the FTIR data turned

out to be suitable for the quantitative estimation of the proton content in our (Li,H)zCoO2 samples.
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Fig. 3.  Examples of (a) XRD patterns, (b) TG curves, and (c) FTIR spectra for as-synthesized LiCoO2
powder and the same material after hydrothermal acid treatments of different durations. In the XRD
patterns, peaks due to Co3O4 are marked with red asterisks (*).

In order to address the question concerning the proton content in our Li+-ion depleted samples we

measured Li 1s and Co 2p XPS spectra for three representative samples, i.e. the as-synthesized

LiCoO2 powder and the same material after 24-h and 48-h acid treatments. According to AAS analysis

the Li content in these samples was 1.00, 0.07 and 0.008, respectively. We compare the results to the

spectra reported for electrochemically delithiated LixCoO2 samples for which the cobalt valence

gradually increases with decreasing Li content [38]. First of all, in the Li 1s spectra (Fig. 4(a)), the

characteristic Li peak at ca. 54 eV is visible only for the LiCoO2 powder indicating that in our 24-h

and 48-8 acid treated samples the Li content indeed is already quite low (in accordance with the AAS

result). Then, in the Co 2p spectra (Fig. 4(b)) the Co 2p3/2 (at ca. 780 eV plus satellite at around 790

eV) and 2p1/3 (at ca. 795 eV plus satellite at around 805 eV) peaks with an intensity ratio close to 2:1
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are indicative of trivalent cobalt. When Li is extracted from LiCoO2 during the acid-treatment, the

main peaks should get broader and the satellites should decrease in intensity provided that the cobalt

valence would increase [40]. This is however not the case for our acid-treated samples, which means

that the valence of cobalt remains essentially the same (and at least does not increase) upon the Li

extraction. The same conclusion can be also made based on the Co 3p spectra seen in Fig. 4(a). Then,

further on based on these XPS results we may conclude that the intercalated protons fully compensate

the charge imbalance due to the Li+-ion deintercalation.

Fig. 4. (a) Li 1s and Co 3p, and (b) Co 2p XPS spectra for as-synthesized LiCoO2 powder (red), and

the same sample after 24 h (black) and 48 h (green) acid treatments.

3.3. Protonation of Li(Co,Ni,Mn)O2

Next we performed similar hydrothermal acid treatments for our Li(Ni0.33Mn0.33Co0.33)O2 (both SS

and MH) samples. The initial experiments for the SS powder revealed that the Li-

extraction/protonation was very slow, while for the MH sample the reaction proceeded much faster,

see the XRD patterns in Fig. 5. These experiments were repeated for several sample batches, and the

conclusion remained the same. This is an interesting observation as the SS and MH powders appeared

not too much different from our XRD, FTIR and SEM analyses, the only clear difference being the

somewhat broader XRD peaks for the SS powder.
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For the MH Li(Ni0.33Mn0.33Co0.33)O2 powder, we systematically followed the progress in the acid-

treatment with XRD, TG, FTIR and AAS measurements after certain intervals, see Fig. 5 and Table

3. From the XRD patterns and the AAS results we can conclude that the acid-treatment eventually

leads to essentially fully Li-depleted material. Compared to the LiCoO2 case, the difference is that

the XRD data did not indicate any intermediate partly Li-depleted phase in the case of

Li(Ni0.33Mn0.33Co0.33)O2. Both the FTIR and TG data reveal the signatures of proton intercalation,

somewhat similarly to the case of LiCoO2. In particular, from the TG curves the progress of the

gradual protonation can be readily seen as the gradual increase of the weight-loss step around 200 oC.

Fig. 5. Examples of (a) XRD patterns, (b) TG curves, and (c) FTIR spectra for as-synthesized (SS
and MH) Li(Ni0.33Mn0.33Co0.33)O2 powder and the same material after acid treatments of different
durations.
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Table 3. Metal compositions of acid-treated samples from AAS analysis; the compositions of Co, Ni
and Mn are given with the steps of 0.05 to reflect the accuracy of the measurements.

Duration of the acid treatment (h) AAS result for the (metal) composition

0 Li1.00(Co0.35Ni0.35Mn0.30)O2

24 Li0.08(Co0.30Ni0.35Mn0.35)O2

216 Li0.01(Co0.30Ni0.35Mn0.35)O2

3.4. Structural comparison

Finally we wanted to compare the structures of the strongly Li-extracted/protonated HyCoO2

samples made from LiCoO2 and Li(Ni0.33Mn0.33Co0.33)O2. In Fig. 6 we show the XRD patterns and

FTIR spectra for a 48-h acid treated LiCoO2 and 216-h acid treated Li(Ni0.33Mn0.33Co0.33)O2 samples.

In both cases AAS analysis indicated that the Li content is negligible. From the XRD patterns shown

in Fig. 6(a) it is seen that while the LiCoO2-derived sample contains – besides the HyCoO2 phase –

some Co3O4, this is not the case for the Li(Ni0.33Mn0.33Co0.33)O2-derived sample. The same conclusion

can be made from the FTIR patterns shown for the same samples in Fig. 6(b), as the spectrum for the

sample made from Li(Ni0.33Mn0.33Co0.33)O2 lacks the characteristic 660 cm-1 peak due to Co3O4. Then,

most importantly, it seems that the XRD patterns for the two protonated HyCoO2 samples are

essentially similar (besides the few Co3O4 peaks seen for the sample made from LiCoO2), except for

the small shift of the peak positions towards lower angles for the Li(Ni0.33Mn0.33Co0.33)O2-derived

sample indicating larger lattice parameters. For example, calculating from the (003) peak, the c axis

parameter would be 13.19 and 13.76 Å for the LiCoO2 and Li(Ni0.33Mn0.33Co0.33)O2 derived samples,

respectively.

Fig. 6. Comparison of (a) XRD patterns, and (b) FTIR spectra for two HyCoO2 samples, prepared
through acid treatment from LiCoO2 (48 h) and Li(Ni0.33Mn0.33Co0.33)O2 (216 h). The indexes in the
XRD pattern for the former sample are for the trigonal (R-3m) HyCoO2 crystal structure [24]; peaks
due to Co3O4 are marked with red asterisks (*).
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4. Conclusions

We have shown in this work that the Li(Co,Ni,Mn)O2 material is prone to gradually release lithium

ions and incorporate protons upon aqueous acid treatment independent of the transition metal

composition. In the present case hydrothermal 2M acetic acid treatment was employed, and the

lithium-for-proton exchange reaction was monitored using AAS for the Li-content, XRD for the

proton-containing phase formation, and FTIR and TG for the appearance of specific features

indicative of the incorporated protons.

Two pristine samples were investigated in detail, that is, solid-state synthesized LiCoO2 and

Li(Ni0.33Mn0.33Co0.33)O2 synthesized through a mixed-hydroxide based synthesis route. In both cases

the hydrothermal acid treatment gradually removed lithium and introduced protons in the structure.

In the former case the protonation proceeded via an intermediate phase; however, the two fully-

lithium-depleted HyCoO2 end phases exhibited very similar XRD patterns, which could be indexed

according to the previously known trigonal (R-3m) HyCoO2 structure. In the case of the protonated

samples made from LiCoO2, the most strongly Li-depleted samples also contained increasing

amounts of Co3O4 as the secondary phase. Notably, with XPS measurements for the (Li,H)CoO2

system we could verify that upon the lithium-for-proton exchange the valence of cobalt remained

essentially unchanged, which means that the proton incorporation compensates the positive charge

loss due to the Li+-ion extraction.

Finally, it should be underlined that we were able to recognize characteristic features of the proton-

containing Li(Co,Ni,Mn)O2 samples in both TG and FTIR data, that is, the 200 oC weight-loss step

in the TG curves and the broad 540 and 740 cm-1 peaks in the FTIR spectra, indicative of protons.

These features can thus be taken as relatively sensitive indicators of the presence of protons in

Li(Co,Ni,Mn)O2 materials.
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