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1. Introduction

Lithium-ion batteries (LIBs) are the power source of choice 
for portable consumer electronic devices given their superior 
energy density per unit weight (Wh kg−1) and unit volume 
(Wh l−1) in comparison to alternative battery technolo-
gies (e.g., Pb-acid, Ni-Cd, NiMH).[1,2] The operation of LIBs 
relies primarily upon the reversible migration of Li ions 
between electrodes, which are insertion compounds.[3] These  

Exfoliation and Reassembly of Cobalt Oxide Nanosheets 
into a Reversible Lithium-Ion Battery Cathode

Owen C. Compton, Ali Abouimrane, Zhi An, Marc J. Palmeri, L. Catherine Brinson, 
Khalil Amine, and SonBinh T. Nguyen*

compounds typically possess layered structures to facilitate 
the frequent Li ion intercalation and deintercalation proc-
esses during charging and discharging, with graphite and lay-
ered metal oxides being the most commonly studied anode 
and cathode materials, respectively.[4] Although a wide variety 
of compositions have been employed as potential cathode 
materials, LiCoO2 has been developed as one of the primary 
cathodes for commercial batteries given its high energy den-
sity, easy preparation, and excellent structural stability.[5]

In spite of their good electrochemical properties, LiCoO2 
and other metal oxide cathode materials are powdered 
solids, which are inherently difficult to handle and process.[6] 
Highly flexible solution-processing techniques cannot be 
directly applied to such powders due to their insolubility in 
all solvents, while their poor thermal stability in a partially 
delithiated state (≈250 °C decomposition temperature for 
LixCoO2)

[7] excludes melt processing.[8] Fortunately, the 
advent of exfoliation as a strategy for preparing colloidal 
dispersions of layered powdered solids, via either chemical 
or mechanical means, offers an indirect solution to circum-
vent such processing difficulties. Indeed, aqueous and organic 
dispersions comprising single nanosheets or few-layer aggre-
gates have been prepared from layered solids like graphite,[9] 
clay,[10] perovskites,[11] and most recently, metal chalcogenides/
oxides.[12] Such dispersions are similar to true solutions and DOI: 10.1002/smll.201101131
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have been used successfully in the fabrication of nanosheet-
based thin films using standard solution-processing methods 
such as layer-by-layer assembly,[13] spin-coating,[14] and  
vacuum-assisted self-assembly (VASA),[15,16] among others.

Herein, we present the exfoliation of cobalt oxide 
nanosheets ([CoO2]

−) into nanosheet dispersions that can 

be reassembled and chemically modified 
into electrochemically active Li1-xHxCoO2 
thin-film cathodes with excellent dis-
charge capacities and good cyclabilities. 
This exfoliation-reassembly-activation 
(ERA) approach to cathode fabrication 
introduces a high degree of processability 
that was previously inaccessible to CoO2-
based powdered solids. Such flexibility in 
processing opens the door to the prepara-
tion of hybrid cathodes, where the reassem-
bled metal oxide nanosheets can serve as a 
matrix for the incorporation of additives[12] 
to enhance the conductivity, capacity, or 
cyclability of the reassembled cathode 
above that of the parent powdered solid. 
Since many other layered metal oxides 
with different compositions have been 
identified as active cathodic materials, the 
ERA fabrication technique should allow 
for the facile production of myriad thin 
film cathodes.

2. Results and Discussion

2.1. Method of Exfoliation

The key step in generating a solution- 
processable dispersion of [CoO2]

− 
nanosheets lies in the successful exfoliation 
of powdered HCoO2 solid. This delamina-
tion process was achieved via a combina-
tion of chemical and mechanical exfoliation 
(Figure 1) in the presence of tetrabutylam-
monium (TBA) hydroxide, where intercala-
tion of the sterically large TBA cation into 
the interlayer gallery was promoted with 
ultrasonication as well as neutralization of 
the acidic proton sites. Upon penetration 
into the HCoO2 structure, the sterically 
large TBA cation (hydrodynamic radius 
≈ 4.8 Å)[17] migrates through the tightly 
packed intersheet gallery (≈2.6 Å),[18]  
displaces hydrogen atoms and separates 
adjacent layers to produce the desired 
[CoO2]

− nanosheet product. We note that 
the necessity of a sonication step in our 
preparation indicates that the radius of 
TBA is too large to efficiently penetrate 
the HCoO2 structure without an adequate 
driving force. Upon displacement, the 

extracted H+ is neutralized by excess hydroxide in the solu-
tion that serves as a counter ion to the TBA. We suspect that 
the formation of water is a key step to successful exfolia-
tion, as attempts to produce [CoO2]

− nanosheets using dif-
ferent combinations of reactants, such as LiCoO2/TBA-OH, 
LiCoO2/LiOH, and HCoO2/TBA-Br, were unsuccessful.

Figure 1.  A schematic illustration of the exfoliation and reassembly of [CoO2]− nanosheets 
into an electrochemically active cathode. In each panel, the corresponding structure of 
the layered material is shown underneath the digital image. All structural components are 
labeled in the legend at the bottom of the figure. a) Top: A digital image of HCoO2 powder. 
b) Top: A digital image of the cross-section of a vial containing an aqueous dispersion of 
[CoO2]− nanosheets. As apparent by the seal of Northwestern University in the background, 
this dispersion is optically clear and efficiently scatters light, as demonstrated by the Tyndall 
effect on a laser (left side of image). a,b) Bottom: The exfoliated nanosheets are illustrated 
along with the TBA exfoliant. c) Top: A digital image of a VASA-fabricated self-supporting thin 
film of HCoO2. d) Top: A digital image of the CR-2032 coin-type cell used in the testing of the 
Li1-xHxCoO2 cathode. c,d) Bottom: Introduction of Li+ into HCoO2 film via ion exchange yields 
an electrochemically active material that can function reversibly as a cathode in this cell. 
Incomplete replacement of inactive H+, as shown in the corresponding structure, limits the 
overall capacity. A color reproduction of this figure is available in the SI (Figure S6).
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After exfoliation, the as-synthesized [CoO2]
− nanosheets 

are copiously washed with water to remove residual TBA. 
The resulting aqueous [CoO2]

− dispersions (TBA content =  
1.67 wt% as determined by combustion analysis; other 
TBA-stabilized metal oxide formulations can have up to 12 
wt% TBA[19]) are stable for up to 6 months as H+-stabilized 
nanosheets.[20] Presumably, TBA only serves to separate the 
nanosheets from each other during exfoliation. After washing, 
residual protons from the aqueous dispersion were enough to 
neutralize the surface charge of the nanosheets without the 
need for TBA counterions and the dispersed sheets again pos-
sess the electrochemically inactive composition of HCoO2.

2.2. Characterization of Exfoliated Sheet

While the preparation of a stable dispersion is an excellent 
indicator of exfoliation, the delamination of [CoO2]

− into 
individual nanosheets, not just multilayer aggregates, was con-
firmed using both atomic force microscopy (AFM) and high-
resolution transmission electron microscopy (HRTEM). In 
an AFM image (Figure 2a), single [CoO2]

− sheets appear as 

≈4 Å-thick platelets, whereas the expected 
thickness from the crystal structure is  
2.1 Å.[18] A similar discrepancy in nanosheet 
thickness has been observed with single-
layer graphene, whose 3.4 Å thickness 
is artificially increased to ≈8–10 Å when 
imaged with AFM.[21] An HRTEM image 
of a single [CoO2]

− nanosheet (Figure 2b) 
reveals the hexagonal close-packing of 
edge-shared cobalt oxide octahedra, where 
the cobalt atoms are depicted as dark cir-
cles. A simulated crystal structure for a 
single [CoO2]

− sheet overlays precisely with 
the observed structure from the HRTEM 
image, further confirming that individual 
sheets can be successfully exfoliated via 
our methodology. The lateral dimensions 
of these nanosheets are approximately 
100 nm as measured by dynamic light 
scattering (DLS, see Figure S1 in the Sup-
porting Information (SI) for size distribu-
tion curve). This value is slightly larger 
than expected from the AFM and HRTEM 
images, as DLS monitors the hydrodynamic 
diameter of the nanosheets and not their 
physical dimension.

Although single nanosheets were 
clearly observed by both microscopy tech-
niques, some multi-layer aggregates were 
also found in these images. Profile scans 
of AFM images reveal the presence of 
bi- and trilayer aggregates featuring dis-
crete platelet heights of ≈7 and ≈11 Å, 
respectively. Such multilayer structures 
are also distinguishable via HRTEM 
(Figure S2 in SI) as regions containing 
what appear to be lines of Co atoms, which 

result from the staggered ABC arrangement of the unexfoli-
ated nanosheets.[22] These multilayer structures presumably 
account for the larger particles that are sometimes found to 
settle out of the dispersion upon prolonged standing.[20]

2.3. Fabrication and Activation of Reversible Cathode

To prepare binder-free LIB cathodes from the aforemen-
tioned aqueous dispersion of [CoO2]

− nanosheets, we 
employed the quick, inexpensive, and facile VASA method, 
which has been successfully utilized to prepare thin films 
from a wide variety of 2D nanoparticles including reduced 
graphene oxide[15] and silicate clay.[23] Reassembly of [CoO2]

− 
on a membrane yields a self-supporting thin film that can be 
isolated for further manipulation. While this HCoO2 film is 
still electrochemically inactive at this stage in our fabrication 
protocol, it is important to note that the direct fabrication 
of such a film from the parent powdered solid is inacces-
sible under traditional processing methods. Scanning elec-
tron microscope (SEM) images of this VASA-assembled film 
reveal an ordered, lamellar structure (Figure 2c) with a few 

Figure 2.  a) Top: An AFM image of [CoO2]− nanosheets that were drop-cast from a HCoO2 
dispersion onto a mica substrate. Bottom: The corresponding height scan reveals the presence 
of individual sheets (≈0.35 nm in thickness), along with bi- and trilayer aggregates. b) A 
bright-field HRTEM image of [CoO2]− nanosheets that were drop-cast from a HCoO2 dispersion 
onto a TEM grid, showing overlapping nanosheets. The inset is a magnified HRTEM image 
that illustrates the hexagonal close-packed arrangement of cobalt atoms (black dots) in the 
sheet structure with a model of the edge-sharing CoO6 octahedra overlaid for clarity. c) A 
scanning electron microscopy (SEM) image of the lamellar structure of a reassembled HCoO2 
thin film. The inset illustrates the relative homogeneity of the structure at the microscale. A 
color reproduction of this figure is available in the SI (Figure S7).
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heterogeneities and vacancies apparent at higher magnifica-
tion (Figure 2c inset). Such minor inconsistencies in the thin 
film structure could be attributed to the presence of a small 
amount of the aforementioned multilayer aggregates that 
likely disrupt order during fabrication. Powder X-ray diffrac-
tion (PXRD) further confirms the successful reassembly of 
HCoO2 nanosheets, with a characteristic (003) reflection at 
2θ = 20.3° that corresponds to the gallery spacing in crystal-
line HCoO2 (Figure 3).[24]

To activate the reassembled HCoO2 thin film for electro-
chemical cycling, we employed a cation exchange strategy 
that was first proposed by Larcher et al.,[25] where treating 
the material in aqueous LiOH solution would convert the 
proton sites in the film to water and fill the vacated posi-
tions within the gallery of the structure with Li+ ions. At 
moderate temperature and pressure (90 °C and 1 bar), no 
quantifiable exchange occurs for our reassembled HCoO2 
film; however, significant amounts of Li+ can be loaded into 
it at higher temperature and pressure (160 °C and 60 bar). At 
high LiOH concentration (2.5 m), an active cathode film with 

a composition of Li0.63H0.37CoO2 was generated after 5 days. 
Reducing the LiOH concentration by tenfold elicited less ion 
exchange and yielded an active cathode with a composition 
of Li0.32H0.68CoO2, thus demonstrating that ion exchange 
can be easily controlled by varying Li+ concentration in the 
exchange medium.

Successful ion exchange in the aforementioned thin-
film cathodes was further verified by powder X-ray dif-
fraction (PXRD), where two distinct (003) reflections 
corresponding to LiCoO2 and HCoO2 (2θ = 18.9° and 20.3°, 
respectively)[18,24] were observed (Figure 3, see Figure S4 
and Table S1 in SI for fully labeled patterns). Notably, the 
extent of ion exchange can be determined by the ratio of the 
intensities at 18.9° (ILi) and 20.3° (IH), with Li0.63H0.37CoO2 
having an ILi/IH ratio of 1.82; as a comparison, this ratio is 
only 0.32 for Li0.32H0.68CoO2. That two resolvable peaks for 
the (003) reflection exist in the PXRD pattern, rather than 
a single coalesced peak, suggests the presence of segregated 
domains containing only H+ or Li+ in the ion-exchanged 
structure. Such a result may be attributed to multidomain 
aggregates in the cathode, where certain proton sites (i.e., 
those between unexfoliated nanosheets) are much more dif-
ficult to extricate from the structure in comparison to others 
(i.e., those found at the interface between two reassembled 
[CoO2]

− sheets).

2.4. Electrochemical Performance and Cathode Order

Both the Li0.63H0.37CoO2 and Li0.32H0.68CoO2 cathodes exhib-
ited charge/discharge profiles against Li/Li+ (Figure 4a) that 
are quite similar to that reported for pristine LiCoO2,

[26] 
with distinguishable voltage plateaus near 3.9 V during 
the discharge phase. The initial discharge capacity of the 
Li0.63H0.37CoO2 cathode was 74 mAh g−1, nearly 90% of that 
(≈83 mAh g−1) observed for low temperature (LT)-LiCoO2 
(i.e., prepared at 400 °C).[27] The slightly lower capacity 
value for our thin film cathode could be attributed prima-
rily to incomplete ion exchange, where inactive H+ remains 
in the structure and limits the available amount of Li+ in 
the cathode. Indeed, the Li0.32H0.68CoO2 cathode with less 
intercalated Li+ had a much lower initial discharge capacity  
(48 mAh g−1) than the Li0.63H0.37CoO2 cathode. Thus, further 
development of the ion exchange step to completely remove 
the inactive proton sites from the cathode structure would be 
critical to maximizing electrochemical performance.

The good order within the structures of our Li0.63H0.37CoO2 
and Li0.32H0.68CoO2 cathodes, as qualitatively suggested by 
their sharp, intense PXRD patterns (Figure 3), may be a con-
tributing factor to their excellent capacity values. Indeed, the 
low performance of LiCoO2 cathodes containing a significant 
amount of defects has been attributed to the slow migra-
tion kinetics of Li+ into and out of the disordered cathode 
layers.[28] Since the facile kinetics of Li+ transportation into 
and out of the LiCoO2 structure during cycling has been 
identified as key to improved electrochemical properties 
of this material,[29] the organized structure of the [CoO2]

− 
nanosheets in our ERA cathodes is vital to the good revers-
ible capacity of this material.

Figure 3.  PXRD patterns illustrating the structural changes that occur 
during the processing of our ERA materials, from the parent HCoO2 powder 
to the ion-exchanged Li1-xHxCoO2 thin film. Most distinctly, patterns for 
HCoO2 before exfoliation (second pattern from the bottom) and after 
reassembly (third pattern from the bottom) exhibit a (003) reflection near 
2θ = 20.3°, while this same reflection is near 2θ = 18.9° for commercially 
purchased LiCoO2 (bottom pattern). Both of these reflections are present 
in patterns of the ion-exchanged cathodes (top two patterns), with the 
ratio of these peaks being dependent on the extent of Li+ intercalation. 
All patterns have been normalized to the intensity of the strongest of the 
two (003) reflections. Complementary PXRD patterns with all reflections 
labeled are available in the SI (Figure S4).
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To quantify the degree of order in our ERA electrodes, 
we compared the X-ray scattering coherence lengths perpen-
dicular to the lamellar order in their structures. These values 
can be estimated by applying the Scherrer formula[30] (Equa-
tion S1 in SI) to the (003) reflection in the PXRD patterns 
of the Li1-xHxCoO2 species (Figure 3). Discounting the 2θ = 
20.3° component of this reflection and utilizing only the signal 
at 2θ = 18.9°, this formula reveals that ordering of [CoO2]

− 
nanosheets extends for ≈40 Å for both Li0.63H0.37CoO2 and 
Li0.32H0.68CoO2 cathodes, which correlates to approximately 
ten contiguous layers with no disorder! Such a high degree 

of order is remarkable in comparison to pristine high- 
temperature (HT)-LiCoO2 (i.e., prepared at or above  
850 °C),[5,31] which features around twenty contiguous 
ordered layers, in spite of the much higher annealing temper-
atures employed to achieve this crystalline structure.

In addition to its excellent capacity values, the reassem-
bled Li0.63H0.37CoO2 material also exhibits good cyclability. 
While significant irreversible capacity was observed in the 
first cycle (Figure 4a), which should be attributed to the 
formation of a solid-electrolyte interphase (SEI) layer,[32] 
Coulombic efficiency (i.e., the% ratio of charge to discharge 
capacity) was remarkably high from the second cycle forward 
with an average value of 99% over the course of 50 cycles. 
Although cycling over this period increased the efficiency of 
the cathode, capacity gradually declined to a final discharge 
capacity of 36 mAh g−1. Similar declines in performance after 
repeated cycling have been observed for pristine LiCoO2

[31] 
and other layered metal oxide cathodes like LiMnO2

[33] and 
LiNiO2,

[34] where structural disorders caused by continuous 
lithiation and delithiation have been identified as primary 
contributing factors to decreases in performance. These struc-
tural changes are also likely the case for the decreased per-
formance of our ERA cathode upon recycling.

3. Conclusion

We have presented a facile technique for the exfoliation of 
[CoO2]

− to yield aqueous dispersions that can be reassem-
bled via solution-processing techniques and activated into a 
reversible LIB cathode. Such cathodes exhibit excellent cycla-
bility with initial discharge capacities reaching 74 mAh g−1,  
nearly 90% of that observed for pristine LT-LiCoO2  
(83 mAh g1).[27] As discharge capacity was found to vary 
with Li+ content in the cathode, and our most successful 
exchange still left nearly one third of inactive proton sites 
in the cathode structure, optimization of the ion-exchange 
step should lead to performance that surpasses the prop-
erties of pristine HT-LiCoO2 (120 mAh g−1).[31] That such 
good electrochemical performance can be achieved with a  
solution-processable cathode film prepared at a relatively 
low temperature (≈160 °C) is a significant advancement in 
cathode fabrication, since high-performance LIB cathodes 
typically require a high-temperature (>800 °C) preparation 
of difficult-to-process powdered solids as the first step.

Because the structure of our ERA cathode is nearly 
identical to that of pristine LiCoO2, traditional strate-
gies for enhancing the electrochemical performance of 
LiCoO2 cathode, such as the application of coatings[35,36] or 
dopants,[37] should lead to similar improvements in our reas-
sembled cathode. As an added benefit, the processing flex-
ibility afforded by nanosheet delamination and reassembly 
should enable solution-based incorporation of additives into 
the reassembled cathode: the additive particle can simply be 
dispersed along with the nanosheets and co-assembled during 
VASA to yield a hydbrid cathode.[12] Finally, given that the 
majority of LIB cathode materials are layered metal oxides, 
our exfoliation-reassembly-activation strategy should also be 
readily extendable to these materials.

Figure 4.  a) Initial charge–discharge profiles of Li1-xHxCoO2 cathodes, 
demonstrating that capacity can be enhanced by incorporating more 
active Li+ into the thin film structure. Charge profiles are represented 
as dashed lines, while discharge curves are solid. b) A plot of charge 
(empty symbols) and discharge (solid symbols) capacities during 
cycling illustrates the good retention of electrochemical properties for 
our Li1-xHxCoO2 cathodes over time. All data were collected at a current 
rate of 20 mAh g−1.
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4. Experimental Section

Synthesis of Crystalline HCoO2: HCoO2 was prepared according 
to a modified literature procedure.[38] Briefly, CoCl2·6H2O (4 g) was 
dissolved in water (50 mL) to give a deep pink solution. While this 
solution was being stirred, aqueous NaOH (50 mL of a 4 m solution) 
was added, producing an initially blue precipitate of α-Co(OH)2 that 
turned into the rose-pink β-Co(OH)2 at the end of the addition.[39] 
The pink β-Co(OH)2 precipitate was isolated from solution via 
centrifugation (15 min at 8200 g) and subjected to two cycles of 
[resuspension in ultrapure deionized water (40 mL) + centrifuga-
tion (15 min at 8200 g) + decantation] to remove the excess salts. 
The isolated pink precipitate was then resuspended in ultrapure 
deionized water (100 mL) and stirred vigorously overnight under 
a slowly bubbling stream of O2 (the tip of the bubbling needle 
is under the surface of the suspension). The suspension turned 
brown within the first hour, indicating the formation of HCoO2.

In the morning, the brown HCoO2 product was isolated via 
centrifugation (15 min at 8200 g) and subjected to two cycles of 
[resuspension in ultrapure deionized water (40 mL) + centrifuga-
tion (15 min at 8200 g) + decantation]. The isolated materials were 
then resuspended in ultrapure deionized water (100 mL) and the 
resulting mixture was brought to reflux for two days to promote 
crystallization. After cooling to room temperature, the product was 
isolated from the suspension via centrifugation (15 min at 8200 g) 
and the wet pellet was freeze-dried on a lyophilizer to a constant 
weight. The resulting brown HCoO2 powder was then annealed at 
200 °C in a vacuum oven for one week, ensuring the temperature 
did not rise above 240 °C, where decomposition of the product to 
Co3O4 can occur.[39] (See SI for details regarding source and purity 
of materials.) Yield = 3.4 g.

Exfoliation and Dispersion of [CoO2]− Nanosheets: The afore-
mentioned annealed, crystalline HCoO2 powder (50 mg) was 
added to a 100 mL round-bottom flask containing a concentrated 
aqueous TBA–OH solution (25 g of a 40 wt% mixture of TBAOH in 
water) and the whole mixture was shaken to suspend the powder. 
The resulting suspension was then sonicated with a solid tip VC 
505 probe sonicator (500 W, Sonics & Materials, Inc., Newtown, 
CT) for 10 min (30% amplitude, 10 s pulses alternating with 10 s 
rest periods) to promote TBA intercalation into the lamellar HCoO2 
structure. The flask was then capped with a glass stopper and exfo-
liation was further promoted by vigorously stirring the sonicated 
mixture at 75 °C for four days. The exfoliated [CoO2]− nanosheets 
were isolated from solution via ultracentrifugation (15 min at 15 
000 g) and subjected to five cycles of [resuspension in ultrapure 
deionized water (20 mL) + centrifugation (15 min at 8200 g) + 
decantation] to remove residual TBA from solution. The isolated 
nanosheets were then redispersed in water (40 mL), where they 
were stable in solution to a moderate cycle centrifugation (15 min 
at 8200 g). Yield = 44 mg.

Fabrication of Thin-Film Cathodes: Self-supporting thin films 
of [CoO2]− were prepared by VASA,[40] via filtration of the afore-
mentioned aqueous [CoO2]− nanosheet dispersion (≈1 mg mL−1)  
through an Anodisc filter membrane (0.02 μm pore size). A 
Kontes Ultra-ware microfiltration apparatus with a fritted-glass 
support base was utilized for filtration. The fabricated films were 
washed by filtering through ultrapure deionized water (2×50 mL) 
then dried in air before removal from the filter membrane for 
characterization.

Ion Exchange: Exchange of protons for Li+ was achieved fol-
lowing a modified literature procedure.[25] The VASA-fabricated 
thin film prepared in the previous experiment was submerged 
in an aqueous solution of LiOH·H2O (20 mL, 0.25 or 2.5 m) at  
160 °C under nitrogen pressure (900 psi) for five days in a 50 mL 
Parr reactor. Safety note: The reactor was initially charged with 
nitrogen to 900 psi and then heated, which increases the pressure 
in the reactor. Thus, the reactor was gently, but quickly, vented 
every few minutes to bring the pressure back to 900 psi. When 
the reactor reached 160 °C and a final 900 psi pressure, it was left 
there for the remainder of the reaction.

Upon completion of the ion exchange, the reactor was cooled 
down and vented. The reaction mixture was then poured over a 
Büchner funnel lined with filter paper. Under vacuum, the collected 
thin film was then washed with ultrapure deionized water (5 × 50 mL)  
prior to further characterization.

Physical and Chemical Characterization: PXRD patterns were 
collected in the J. B. Cohen X-ray Diffraction Facility at North-
western University (NU) with a Rigaku 2000 diffractometer (Rigaku 
Americas, The Woodlands, TX) using nickel filtered Cu Kα radiation 
(λ = 1.5406 Å). A cubic spline background was removed from all 
reported patterns.

HR-TEM images were collected in the NUANCE Facility at NU 
using a JEOL JEM-2100F FEG FasTEM (JEOL Ltd., Peabody, MA) at 
200 kV. Samples were drop-cast onto a copper grid with a holey 
carbon support (Ted Pella, Inc., Redding, CA).

AFM images were also collected in the NUANCE facility using 
the tapping mode of a Nanoscope MultiMode Scanning Probe 
Microscope (Veeco Instruments, Inc., Plainview, NY) and a TESPA 
tip from Veeco corporation (Camarillo, CA). Samples were drop-
cast onto a freshly cleaved mica substrate.

SEM images were gathered in the NEMS-MEMS Facility at NU 
using a field-emission gun Nova NanoSEM 600 microscope (FEI 
Co., Hillsboro, OR). Samples were coated with 6 nm of osmium 
using an OPC-60A osmium plasma coater (Structure Probe, Inc. 
Supplies, West Chester, PA) prior to analysis and affixed vertically 
to an aluminum stub with the fracture edge of the film toward the 
electron gun.

DLS measurements were collected using a Zetasizer Nano ZS 
(Malvern Instruments, Ltd., Worcestershire, UK) equipped with 
a He-Ne laser (633 nm). The noninvasive backscatter method 
(detection at 173° scattering angle) was used. The hydrodynamic 
diameters (DH) of the nanosheets were calculated by the supplied 
instrument software (Zetasizer DTS) using the cumulant methods 
and the CONTIN algorithms. Molecular formulae for Li1-xHxCoO2 
were calculated from a combination of data from inductively cou-
pled plasma-optical absorption spectroscopy and X-ray photoelec-
tron spectroscopy (details in SI).

Electrochemical Characterization: Charge–discharge profiles 
and cycle performance data were collected at Argonne National 
Laboratory in a CR 2032-type coin-cell configuration using a 
Maccor battery cycler (Maccor, Inc., Tulsa, OK). Lithium metal foil 
served as the counter electrode and the electrolyte consisted 
of a mixture of ethylene carbonate and ethyl methyl carbonate 
(3:7 w/w) and lithium ions in the form of LiPF6 (1.2 m in the 
carbonate mixture). All samples were heated at 75 °C for 3 h to 
remove residual moisture before being transferred to a He-filled 
glove box. Cells were charged and discharged at a current rate of 
10 mA g−1.
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