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 Birnessite-Type MnO 2  Nanosheets with Layered 
Structures Under High Pressure: Elimination of Crystalline 
Stacking Faults and Oriented Laminar Assembly  

   Yugang    Sun     ,   *        Lin    Wang     ,        Yuzi    Liu     ,       and        Yang    Ren   

  Ultrathin 2D nanosheets made of materials with layered 

crystalline structures (e.g., graphene, [ 1–11 ]  silicane, [ 12–14 ]  ger-

manane, [ 15–19 ]  transition metal dichalcogenides, [ 20–24 ]  boron 

nitride, [ 25–27 ]  etc.) have been extensively studied in the past 

several years due to their intriguing properties in both fun-

damental research and technological development. The 

wide exploration of various 2D materials benefi ts from the 

rapid pace of progress in graphene and the methodology 

developed in preparing ultrathin layers. [ 28,29 ]  Similar to the 

mass-productive graphene from graphite, one of the most 

effective method is exfoliation of the 2D materials in liquid 

solutions by intercalating small ions (e.g., K + , Na + , Li + , H + ) 

with the assistance of ultrasonication. [ 30–33 ]  On the other 

hand, ultrathin 2D nanosheets of some materials (e.g., metal 

sulphides) [ 34 ]  can be also synthesized via the bottom-up wet 

chemical strategy, in which small ions released from the 

reaction precursors are also possibly intercalated into the 

layered structures. The intercalation of small ions in the 2D 

materials can alternate their layered crystalline structures, 

leading to the generation of stacking faults that are indicated 

by the asymmetry of X-ray diffraction (XRD) peaks. [ 35–37 ]  
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The stacking faults infl uence the long-range correlations 

across the crystalline layers in 2D crystallites, leading to a 

detrimental impact in their transportation properties (e.g., 

thermal conductivity, electronic conductivity, etc.) along the 

through-layer direction. [ 38–40 ]  For example, stacking faults 

in a few-layer graphene electronically decouple individual 

layers from one another, and consequentially each graphene 

layer in the few-layer graphene displays a monolayer-like 

electronic structure. [ 39 ]  

 Among these 2D materials, nanosheets of birnessite-

type manganese dioxide (MnO 2 ) have been widely studied 

because MnO 2  and derivatives represent a class of bench-

mark electrode materials for electrochemical energy storage 

devices including supercapacitors, lithium-ion batteries, and 

lithium-air batteries. [ 41–44 ]  In general, many nanostructured 

allotropes of MnO 2  exist due to a large variety of possible 

crystallographic structures (e.g.,  α ,  β ,  δ ,  γ , and  λ  forms) and 

morphologies (e.g., plates, urchin-like architectures, fl owers, 

cubes, wires, rods, belts, hollow spheres, etc.). [ 45,46 ]  Therefore, 

synthesis of ultrathin MnO 2  nanosheets with a single high-

purity crystallographic phase is challenging due to their high 

sensitivity towards reaction conditions. Herein we report 

the synthesis of birnessite-type MnO 2  nanosheets through 

a hydrothermal reduction of acidic KMnO 4  in an aqueous 

solution with the assistance of microwave heating. The as-

synthesized MnO 2  nanosheets exhibit a layered crystalline 

structure (i.e.,  δ -phase) with a signifi cant amount of lattice 

stacking faults. Surprisingly the lattice stacking faults can be 

completely removed by mechanically compressing the MnO 2  

nanosheets. The compression does not change the overall 

crystallinity of the nanosheets although phase transition of 

MnO 2  nanostructures can easily occur at elevated tempera-

tures due to the large numbers of MnO 2  allotropes. 

 Different MnO 2  nanostructures can be synthesized 

through the reduction of an aqueous KMnO 4  solution 

under carefully controlled reaction conditions. For example, 

mixing KMnO 4  with an aqueous solution of HCl followed 

by increasing the solution temperature favors the redox 

reaction:

 

+ → +

+ +

2KMnO ( ) 8HCl( ) 2MnO ( ) 3Cl ( )

2KCl( ) 4H O.

4 2 2

2

aq aq s g

aq  
 

(1)

 

   Apparently the reaction results in the formation of solid 

MnO 2  particles that are dispersed in the reaction solution 
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and Cl 2  gas that is released from the solution. In the synthesis 

of birnessite-type MnO 2  nanosheets, an aqueous solution 

containing both KMnO 4  (0.055 M) and HCl (0.2 M) is heated 

up to 150 °C in a sealed reactor with a CEM microwave 

synthesizer. The heating ramp is set to take ∼1 min to reach 

150 °C at which the reaction lasts 5 min. The reaction leads to 

the formation of a black dispersion due to the formation of 

MnO 2  particles. Scanning electron microscopy (SEM) images 

of the black powders show that they are microspheres with a 

“desert rose”-like morphology and each microsphere is made 

of interconnected ultrathin nanosheets ( Figure    1  A). The for-

mation of interesting morphology might be ascribed to the 

quick nucleation that tends to generate polycrystalline nuclei 

including multiple domains with different crystalline orienta-

tions. Since the MnO 2  crystallites formed from this reaction 

have an anisotropic crystalline structure (discussed in the 

following content), continuous growth of the polycrystalline 

nuclei will form interconnected MnO 2  nanosheets orientated 

in many different directions, i.e., “desert-rose” like micro-

sphere. Similar morphologies have also been observed in the 

synthesis of urchinlike pyrolusite,  γ -MnO 2 , and Na-OMS-2 

(OMS: octahedral molecular sieve) nanostructures. [ 47 ]  

The sizes of the microspheres are in the range of 1–2 µm. 

High-magnifi cation SEM images of the nanosheets show 

that the individual nanosheets in the microspheres exhibit 

thicknesses ranging from 2 to 10 nm (inset, Figure  1 A). 

The low imaging contrast of the nanosheets 

in the transmission electron microscopy 

(TEM) images also confi rms the thin 

thickness of the nanosheets (Figure  1 B). 

In addition, the single nanosheet (as high-

lighted by the arrow) lying on the TEM 

grid show a highly uniform imaging con-

trast across the sheet, indicating its uni-

form thickness. The high-resolution TEM 

(HRTEM) image obtained by aligning the 

electron beam perpendicular to the basal 

surfaces of a single nanosheet reveals 

that each nanosheet is an assembly of 

many crystalline domains with sizes less 

than 5 nm (Figure  1 C). The HRTEM 

image recorded by aligning the electron 

beam parallel to the basal surfaces of a 

nanosheet at its edge clearly shows the 

parallel lattice fringes without intercon-

nections (Figure  1 D), indicating that the 

polycrystalline nanosheets have a lay-

ered crystalline structure with a inter-

layer spacing of ∼7.1 Å. X-ray diffraction 

(XRD) pattern of the microspheres shown 

in Figure  1  exhibits refl ection peaks that 

are consistent with the  δ -phase of birnes-

site-type MnO 2  ( Figure    2  ). The (001) and 

(002) peaks are intense and symmetric 

and they are refl ections of the same lat-

tice orientation at different diffraction 

orders. Comparison with the standard 

XRD pattern of the  δ -phase MnO 2  reveals 

that these two peaks correspond to the 

layered structure of the  δ -MnO 2 . The lattice spacing along 

(001) direction is calculated to be 7.2 Å that is consistent 
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 Figure 1.    Characterization of the as-synthesized birnessite-type  δ -phase MnO 2  microfl owers 
containing interconnected ultrathin nanosheets. (A) SEM image of randomly assembled 
microfl owers. The inset highlights the thin thicknesses of the MnO 2  nanosheets. (B) TEM 
image of an individual microfl ower. Electron diffraction pattern (inset, B) and (C) HRTEM image 
of a small portion of a nanosheet highlighted in the circle in (B). (D) HRTEM image of the edge 
of an individual nanosheet taken by aligning the electron beam parallel to the basal surfaces 
of the nanosheet. The arrows highlight the interplanar spacing in the  δ -phase MnO 2  lattice.

 Figure 2.    XRD pattern of the as-synthesized MnO 2  nanosheets recorded 
at a synchrotron X-ray beam line with an x-ray beam wavelength of 
0.4066 Å. The peaks were assigned to the standard diffraction pattern 
of the layered  δ -phase MnO 2  as shown in the inset. Due to the relatively 
large spacing and weak interactions between the crystalline layers, 
small cations (e.g., H + , K + ) and molecules (e.g., H 2 O) can be intercalated 
into the interlayered gaps, leading to the generation of stacking faults.
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with the interlayer spacing (i.e., ∼7.1 Å) measured from the 

side-view of a MnO 2  nanosheet shown in Figure  1 D. This 

consistency confi rms that the imaged region of Figure  1 D is 

the right sample. The high intensity and peak symmetry indi-

cates that the in-plane lattices in each crystalline layers (i.e., 

the  a-b  planes) are well defi ned. In contrast, other diffraction 

peaks at high angles, e.g., those indexed with non-zero  h  and 

 k  Miller indices (for example, (-111) and (020) refl ections), 

are asymmetric with apparent diffusive tails. The peak tailing 

of the (-111) and (020) peaks is ascribed to the signifi cant 

stacking faults originated from lattice misalignment between 

different crystalline layers in the MnO 2  nanocrystals. In the 

synthesis solution there are high concentration of K +  and H +  

cations, which can be trapped in the large interlayer gaps (>5 

Å) in the  δ -phase MnO 2  nanocrystals (insert, Figure  2 ). [ 48–50 ]  

Energy-dispersive X-ray spectroscopy (EDX) analysis of the 

MnO 2  nanosheets clearly shows the presence of K (Supple-

mentary Information, Figure S1). In some cases intercalation 

of H 2 O molecules between the crystalline MnO 2  layers is 

also possible. [ 48 ]  Existence of the extra K + , H +  and H 2 O mol-

ecules can easily disturb the weak bonding energy between 

the crystalline layers, leading to the observation of stacking 

faults caused by sliding of crystalline layers parallel to the 

basal surfaces along both  a  and  b  directions and possible 

expansion along  c  direction.   

 Dry powders of the synthesized  δ -phase MnO 2  micro-

spheres have been compressed in a diamond anvil cell 

(DAC) and the corresponding XRD patterns at different 

pressures are shown in  Figure    3  . The diffraction peaks 

become broader with the increase of compressive pres-

sure due to the increased lattice strain in 

the MnO 2  nanocrystals and the possible 

fragmentation of the crystalline domains. 

Meanwhile all the peaks shift to the higher 

angles because of the reduced  d  spacing 

at high pressures. The  d  values along dif-

ferent crystallographic directions decrease 

with increase of external pressure by fol-

lowing non-linear functions (Supplemen-

tary Information, Figure S2). The  d  value 

along (001) directions decreases faster 

than that along (-111) and (-112) direc-

tions. The intensities of (001) and (002) 

peaks monotonically decrease and these 

two peaks are barely observed at very 

high pressures (e.g., 64.0 GPa). In contrast, 

the intensity of (-111) peak does not show 

signifi cant variations as the compressive 

pressure increases. It is worthy of note that 

the (-111) peak becomes more symmetric 

with increase of pressure. A new peak that 

is assigned to (-112) refl ections starts to 

emerge at pressures higher than ∼10 GPa 

and becomes stronger with the continuous 

increase of the external pressure. The 

newly developed (-112) peak also shows 

high symmetry. However, The (-112) refl ec-

tions are very weak for the as-synthesized 

 δ -phase MnO 2  microspheres (Figure  1 ) 

and are overlapped with the strong tail of the major (-111) 

peak, leading to a diffi culty to identify this peak in the XRD 

pattern (Figure  2  and the bottom curve in Figure  3 ). The 

improved symmetry of the (-111) peak and the appearance of 

the symmetric (-112) peak at high pressures can be attributed 
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 Figure 3.    XRD patterns of the MnO 2  microfl owers shown in Figure  1  measured during 
nonhydrostatic compression in a DAC under different pressures (i.e., the numbers associated 
with each pattern). The wavelength of the X-ray beam was 0.4066 Å. The patterns were offset 
for visional clarity.

 Figure 4.    XRD pattern (upper thick curve) of the compressed MnO 2  
microfl owers after the pressure was released. The peaks are consistent 
with the standard diffraction pattern of  δ -phase MnO 2 . The XRD pattern 
(bottom thin curve) of the as-synthesized sample shown in Figure  1  was 
also plotted in the same fi gure for easy comparison.
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to the signifi cant reduction of stacking faults between the 

crystalline layers in the  δ -phase MnO 2  nanosheets. After the 

external pressure is slowly removed, the compressed MnO 2  

microspheres is exposed to the ambient pressure and the cor-

responding XRD pattern is shown in  Figure    4   (thick curve). 

Taking the metal gasket (including the compressed MnO 2  

sample) out of the DAC allows us to collect XRD signals 

in a wider range of diffraction angles. In the range of 2 θ  > 
7.5°, more diffraction peaks with signifi cantly improved sym-

metry are observed in comparison with the XRD pattern 

of the as-synthesized MnO 2  nanosheets. In particular, the 

long tail of the (-111) peak of the original sample essentially 

disappears after high-pressure compression. Instead, the 

(-112) and (-113) refl ections buried in the tail are developed 

into well-defi ned symmetric peaks. The asymmetric (020) 

peak of the original sample also becomes highly symmetric 

after high-pressure compression. The increased peak sym-

metry and observation of the new peaks are consistent with 

the XRD patterns recorded at high pressures, at which the 

lattice stacking faults between the crystalline layers in the 

 δ -phase MnO 2  nanosheets are signifi cantly eliminated. 

The consistence of the XRD patterns indicates that the crys-

talline structures with less stacking faults formed at high 

pressures can be maintained even after the compressive 

forces are removed. Careful comparison reveals that the 

peak widths of the (-111) and (020) peaks become broader 

after high-pressure compression, indicating that the MnO 2  

crystalline domains might be fragmented into smaller grains. 

As a result, the originally overlapped (-220) and (-403) peaks 

appears as one very broad peak in the compressed sample.   

 The completely disappeared (002) peak at very high pres-

sures cannot be recovered at all even after the pressure is 

released. The diffraction signals at the position of the (001) 

peak cannot be collected due to the limitation of experiment 

setup. It is believed that the compressed sample is not able to 

diffract X-ray by the (001) lattices because of the direct corre-

lation of (001) and (002) refl ections. The absence of the (001) 

and (002) diffraction peaks in the XRD pattern is similar to 

the electron diffraction patterns (inset, Figure  1 B) obtained 

by aligning the electron beam perpendicular to the basal sur-

faces of individual nanosheets. Therefore, the disappearance 

of (001) and (002) peaks in the compressed sample might be 

caused by re-orientating the MnO 2  nanosheets to align their 

basal surfaces perpendicular to the X-ray beam. The com-

pressed sample has been studied with TEM.  Figure    5  A shows 

a typical TEM image with a dimension comparable to the 

size of an individual MnO 2  microsphere shown in Figure  1 B. 

The morphology of the materials and the distribution of 
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 Figure 5.    TEM micrographs (A-C) and the corresponding selected area electron diffraction pattern (inset, A) of the compressed MnO 2  nanosheets 
after they relaxed to the ambient pressure (i.e., 1 bar). (D) Schematic illustration of the experiment setup, highlighting the orientation of the 
compressive force and the X-ray beam.
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imaging contrast shown in Figure  5 A are signifi cantly dif-

ferent from the original fl ower-like MnO 2  microspheres, indi-

cating that the random orientations of the interconnected 

MnO 2  nanosheets in the microspheres no longer exist after 

high-pressure compression. TEM images with high magnifi ca-

tions of the compressed sample reveal that the nanosheets are 

packed in a layer-by-layer fashion (Figure 5B). This layer-by-

layer assembly forces all of the nanosheets to orientate their 

basal surfaces perpendicular to the direction of the external 

compressive force. HRTEM images (Figure  5 C) of the com-

pressed sample exhibit a polycrystalline feature similar to the 

as-synthesized MnO 2  nanosheets shown in Figure  1 C. The 

similarity indicates that high-pressure compression does not 

signifi cantly infl uence the in-plane lattice crystallinity in the 

MnO 2  nanosheets despite of removal of the through-plane 

stacking faults. As shown in Figure  5 D, the X-ray beam is 

parallel to the force direction and thus perpendicular to the 

basal surfaces of all packed nanosheets. Similar to the elec-

tron diffraction pattern shown in Figure  1 B, the alignment of 

all the nanosheets in the DAC disables the (001) and (002) 

lattices of the  δ -MnO 2  nanocrystals to diffract the X-ray. The 

corresponding electron diffraction pattern obtained from the 

compressed sample does not show the (001) and (002) refl ec-

tions. Similar to the electron diffraction pattern of a single 

nanosheet, strong diffraction rings of the (-111) and (020) 

refl ections are also observed from the compressed sample 

(inset, Figure  5 A). In addition, the (-112) refl ections are sig-

nifi cantly enhanced to display as a well-identifi ed ring due to 

the elimination of crystalline stacking faults in the  δ -MnO 2  

nanocrystals.  

 In summary, birnessite-type MnO 2  microspheres com-

posed of interconnected  δ -phase polycrystalline nanosheets 

has been synthesized via a microwave-assistant hydrothermal 

process and their behaviors under high pressures have been 

studied in an in-situ DAC with synchrotron X-ray diffrac-

tion. Because of the anisotropic two-dimension platelet mor-

phology of the MnO 2  nanosheets, the randomly oriented 

nanosheets become ordered assembly with a layer-by-layer 

fashion upon exposure to very high compressive pres-

sures. The crystalline stacking faults in the  δ -phase MnO 2  

nanocrystals are signifi cantly eliminated when the pressure 

reaches a critical value. Nanocrystals with crystalline stacking 

faults usually represent a metastable structure compared 

to nanocrystals with perfect lattices. As a result, applying 

external stimuli to the nanocrystals with stacking faults 

can overcome an energy barrier to transform the defective 

nanocrystals to perfect ones. The results presented in Figure  3  

clearly show that high compressive forces can overcome 

the energy barrier to eliminate crystalline stacking faults 

from the colloidal  δ -phase MnO 2  nanosheets to increase 

their crystalline perfection. It is important to point out that 

the external compressive forces only perfect the crystalline 

lattices without changing the basic layered crystalline struc-

tures and morphology of the  δ -phase MnO 2  nanosheets. In 

contrast, other stimuli such as high-temperature annealing 

usually transform the  δ -phase MnO 2  nanosheets to products 

with different crystalline structures (e.g.,  α -phase MnO 2  with 

tunnel lattices) and morphologies (e.g., nanowires, nanotubes, 

etc.). [ 46,51 ]  This high-pressure strategy might be extended to 

reduce stacking faults of other colloidal nanomaterials with 

layered crystalline structures.   

 Experimental Section 

  Synthesis of δ-Phase MnO 2  Microspheres : The spherical 
microfl owers made of  δ -phase MnO 2  nanosheets were synthe-
sized through a microwave-assistant hydrothermal process in 
which an aqueous solution containing both potassium permanga-
nate (KMnO 4 ) and hydrochloric acid (HCl) in a sealed reactor was 
heated with controlled microwave radiation in a commercial CEM 
Discover system. In a typical synthesis, KMnO 4  powders (52.6 mg, 
Sigma-Aldrich) and a HCl aqueous solution (1 mL, 1.2 M, Sigma-
Aldrich) were added to deionized water (5 mL). The mixture was 
then sealed in a 10-mL glass-tube reaction vessel with a silicone 
septum. Placing the reaction vessel in the microwave cavity ena-
bled heating the solution to 150 °C within ∼1 min. Continuously 
heating the solution for an additional 5 min at 150 °C led to a com-
pletion of the redox reaction between KMnO 4  and HCl, resulting in 
the formation of microfl owers made of  δ -phase MnO 2  nanosheets. 
The reaction solution was then quickly cooled down to room tem-
perature with a nitrogen blow. The resulting black dispersion was 
centrifuged, washed with deionized water, and the collected black 
powders were dried in an oven set at 60 °C in air. 

  High-Pressure Measurement of the MnO 2  Microspheres : A Mao-
Bell-type DAC was used to generate high pressure in the sample. [ 52 ]  
In a typical measurement, the sample chamber was created by 
drilling a hole (∼100 µm in diameter) in a pre-indented stainless 
steel gasket (∼30 µm in thickness). No pressure medium was 
used in the high-pressure measurements. Pressures were deter-
mined from the fl uorescent spectra of the ruby chips loaded into 
the sample chamber. [ 53 ]  The in-situ high-pressure XRD experiments 
were carried out at 16ID-B station and the ex-situ XRD experiments 
were carried out at 16BM-D station of the High Pressure Collabo-
rative Access Team (HPCAT), Advanced Photon Source, Argonne 
National Laboratory. The energy of X-ray for the measurements 
was 30.491 keV. The diffraction patterns were collected with 2D 
imaging plates. FIT2D was used to process the diffraction data. 

  Characterization of the Synthesized and Compressed MnO 2  
Nanoplates : SEM images were recorded on a JEOL JSM-7500F fi eld 
emission scanning electron microscope. TEM images and electron 
diffraction patterns were taken on a JEOL-JEM-2100F microscope 
operating at a voltage of 200 kV.  
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